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Editorial on the Research Topic 


Control of plant organ size and shape


Organ size and shape are the most intuitive morphological characteristics of plants. Dissecting the mechanisms controlling plant organ size and shape could shed light on the nature of plant diversity. In addition, organ size and shape directly associate with crop yield and quality. Identification of key regulators of organ size and shape would provide new genetic targets for crop improvement. This Research Topic aims to illustrate the latest advances of plant organ size and shape regulation.

In this Research Topic, two review articles summarized morphology and organ size control in soybean and the role of salicylic acid (SA) in plant growth, respectively. During the domestication process of soybean, several significant morphology and organ size changes have occurred, such as twisted stems to erect stems and small seeds to large seeds. Zhou et al. summarized genes participated in stem growth habit, leaf size and shape, and seed size and weight in soybean. They also discussed the application of new technologies on the basic research and breeding of soybean and the challenges and hotspots of soybean research in the future. Salicylic acid (SA) is an important phytohormone that not only plays critical roles in plant immunity, but also is involved in plant growth regulation. Li et al. summarized current knowledge about the roles of SA on plant growth. The authors highlighted that SA mediates growth regulation by affecting both cell division and expansion. Particularly, they discussed the interactions of SA with other hormones in plant growth determination. Fiber length is one of the most important economic traits of cotton. In this Research Topic, Pandey et al. provided an opinion article that presents novel perspectives about evolution of fiber length. They expounded that concurrent transcriptional dynamics of cytoskeleton-associated structural genes in modern cotton fibers are very useful in understanding the evolutionary recruitment of cell wall-modifying gene clusters for shaping the floral organs and determining fiber length.

Identification of novel regulators of organ size and shape is of great importance in understanding the molecular mechanisms underlying plant growth and development control. In this Research Topic, several novel factors involved in organ size and shape control were characterized. Gao et al. described the role of BrCPS1 (ENT-COPALYL DIPHOSPHATE SYNTHASE 1) in leafy head formation, which is an important agronomic trait in Chinese cabbage (Brassica rapa L. ssp. pekinensis). BrCPS1 affects gibberellin biosynthesis, and mutants of BrCPS1 did not form leafy heads at the heading stage, revealing the critical role of BrCPS1-mediated gibberellin biosynthesis in leafy head formation. FW2.2 is a classical regulator of fruit size in tomato (Frary et al., 2000). Wang et al. showed that the homolog of FW2.2, MdCNR8 (Cell Number Regulator 8), is sumoylated by the SUMO E3 ligase MdSIZ1 to control organ size in apple, suggesting that FW2.2/CNR8 have a conserved function in fruit size control in tomato and apple. TTG1 participated in trichome formation and anthocyanin accumulation in Arabidopsis (Zhang et al., 2003; Chen et al., 2015). Huang et al. showed that RrTTG1 may promote fruit prickle development through an MBW complex in Rosa roxburghii, which revealed the conserved roles of TTG1 in different species and laid a ground for genetic improvement of prickle-free R. roxburghii. Zhao et al. demonstrated that ectopic expression of poplar PsnCYCD1;1 in Nicotiana tabacum regulated flower organ development, which provides new understanding for CYCD function. Besides for these new regulators of organ size and shape, Xie et al. identified a specific mutant (referred as mr1) with a reduced palea in rice, and mapped the causal gene of mr1, which will contribute to understanding of grain formation. Liu et al. identified QTLs associated with agronomic traits in tobacco via a biparental population and an eight-way MAGIC population, which could be applied for breeding new tobacco varieties using molecular marker-assisted selection. Based on a high-quality genetic map constructed by whole genome resequencing, An et al. identified 25 QTLs affecting leaf area of tea plants and developed the related molecular markers, providing useful tools for molecular breeding of tea plant.

Flowering time could affect the final morphology and biomass of plants. It is known that vernalization induces epigenetic silencing of the floral repressor gene FLC (FLOWERING LOCUS C) (Michaels and Amasino, 1999; Whittaker and Dean, 2017; Zhu et al., 2021). In this Research Topic, Maruoka et al. found that the histone demethylases JMJ30 and JMJ32 could brake vernalization through the activation of FLC, which provides novel insight about the role of repressive histone marks in environmental responses in plants. FT (Flowering locus T) is a key flowering regulator (Turck et al., 2008). Wu et al. introduced an FT homolog from Jatropha curcas into tobacco, and found that FT played crucial role in stem growth.

In addition to the above articles, the other six articles provided some novel information about organ size and shape from other aspects. By performing systematic analyses of the cytological characteristics and underlying mechanism of morphological variation in culms of Phyllostachys nidularia f. farcta (Shidu bamboo), Wang et al. found that the decrease in the total number of internodes and the decrease in dry matter content may contribute to the sharp decline in culm biomass of Shidu bamboo. Langer et al. investigated twist-to-bend ratios and safety factors of petioles with various geometries, sizes and shapes, and provided an equation to calculate the safety factor of naturally horizontally oriented petioles for the first time. KNOX genes encode homeobox transcription factors that play critical roles in determining cell fate in shoot apical meristem (Meng et al., 2020). Zhang et al. performed genome-wide identification of KNOX gene family in Orchidaceae, and provided a comprehensive analysis to uncover the underlying function of KNOX genes in Orchidaceae. Tu et al. performed a comprehensive analysis of the role of long non-coding RNAs, microRNAs, and transcription factors in regulating leaf and flower development in Liriodendron chinense, which laid a foundation for further investigation into the regulatory mechanisms of leaf and flower development in Liriodendron chinense. By CRISPR/Cas9-mediated editing in the cis-regulatory element of KLUH promoter, the fruit weight of tomato was significantly increased (Li et al). By employing mutants with thicker lateral roots, Kawai et al. found that auxin distribution in lateral root primordium affects the size and lateral root diameter in rice. Altogether, this Research Topic provides the latest progresses on the regulation of plant organ size and shape by uncovering new molecular mechanisms and key regulators.
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High-quality genetic maps play important roles in QTL mapping and molecular marker-assisted breeding. Tea leaves are not only important vegetative organs but are also the organ for harvest with important economic value. However, the key genes and genetic mechanism of regulating leaf area have not been clarified. In this study, we performed whole-genome resequencing on “Jinxuan,” “Yuncha 1” and their 96 F1 hybrid offspring. From the 1.84 Tb of original sequencing data, abundant genetic variation loci were identified, including 28,144,625 SNPs and 2,780,380 indels. By integrating the markers of a previously reported genetic map, a high-density genetic map consisting of 15 linkage groups including 8,956 high-quality SNPs was constructed. The total length of the genetic map is 1,490.81 cM, which shows good collinearity with the genome. A total of 25 representative markers (potential QTLs) related to leaf area were identified, and there were genes differentially expressed in large and small leaf samples near these markers. GWAS analysis further verified the reliability of QTL mapping. Thirty-one pairs of newly developed indel markers located near these potential QTLs showed high polymorphism and had good discrimination between large and small leaf tea plant samples. Our research will provide necessary support and new insights for tea plant genetic breeding, quantitative trait mapping and yield improvement.

Keywords: Camellia sinensis, leaf area, whole-genome resequencing, genetic map, QTL mapping


INTRODUCTION

The tea plant [Camellia sinensis (L.) O. Kuntze] is a perennial, evergreen woody plant originating in southwest China, with a large (approximately 2.84 Gbp) and highly heterozygous genome (Xia et al., 2020a). Many biologically active substances beneficial to the human body, such as catechin, theanine, and caffeine, are abundant in tea, which are important components of tea quality and flavor (Zhao et al., 2018). However, due to the long breeding period and high degree of self-incompatibility, it is difficult to obtain pure line germplasm, explore the formation mechanism of tea quality characteristics, and study the adaptive evolution of different tea populations. In addition, germplasm innovation still faces many difficulties (Meegahakumbura et al., 2016). The construction of a high-density genetic map is of great value for the quantitative trait loci of tea plants, molecular marker-assisted breeding, map-based cloning, and assisted genome assembly.

In the past few decades, based on molecular marker technologies such as simple repeat sequence (SSR) (Hu et al., 2013; Tan et al., 2013; Ma et al., 2014), and amplified fragment length polymorphism (AFLP) (Huang et al., 2005), some tea plant genetic maps have been constructed. However, due to the limitation of the total number of markers and lack of recombinant inbred lines, these genetic maps still have some shortcomings such as poor genome coverage and large gaps, which makes their application in practical research difficult. Fortunately, advances in sequencing technology and reduced costs have made it possible to construct high-density genetic maps. Ma et al. (2015) used specific-locus amplified fragment sequencing technology to obtain 6,448 molecular markers and successfully anchored these markers in 15 linkage groups. Xu et al. (2018) used the F1 population of “Longjing 43” and “Baihaozao” to construct a high-density genetic map with a total length of 1,678.52 cM using RAD sequencing and located 27 QTLs related to catechins or caffeine. However, reduced-representation genome sequencing still has some shortcomings, such as insufficient sequencing depth, uneven distribution of markers, and some pivotal SNP loci related to important traits being undetected. At the same time, different genetic populations will also show different characteristics of segregation. In previous studies, most of the small leaf tea trees were used as parents for hybridization. Due to the insufficient number of harvested F1 generation individuals and the small differences in parental genetic background, the genetic map constructed using these populations is not conducive to accurate QTL mapping for some special traits, such as leaf area, plant type, environmental adaptability, and so on.

The leaves are important nutrient organs and the main harvests of the tea plant, and the delicious tea beverage is processed from the fresh leaves of the tea plant (Tan et al., 2016). The size of tea leaves has an important influence on the yield, especially for black tea (including Pu’er tea), oolong tea, dark tea, and matcha powder. As the two most economically valuable tea types widely planted worldwide, Camellia sinensis var. sinensis (CSS) and C. sinensis var. assamica (CSA) have significant differences in leaf area, plant type, cold resistance, secondary metabolic characteristics, and geographical distribution (An et al., 2020). CSA is usually considered to be arborous or semi-arborous with a large leaf area, whereas CSS tea plants are mainly shrubs with small leaf areas. Exploring the key regulatory genes of tea leaf development is of great significance for studying the adaptive evolution of tea trees, breeding new varieties, and increasing the income of tea farmers. In previous studies, Tan et al. (2016) conducted preliminary QTL mapping for the size of mature tea plant leaves, but due to the limited accuracy of the genetic map, it is still necessary to reconstruct a more refined genetic map for QTL mapping based on resequencing.

In this study, the CSS tea plant variety “Jinxuan” was used as the female parent and crossed with the CSA tea plant cultivar “Yuncha 1,” and a total of 96 reliable F1 individuals were harvested. Using whole-genome resequencing technology, two parents and 96 offspring were re-sequenced. Sufficient sequencing data was generated for accurate genotyping. A large number of SNP and indel variations were obtained. Finally, a high-quality genetic map consisting of 15 linkage groups and 8,956 markers was obtained, with a total map length of 1,490.81 cM. Using the F1 generation and the newly constructed genetic map, 25 representative markers (potential QTLs) and two SNPs related to leaf area were successfully located in second linkage group. In addition, we also developed 31 pairs of highly polymorphic indel markers. To summarize, our research not only provides a large amount of basic data and polymorphic loci, but also constructs a high-quality genetic map and QTL mapping for leaf area trait. These data and map will provide strong support for further research on tea plant trait separation, functional gene location and marker-assisted breeding.



RESULTS


Identification of SNP and Indel Loci by Resequencing

Whole-genome resequencing produced 1.84 Tbp of raw data. Except for the sequencing depth of the parents, which reached 17×, the average sequencing depth of all the offspring was 5×. Mapping clean reads to the reference genome of “Shuchazao” revealed that the properly_mapped reached 84% (Supplementary Table 1). Sufficient sequencing data and a high alignment rate provide the basis for accurate genotyping.

In this population, a total of 28,144,625 SNPs were identified, with an average density of 9.6/Kb. After excluding 648,887 multi-allelic SNPs, it was found that AG and AT mutations were the most abundant types of transformation and transversion mutations, accounting for 35.8% (10,063,296) and 7.9% (2,211,580), respectively. Transformation is the most common mutation type (71.4%), and the ratio of transformation/transversion (ts/tv) is about 2.51 (Figure 1A). In addition, the mutation sites at different positions could have various effects on the function of genes. Detailed location and functional annotations provide more comprehensive SNP variation information. As shown in Figure 1C, of the 27,742,973 annotated SNPs, 92.6% (25,682,243) were located in the intergenic region, whereas only 7.4% (2,060,730) were located in the genes. Of the SNPs located in the genes, 1,550,048, 427,843, and 82,839 were located in the intron, coding region, and untranslated region, respectively. The annotation results showed that 21,373 and 217,884 loci were predicted to have high and medium effects, respectively, and the abnormal gene functions may be caused by these loci. Furthermore, 242,044 SNPs located in the coding region were annotated as non-synonymous mutations. Moreover, 2,780,380 indel mutations were identified using resequencing, including 432,998 multiple allelic mutations. Indels with lengths equal to 1 and greater than 10 accounted for 61.6% and 11% of the total biallelic mutation sites, respectively. Detailed indel length information is shown in Figure 1B. It should be noted that due to the existence of multiple allelic indel loci, it is impossible to annotate all indel mutation sites accurately. However, similar to SNP, most indel variations are also located in intergenic regions.
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FIGURE 1. Summary of SNPs and indels detected in the hybrid population. (A) Mutation pattern of SNPs in F1 hybrid population. (B) Distribution pattern of indel length in F1 hybrid. population. (C) Annotation of SNPs identified in hybrid F1 population.




SNP Markers Genetic Typing and Genetic Map Construction

Among the 28,144,625 markers obtained, after filtering the SNPs of missing parent genotypes (7,292,758), insufficient depths (1,553,658), and genotyping errors (6,811,512), 12,486,697 highly integrated SNPs were obtained. Except for 2,864,429 aa × bb type markers that could not be used to construct a genetic map of the pseudo-testcross population, The remaining 9,622,268 SNPs (including ab × cc, ab × cd, cc × ab, ef × eg, hk × hk, lm × ll, nn × np) were further filtered. As shown in Figure 2, among the 9,622,268 markers, the nn × np type SNP was the most abundant, accounting for 46% (4,427,602), followed by the lm × ll type, accounting for 44% (4,233,057), and the ab × cd type, which was the least abundant, with only 176 SNPs. After strictly filtering the above-mentioned markers and integrating them with a previously reported genetic map, we constructed a high-quality genetic map containing 8,956 markers, with a total length of 1,490.81 cM (Figure 3 and Supplementary Figure 1).
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FIGURE 2. Segregation of SNPs that could be used for genetic map construction.
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FIGURE 3. Genetic map constructed in this study.


Among the 15 linkage groups, the longest one was tenth linkage group, with a length of 166.54 cM, whereas the shortest one was fourteenth linkage group, with a length of only 40.12 cM. Each linkage group contained an average of 597 genetic markers, among which the minimum average map distance and the maximum average map distance appeared in linkage groups 6 and 10, which were 0.1 cM and 0.35 cM, respectively. The maximum gap present in thirteenth linkage group had a length of 10.38 cM, whereas the maximum gap in eight linkage groups was less than 5 cM, indicating that the newly constructed genetic map was high quality. The completeness of the marker data also reflects the quality of the map. In this study, the completeness of all the marker data used to construct the map was over 99%, and there were none missing in the parent genotype. As shown in Table 1 and Figure 4, the closer the spearman coefficient is to 1, the higher the accuracy of the linkage group. Among the 15 linkage groups, the ninth linkage group has the best collinearity with the genome, and the spearman coefficient is as high as 0.993, while the thirteenth linkage group has the lowest collinearity with the spearman coefficient of 0.808. The above results comprehensively indicated that the newly constructed genetic map was high quality and can be used for tea plant genome assembly and QTL mapping research.


TABLE 1. Information on the newly constructed genetic map.
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FIGURE 4. Collinearity analysis of the genetic map and genome based on the arrangement order of markers on genetic map.




QTL Mapping of Leaf Area and Genome-Wide Association Analysis

Leaves are important organs in plants for photosynthesis, respiration, and transpiration. They affect plant growth and development and resistance to adversity in many ways (Ayala et al., 2015). Tea leaves are not only important nutrient organs, but they are also closely related to the yield and quality of tea. According to the leaf area phenotype data of 96 F1 generations (Supplementary Table 2), we used the newly constructed high-density genetic map for QTL mapping. The results are shown in Table 2.


TABLE 2. Summary of the information of 25 representative markers (potential QTL).

[image: Table 2]Twenty-five representative markers related to leaf area were identified from the second linkage group between 28 and 101 cM. Due to the limitation of QTL mapping accuracy, these markers may be regarded as potential independent QTLs. The LOD threshold ranged from 5.57 to 8.11, and the variation contribution rate ranged from 23.9% (potential QTL: Marker1749183) to 32.8% (potential QTL: Marker1533238). All the 25 representative markers were regarded as major loci (variation contribution rate >10%), and the average phenotypic contribution rate was 30.32%. The genome-wide association study (GWAS) is one of the most important methods to study functional genes. In this study, 1,000,682 non-linked disequilibrium high-quality SNPs were used for GWAS analysis, and the results showed that the best model was GLM (Supplementary Figure 2). Interestingly, similar results were observed in two independent analyses, as shown in Supplementary Figure 3, the two leaf area related SNP loci obtained from the GWAS were also located in second linkage group, and the significance test q values were 2.9E-8 (L2__134740620) and 5.3E-8 (L2__210876632), respectively. There were 80 genes within the 90 kb interval on both sides of the 25 markers (potential QTL), and most of them have been predicted to be related to cell growth and development and plant organ pathology, including Golgi vessel transport (CSS0032416.2), OVATE family protein 14 (CSS0018166.1), LOC (CSS0013181.1), TSO1-like CXC domain (CSS0001030.1), Phosphatidylinositol-4-phosphate 5-kinase (CSS0011322.1), Sec34-like family protein (CSS0016412.1), ARF guanyl-nucleotide exchange factor (CSS0027335.1), and others. Detailed functional annotations of the 80 genes are listed in Supplementary Table 3.

Sixteen genes were selected for qRT-PCR to explore the expression patterns of these genes in large and small leaf samples. For “Shuchazao” and “Yinghong 9,” as shown in Figure 5A, the expression abundance of 10 genes was successfully detected, and seven of them showed significant differences. Furthermore, two special CSS tea plant varieties, “Xinyang 10” (leaves are narrow and small) and “Foshou” (leaves are round and large) were also used to verify the expression levels of these genes. The expression levels of 12 out of 16 genes were successfully detected (Figure 5B).
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FIGURE 5. The expression of genes near the potential QTL analyzed using qRT-PCR. (A) Shuchazao and Yinghong 9, (B) Xinyang 10 and Foshou. * and ** represent significant differences when p < 0.05 and p < 0.01, respectively.


Interestingly, the expression patterns of seven genes were similar to their expression characteristics in “Shuchazao” and “Yinghong 9,” suggesting that these genes may indeed be related to leaf development in tea plants.



Develop Indel Markers Related to Leaf Area

The mutation loci near potential QTLs are thought to be closely related to the growth and development of tea plants. In order to develop genetic markers related to leaf area, we randomly selected 60 indel mutations located within 90 kb of the markers associated with potential QTL to design primers. Based on the initial screening results, after excluding eight primer pairs with invalid amplifications, six primer pairs with non-polymorphic amplifications, and 15 primer pairs with ambiguous amplifications, the remaining 31 primer pairs were further applied in 69 germplasms to verify their transferability and polymorphism and to explore their relationship with leaf area. The amplification results are shown in Supplementary Figure 4. Among the newly developed indel markers (Table 3), InDel17 and InDel18 had low polymorphisms, whereas InDel01, InDel03, InDel09, InDel12, and InDel22 had moderate polymorphisms, and the remaining 24 indel markers were considered to be highly polymorphic (Liu et al., 2019). The genetic diversity of the markers varied from 0.0286 to 0.8354, with an average genetic diversity of 0.622. The PIC and gene diversity were significantly and positively correlated. The observed heterozygosity varied between 0.2903 and 0.7097, with an average of 0.512, whereas the expected heterozygosity ranged from 0.8049 to 0.8604, with an average of 0.837. The marker InDel07 had 12 alleles, whereas InDel17 and InDel18 both had only two alleles. The average number of alleles per marker was 6.48. The MAF varied between 0.2246 and 0.9855, with an average value of 0.5028. Genetic markers with lower major allele frequencies often have higher gene diversity and PIC values.


TABLE 3. Sequence and genetic information of the newly developed InDel markers.
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Phylogenetic and Population Structure Analysis

There are several of SNP and indel mutations in the vicinity of the potential QTL, and some genomic mutations located in regulatory or coding regions may be related to the development of plant leaves. Therefore, based on the newly developed polymorphic indel markers, we performed population structure and principal component analyses on 69 tea resources. The results showed that the best model for the 69 tea tree samples was achieved when K was set to 2 (Supplementary Figure 5). Most of the samples were correctly classified together based on different germplasm types when K was 2. As shown in Figure 6, the first category contained the most CSA samples, whereas the second category was mainly composed of CSS samples. In particular, when K was set to 3, wild germplasm samples from different regions were clearly classified, implying that our newly developed markers have good discrimination capabilities. Similar clustering results were observed using a PCA (Figure 6A). The variation explanation rates of the first and second principal components were 25.4 and 11.6%, respectively. Furthermore, based on the genetic distance of the newly developed genetic markers, we constructed a phylogenetic tree composed of 69 tea tree samples with the UPGMA model. All the samples were classified into two groups based on a phylogenetic analysis (Figure 6B). Similar to the results of the population structure and principal component analyses, tea varieties with larger leaf areas were assigned to the first group, whereas tea varieties with smaller leaf areas were assigned to the second group (Figures 6A,C). The accurate classification results suggest that the newly developed genetic markers and the genes in which these markers are located may be related to the development of tea leaves.
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FIGURE 6. Population structure and phylogenetic analyses of 69 germplasm samples based on the newly developed indel markers. (A) PCA analysis. (B) UPGMA phylogenetic tree. (C) Population stratification. For (A-B), green represents Pop1, red represents Pop2, and for (C), different colors represent different population stratification.




DISCUSSION

Genetic maps are widely used for QTL mapping of key genes of many important agronomic traits (Toojinda et al., 2003; Liu et al., 2015; Ren et al., 2018). Most of the early genetic maps were constructed using randomly amplified polymorphic DNA (RAPD) (Ota, 1999), simple sequence repeats (SSR) (Yamamoto et al., 2005), inter-simple sequence repeats (ISSR) (Kojima et al., 1998), AFLP (amplified fragment length polymorphism) (Marsan et al., 2001), and other molecular markers (Jarvis et al., 1994). Low marker density and large genetic distances make it difficult to apply these genetic maps in practical research. In recent years, with the advancements in technology and the reduction in sequencing costs, large-scale resequencing has been made possible. A large number of genetic markers can be mined using extensive resequencing, which provides strong data-based support for the construction of high-density genetic maps. It was not until 2018 that the genome of the first small-leaf tea plant “Shuchazao” was released (Wei et al., 2018), which greatly promoted basic research on tea trees. However, the underlying mechanisms of many important agronomic traits in tea trees have not yet been revealed (Xia et al., 2020b). The construction of a high-density genetic map is still of great significance for anchoring these markers in tea plant functional genes and breeding of excellent varieties. In recent years, some high-density genetic maps of tea plants have been reported. For example, Xu et al. (2018) constructed a genetic map using 2b-RAD sequencing with the hybrid population of Longjing 43 (“LJ43”) and Baihaozao (“BHZ”); based on specific-locus amplified fragment sequencing, Ma et al. (2015) constructed a genetic map with Yingshuang (“YS”) and Beiyue Danzhu (“BD”) as parents. Although these genetic maps have high marker density because most of the mapping parents belong to CSS varieties, there are still some restrictions on QTL mapping and map-based cloning.

In this study, the whole genome of the CSS tea variety “Jinxuan,” CSA tea variety “Yuncha 1” and their 96 hybrid F1 generations were re-sequenced, and a total of 1.84 Tb of raw sequencing data were obtained. The sequencing depths of the parents and offspring reached 17× and 5×, respectively. Of the clean reads, 84% could be well-aligned to the genome. Compared with previous studies (Su et al., 2017; Rehman et al., 2020), genome-wide resequencing can provide more abundant raw data than ever before. All clean data were submitted to GATK-HaplotypeCaller for mutation detection. In this population, 30,925,005 variations, including 28,144,625 SNPs and 2,780,380 indels, were identified. The average SNP density was 9.6/Kb, which is much higher than that previously reported (An et al., 2020). Similar to other crops (Shen et al., 2017; Thakur and Randhawa, 2018; Muñoz-Espinoza et al., 2020), transitions had an absolute advantage in SNPs, and the ts/tv value was approximately 2.51, which was higher than Cucurbita (Xanthopoulou et al., 2019) but lower than lotus (Huang et al., 2018). Moreover, 242,044 and 185,799 SNPs were annotated as non-synonymous mutations and synonymous mutations, respectively. The ratio of the non-synonymous_variant to the synonymous_variant was approximately 1.3, which was higher than those for watermelons (Guo et al., 2019) and sweet potatoes (Zhang et al., 2020), but equivalent to that for rice (Yano et al., 2016).

After a series of filtering of 28,144,625 SNPs, 12,486,697 highly integrated SNPs were obtained. Since 2,864,429 aa × bb type markers could not be used for the construction of the pseudo-testcross population genetic map, the remaining 9,622,268 SNPs were used for further genetic analysis and genotyping. Among the 9,622,268 SNPs, the most abundant types were nn × np and lm × ll, accounting for 46 and 44% of the total, respectively. Finally, a high-quality genetic map containing 8,956 markers with a total length of 1,490.81 cM was successfully constructed. These markers were relatively and evenly distributed across 15 linkage groups, and each linkage group contained an average of 597 genetic markers. The genetic map evaluation revealed that eight of the 15 linkage groups had a maximum gap of less than 5 cM. The integrity of all the markers used in the genetic map exceeded 99% and the parental genotype was complete. A collinearity analysis of the genetic map and genome is also commonly used to evaluate the quality of each linkage group. It was found that the newly constructed genetic map and genome had superior collinearity, with an average spearman coefficient of 0.95. These results indicated that the genetic map constructed in this study was high quality and could be applied to QTL mapping and marker-assisted breeding in tea plants. Compared with the other previously reported genetic maps of tea plants, the total map length here was moderate and contained most of the genetic markers (Ma et al., 2014, 2015; Xu et al., 2018). To the best of our knowledge, this the first high-quality genetic map based on the hybrid population of CSS and CSA constructed using whole-genome resequencing technology.

Leaves are important vegetative organs in plants and provide energy for the growth and development of plants through photosynthesis. Fresh tea leaves have important economic value because they can be made into a popular beverage with unique flavor (Tai et al., 2015; Xu et al., 2017). CSS and CSA are the two most widely distributed and used tea plant varieties (Wang et al., 2020). However, due to the impacts of many factors such as geographical distribution, environmental adaptation, and artificial selection, they are different in many aspects such as morphological characteristics and content. Most notably, CSA variants tend to have a larger leaf area compared to CSS, and this difference has not been clearly explained. We identified 25 representative markers and two SNPs related to leaf area via QTL mapping and GWAS analysis, which distributed in the second linkage group between 28 and 101 cM. Notably, 25 representative markers may indicate some potential QTLs that have not been identified considering of the small scale of mapping population and elongated QTL shape. All the 25 representative markers (potential QTL) were regarded as major loci (variation contribution rate >10%) with LOD values ranging from 5.57 to 8.11. A significant SNP (L2__210876632, q value 5.3E-8) obtained using GWAS was only 1.3 Mb away from potential QTL Marker2197408. Similar results that were obtained using different methods suggested that the QTL mapping was reliable. Many genes that may be related to tea leaf development were identified near the potential QTL. For example, Wang et al. (2018) showed that the CPP-like gene family in Arabidopsis (CSS0001030.1) can expand cells and differentiate buds, and Zhou et al. (2021) found that OVATE family protein genes (CSS0018166.1) can regulate peach fruit traits and leaf shape. In order to further explore the expression patterns of these genes in large-leaf and small-leaf tea plants, 16 genes were selected to verify their expression levels using qRT-PCR. The results showed that there were some genes that were significantly and differentially expressed in the large leaf varieties and small-leaf varieties, and the expression trend was related to leaf area and not to whether it was CSS or CSA. Interestingly, the expression level of these genes was very low, which may indicate that the development of tea leaves is regulated more by minor genes.

There are many genetic mutations in the plant genome that play an important role in plant growth and development. Zhou et al. (2021) identified a 1.7 Mb chromosomal inversion that is responsible for regulating the shape of peach fruit; Cheng et al. (2019) found that a single nucleotide mutation in GID1c can dwarf peach trees; Wang et al. (2016) found that genetic variations in ZmVPP1 contributes to drought tolerance in maize seedlings by GWAS. It is these mutations that enhance genetic diversity within species. In this study, based on sufficient genetic variations provided by extensive resequencing, we developed 31 pairs of indel markers related to leaf area located near QTL. Most of these markers located in genes, which may alter gene function. The average gene diversity and PIC were 0.6224 and 0.5789, respectively. Twenty-four of the 31 markers had high polymorphism and good mobility. Based on these markers, we analyzed the population structure and heredity of various tea germplasm samples. The results showed that 69 tea plant resources with different genetic backgrounds were mainly classified into two groups. When K = 3, obvious genetic structure was observed, and wild tea plant germplasm samples and cultivated tea plants had significantly different lineages. In the phylogenetic tree, 29 CSA varieties and one CSS species “Guixiang 22” were divided into the first category, whereas 37 CSS varieties and two CSA varieties “Xiuhong” and “Qianmei 809” were divided into the second group. Considering that one parent of “Guixiang 22” belongs to the C. sinensis var. pubilimba variety and that “Xiuhong” and “Qianmei 809” each have a parent belonging to the CSS class of tea plants, this classification may be reasonable. This result is also supported by the population analysis results.

The growth and development of plant leaves are controlled by many factors, such as light, temperature, disease, nutritional status, and transcriptional regulatory genes (Franklin, 2009; Vega et al., 2019; García-Gómez et al., 2020; Li et al., 2020). For example, Sun et al. (2020) found that OVATE family protein 6 can regulate the angle of rice leaves and Michael (Muszynski et al., 2020) found that cytokinin can change the development pattern of maize leaves. Long-term hybridization means that most cultivated tea trees have complex genetic backgrounds, which brings many challenges for studying the genetic domestication of tea trees and locating key genes that control important agronomic traits. One of them is that the developmental mechanism of tea leaves has not been clearly revealed. In our study, the 31 pairs of polymorphic markers that were developed based on QTL mapping results could divide most tea plants according to their leaf area. However, some special tea varieties, such as “Foshou” had even larger leaf areas than some CSA varieties, but they were clustered together in the second main branch of the phylogenetic tree. Since quantitative traits are often regulated by multiple genes, this result suggested that there might be more unidentified genetic regions that could regulate the development of tea leaves.



CONCLUSION

In this study, we performed whole-genome resequencing on “Jinxuan,” “Yuncha 1,” and their 96 hybrid F1 samples and identified a large number of SNPs and indel mutation loci. A high-quality and high-density genetic map of tea plants with good collinearity with the reference genome was successfully constructed. Using QTL mapping and GWAS, 25 representative markers (potential QTL) were identified, which distributed in the second linkage group with an average phenotypic contribution rate more than 30% and containing two SNP mutations related to leaf area. A total of 31 polymorphic indel primers near the potential QTL were developed, and PCR was performed in 69 diverse tea germplasm samples to detect the mobility and discrimination capabilities of these markers. Population structure and phylogenetic analyses showed that the newly developed markers can better distinguish large-leaf species from small-leaf species. However, due to their complex genetic background, there may be more unknown genetic regions in the genome that may play an important role in regulating the development of tea leaves. To conclude, in this study, besides preliminary QTL mapping of genes that regulate tea leaves, the newly constructed genetic map and developed molecular markers will provide basic support for tea breeding and quantitative trait research.



MATERIALS AND METHODS


Plant Materials

Ninety-six hybrid F1 generations and their parents “Jinxuan” and “Yuncha 1” were cultivated in the national germplasm repository of large-leaf tea in Menghai, China. The young buds and leaves were picked and quickly frozen and subsequently stored in a −80°C freezer until they were sequenced. Another 69 germplasms from different countries and regions with different leaf shapes were used to evaluate the newly developed genetic markers. Detailed information on these samples was listed in Supplementary Table 4.



DNA Extraction and Whole-Genome Resequencing

The DNA of all the samples was extracted from young leaves using a modified CTAB method, and the extracts were electrophoresed on a 0.8% agarose gel to check their quality and integrity. Qualified DNA samples were broken into short fragments of 200–500 bp using ultrasound, and then paired-end sequencing was performed on F1 generations using the Illumina Hiseq 2500 sequencing platform. Using the Trimmomatic software, the original data were filtered according to the following standards: (1) remove adapters, (2) remove paired reads if the ratio of N in the sequenced fragments is greater than 10%, and (3) remove reads if more than 50% of the bases had a base quality value q < 10 in the sequenced fragments and ensure that the bases with Q > 20 are above 90%.



Detection and Filtering of Genetic Variations and Construction of Genetic Maps

The filtered reads were aligned to the reference genome “Shuchazao” through the built-in MEM module of the BWA (Burrows-Wheeler Aligner) program. The Picard script was used to remove PCR duplications in the BAM files (Liu et al., 2019). These files were then submitted to GATK-HaplotypeCaller for mutation detection (Niu et al., 2019). The raw mutation site files of each sample were merged and filtered according to the following criteria: (1) two SNP sites within 5 bp, (2) SNP sites within 10 bp near indel, (3) two indel with a distance less than 10 bp, (4) for diploid species, one SNP marker locus can contain at most four genotypes, so SNP loci with more than four alleles were discarded subsequently. Only SNPs with two to four alleles were identified as polymorphic and considered potential markers. All polymorphism SNPs loci were genotyped with consistency in the parental and offspring SNP loci. In order to facilitate analysis, all the SNP locus genotypes were coded following the two-allele coding rules commonly used in genetics. Among them, the aa × bb genotype locus was directly removed because it was not suitable for constructing a genetic map in this project. The remaining SNPs were filtered according to the following criteria to ensure the quality of the map: (1) the sequencing depth of the parents is less than 10×, (2) the sequencing depth of the offspring is less than 2×, (3) the completeness of the genotype is less than 90%, (4) the p-values of segregation distortion are less than 0.05, and (4) the SNPs have MLOD values lower than 3. With the help of the HighMap software (Xu et al., 2015), the linear arrangement of the markers in the linkage group was obtained, and the genetic distance between the adjacent markers was estimated. At the same time, the previous map (Xu et al., 2018) were integrated using the BioMercator (Sosnowski et al., 2012) software, and finally, the high-quality genetic map was drawn. Besides, vcftools was used to perform statistical analysis on the final variations. Based on the index file of the “Shuchazao” genome constructed using SnpEff, all the variation sites were annotated and classified.



QTL Mapping and GWAS

The length and width of the six mature leaves of each F1 individual were accurately measured, and the leaf area of each leaf was calculated according to the formula: leaf length × leaf width × 0.7 (NY/T 1312-2007), and then the average of the six leaf areas was taken as the leaf area of the offspring. The built-in interval mapping method of the MapQTL software was used to locate the QTL of the leaf area, and all the default parameters of the software were used. With the PLINK software, all the SNP loci were filtered under the conditions of -maf 0.05, -geno 0.1, and -indep-pairwise 50 10 0.2. Based on the 1,000,682 high-quality SNP loci of non-linkage disequilibrium obtained after filtering, the three models (including GLM, MLM, and CMLM) provided by the TASSEL (Bradbury et al., 2007) software was used for the GWAS. Similarly, the kinship and principal component analysis (PCA) files of all the samples were calculated under the default parameters of the TASSEL software. The Manhattan map and linkage group were drawn using the CMplot and LinkageMapView packages in R.



RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)

The young second leaves of “Shuchazao” and “Yinghong 9” were collected from the Tea Tree Resource Nursery of the Anhui Agricultural University, and their total RNAs were extracted using the Total RNA Purification Kit (Norgen Biotek Corporation, Canada) following the protocol of the manufacturer. In addition, a CSS variety called “Foshou” which has a very large-leaf area, and a CSS variety called “Xinyang 10” which has a small leaf area, were also collected from the Guangdong province and their RNAs were extracted as described above. Subsequently, first-strand cDNA was synthesized based on the qualified RNA using a PrimeScript RT Reagent Kit (cat 6110A, Takara, Japan) for qRT-PCR. Detailed PCR amplification and thermal cycling conditions were performed referring to our previous research. The relevant primer sequences are listed in Supplementary Table 5.



Development of Indel Markers

In the 2 Mb region before and after potential QTL, indels with a length ≥4 were used as candidate sites. The 300 bp double-flanking sequence of the indel was extracted as the primer design region. The primers were designed using Primer3 based on the following criteria: amplicon lengths should range from 150 to 350 bp; primer lengths, 20–22 bp, with the optimum length being 21 bp; Tm 55–60°C, with 58°C being the optimum, and the maximum difference between the annealing temperatures of the primer pairs should not exceed 5°C; GC content 40–60%, with 55% being the optimum. A total of 60 indels located near the potential QTL that met the above conditions were randomly selected, and the primers were synthesized. Eight germplasms, including “Hekai10,” “Hekai38,” “Nannuoshan 9,” “Nannuoshan 13,” “Yaoshanxiulv,” “Shidacha 1,” “Xiaoxianghong 21-3,” and “Echa 1” were used to screen all the primers preliminarily using the Fragment AnalyzerTM 96 system (Advanced Analytical Technologies, Inc., Ames, IA, United States). More detailed amplification conditions and primer screening can be found in our previous study.



Genetic Diversity, Population Structure and Phylogenetic Analysis

The selected primers were further applied to 69 diverse tea plant samples to verify their mobility and polymorphism. The amplification results were displayed graphically using prosize2.0 built in the Fragment AnalyzerTM 96 system, and the amplified fragment length was identified and converted into letter codes. Subsequently, the expected heterozygosity (He), observed heterozygosity (Ho), number of alleles (Na), major allele frequency (MAF), and polymorphism information content (PIC) were also calculated using PowerMarker3.25 and PopGene32. Concurrently, the phylogenetic tree of 69 diverse tea plant samples was also constructed using the unweighted pair-group method with the arithmetic means (UPGMA) algorithm using PowerMarker at the default setting of 1,000 bootstraps. The population structure analysis was performed with reference to previous reports (Liu et al., 2019). A web-based online software, Structure Harvester (http://taylor0.biology.ucla.edu/structureHarvester/), was used to evaluate the best population k value. GenAlEx 6.5 (Liu et al., 2017) was used to perform the PCA analysis.
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From a mechanical viewpoint, petioles of foliage leaves are subject to contradictory mechanical requirements. High flexural rigidity guarantees support of the lamina and low torsional rigidity ensures streamlining of the leaves in wind. This mechanical trade-off between flexural and torsional rigidity is described by the twist-to-bend ratio. The safety factor describes the maximum load capacity. We selected four herbaceous species with different body plans (monocotyledonous, dicotyledonous) and spatial configurations of petiole and lamina (2-dimensional, 3-dimensional) and carried out morphological-anatomical studies, two-point bending tests and torsional tests on the petioles to analyze the influence of geometry, size and shape on their twist-to-bend ratio and safety factor. The monocotyledons studied had significantly higher twist-to-bend ratios (23.7 and 39.2) than the dicotyledons (11.5 and 13.3). High twist-to-bend ratios can be geometry-based, which is true for the U-profile of Hosta x tardiana with a ratio of axial second moment of area to torsion constant of over 1.0. High twist-to-bend ratios can also be material-based, as found for the petioles of Caladium bicolor with a ratio of bending elastic modulus and torsional modulus of 64. The safety factors range between 1.7 and 2.9, meaning that each petiole can support about double to triple the leaf’s weight.

Keywords: twist-to-bend ratio, safety factor, petiole, biomechanics, body plan, geometry, size, shape


INTRODUCTION

The petioles of foliage leaves fulfill various functions with sometimes contradictory demands. Their functions include aligning the lamina to the sun for photosynthesis (Niinemets and Fleck, 2002), vascularly connecting the lamina to the stem, supporting the weight of the lamina and elastically yielding under wind load to prevent the leaf from tearing. Of particular importance is the mechanical compromise of high flexural rigidity, which allows the petiole to be stiff enough under the bending load of the self-weight of the leaf (Vogel, 1992; Niklas, 1999), and a comparatively low torsional rigidity, which enables the petiole to be flexible enough to avoid damaging influences by wind loads (Vogel, 1989; Niklas, 1996). This biomechanical trade-off is reflected in the dimensionless twist-to-bend ratio (EI/GJ) (Vogel, 1992), which describes the flexural (bending) rigidity (EI) compared with the torsional rigidity (GJ) (Wainwright et al., 1976; Vogel, 1992; Etnier, 2003).

Another important mechanical aspect of biological structures is the dimensionless safety factor (SF), which estimates the maximum carrying capacity of the structures. In other words: the safety factor describes the extent to which the structure can carry more than its own static load (Gere, 2004). Both the twist-to-bend ratio EI/GJ and the safety factor SF are dimensionless variables and therefore allow comparisons to be made between various structures (Vogel, 1992, 1995, 2007; Niklas, 1999; Etnier, 2003). This is crucial as leaves and their petioles show a wide variety of morphological and anatomical characteristics. One aspect is the spatial configuration of the lamina and petiole, described by Langer et al. (2021) as three-dimensional (3D) for peltate leaves and two-dimensional (2D) for leaves in which the petiole is attached to the lamina base. Moreover, marked differences are found between the cross-sectional geometries of petioles, which can be circular, elliptical or U-profiled (Vogel, 1992; Ennos et al., 2000; Pasini and Mirjalili, 2006). Finally, differences occur in the body plan of herbaceous plants.

The term “body plan” was coined by Drost et al. (2017) and describes morphological features shared between species within a phylum. In this study, it is used to describe the internal arrangement of the vascular tissues in relation to mono- and dicotyledonous species.

The aspects mentioned above in turn influence the mechanics of the petioles. The configuration affects the way in which the applied loads act on the petioles, whereas the geometry, size and shape of the petioles affect their geometric characteristics, such as the axial (I) and polar (J) second moments of area and the torsion constant (K). The torsion constant (K) comes into play because, unlike the polar second moment of area (J), it takes into account the warping of non-circular structures under torsional loading and thus is often much smaller than J (Young et al., 2002). The body plan includes the arrangement of the vascular bundles that represent a type of strengthening tissue, which influences the material properties of the leaf, such as the bending elastic modulus (E) and torsional modulus (G).

We aimed to answer to the following scientific question: “How do cross-sectional geometry, sizes and shapes of petioles influence their twist-to-bend ratio and safety factor?”. Therefore, we selected four distinct types of petioles having a mono- or dicotyledonous body plan and/or a 3-dimenisonal (=peltate) or 2-dimensional (=petiole attached at the basis of the lamina) configuration of petiole and lamina. We obtained the necessary data through morphological and anatomical investigations and by two-point bending tests and torsional tests. In addition to the previously existing formula for the safety factor of vertically oriented structures, we provide, for the first time, an equation to calculate the safety factor of naturally horizontally oriented petioles. For the calculation of the twist-to-bend ratio, we did not use the polar second moment of area, as is usually the case, but the torsion constant, as the latter takes into account the warping of the structure during torsion.



MATERIALS AND METHODS


Plant Material

Plants of the species Hosta x tardiana ‘El Niño’ Piet Warmerdam (patent PP14632) (hereafter H. tardiana), Caladium bicolor Vent. (hereafter C. bicolor), Hemigraphis alternata (L.) Hallier f. (hereafter H. alternata), and Pilea peperomioides Diels (hereafter P. peperomioides) were cultivated in the greenhouse of the Botanic Garden (University of Freiburg, Germany). These four species were selected based on the same criteria as those described by Langer et al. (2021): (1) two species of each body plan (monocotyledonous and dicotyledonous) having a foliage leaf with either a 2D or 3D spatial configuration of petiole and lamina, (3) herbaceous, (4) perennial, and (5) easy to cultivate to provide sufficient material for experimentation. One random leaf of each of the 25 plants studied per species was investigated (Figure 1).


[image: image]

FIGURE 1. Leaf morphology of (A) Hosta × tardiana ‘El Niño’, (B) Caladium bicolor, (C) Hemigraphis alternata, and (D) Pilea peperomioides. Scale bar is 20 mm.




Morphology

We weighed the lamina and petioles on a digital balance (accuracy ± 0.001 g). The weight ratio WR of the lamina wlamina to the petiole wpetiole was calculated according to:
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The diameters in the lateral direction dlateral and in the adaxial-abaxial direction dadaxial of each leaf stalk (petiole) were measured every 0.5 cm for H. alternata, every 1 cm for H. tardiana and P. peperomioides and every 3 cm for C. bicolor by a digital caliper (accuracy ± 0.01 mm). The aspect ratio AR of these perpendicular diameters gives an indication of the cross-sectional shape of the petioles, i.e., an AR of 1 means that the cross-section is as wide as it is high. This ratio was calculated as follows:
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The tapering mode α is a dimensionless parameter that describes the shape of a slender structure (Figure 2), which is, in our case, the petiole. Calculations of the tapering mode were based on the formulae published by Caliaro et al. (2013). First, we calculated the equivalent radius to account for non-perfectly circular cross-sections:
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FIGURE 2. Tapering modes α of various slender structures: (A) α = 0 represents a circular cylinder, (B) α = 0.5 a second order paraboloid of revolution, (C) α = 1 a circular cone, and (D) α = 1.5 a hyperboloid of revolution.


where radaxial is the radius in the adaxial-abaxial direction (which is also the bending direction in which the force acts) and rlateral is the radius in the lateral direction (perpendicular to the bending direction). The radii radaxial and rlateral were derived from the corresponding measured diameters. Thereafter, the tapering mode α was derived based on the equation:
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with r(x) being the equivalent radius at the distance x from the basal end of the petiole, rapical being the equivalent radius of the apical end (x = L), rbasal being the equivalent radius of the basal end (x = 0) and L being the length of the petiole. The numerator was plotted against the denominator and the slope of the linear regression represented the tapering mode α.



Anatomy and Histology

After mechanical testing, we divided the petioles into thirds, with 1 cm of the basal, middle and apical part of each petiole being frozen onto a metal sample holder by means of a freezing solution (Tissue-Tek O.C.T. Compound, Sakura Finetek Japan Co., Tokyo, Japan). Transverse thin sections with a thickness of 100 μm were cut on a rotatory cryotome (MEV, SLEE medical, Mainz, Germany). After bleaching the sections (20% eau de Javel), we immersed them in a 0.05% w/v solution of toluidine blue O, which stained non-lignified tissue red-purple and lignified tissue blue to dark violet (Sakai, 1973). The stained sections were imaged via an Olympus BX61 microscope (Olympus, Tokyo, Japan) equipped with a CP71 camera module. We determined the axial second moment of area I and polar second moment of area J for each section by using the BoneJ2 Plugin (Version 6.1.0) (Doube et al., 2010) provided in Fiji software (ImageJ Version 1.52p) (Schindelin et al., 2012). These geometric variables describe the influence of the cross-sectional shape of a specimen on its mechanical behavior, for example under bending (I) or torsional loads (J). The higher these geometrical characteristics are, the more the geometries resist mechanical loads/deformations.

Another variable useful for analyzing the influence of the cross-sectional geometry on the torsional behavior is the torsion constant K. K is part of the following equation expressing torsional rigidity:
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where θ is the angle of twist in radians, T the twisting moment, L the length of the bar and G the torsional modulus. K is equal to the polar second moment of area J, provided that the cross-section is perfectly circular. For other cross-sectional geometries, however, K is smaller than J and, in some cases, is only a small fraction of it (Young et al., 2002). Therefore, different equations are needed for the various cross-sectional geometries. All equations have been taken from Table 10.1 of Young et al. (2002). The petioles of C. bicolor and P. peperomioides are almost circular and have therefore been assumed to be circles; the following equation can thus be used to calculate K, which, in this case, equals J:
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with r being the radius of the circle. The petioles of H. alternata are elliptical and, therefore, K has been calculated according to the following equation:
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where radaxial is the radius in adaxial-abaxial direction and rlateral the radius in lateral direction of the ellipse. For the U-profile of the petioles of H. tardiana, K has been calculated as follows:

[image: image]

with U being the length of the median line through the U-profile and t the thickness of the U-profile. However, this formula is limited to a uniform thickness of the U-profile, which is not the case with the cross-sectional geometry of the petioles of Hosta x tardiana ‘El Niño’. Therefore, we measured the thickness for each cross-section, always at the same five points of the cross-section, and calculated the mean thickness (Figure 3). This mean value was then used as t in the formula. The median line U was placed through the vascular bundles in each cross-section (Figure 3).
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FIGURE 3. Exemplary cross-section of the petiole of Hosta x tardiana ‘El Niño’ with five measuring points for the thicknesses (t1–t5) and the median line U. The scale bar is 2 mm.




Biomechanics

Petiole samples were glued basally into 3D-printed PLA (polylactide) clamps by using ethyl cyanoacrylate as the adhesive (LOCTITE® 401, Henkel AG & Co., KGaA, Düsseldorf, Germany). The clamps were fixed within a custom-built uniaxial measurement device and two-point bending tests were performed. The petioles were always bent in the abaxial direction. The device was equipped with a 1 N force sensor (Burster 8510– 5001, Burster Präzisionstechnik GmbH & Co., KG, Gernsbach, Germany) with a data acquisition rate of one value per 0.09 mm deflection. Then the apical ends were glued into the PLA clamps and the samples were fixed into the custom-build manual torsional test device (Gallenmüller et al., 2001). Torque was manually applied by a spring-loaded cylinder (spring constant c = 0.006 Nm–1) and the resulting angles were recorded. In order to evaluate the structural resistance of the specimens to the mechanical stresses/deformations (bending and torsion), the flexural rigidity EI and torsional rigidity GK were calculated according to:
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where Lreal is the sample length, bbending the slope in the displacement-force diagram and btorsion the slope in the angular deflection-torque diagram. We calculated the torsional rigidity GK by using the torsion constant K, which is valid for cross-sections of any geometry, unlike the polar second moment of area J, which is valid only for circular cross-sections. Based on Equations (9) and (10) and the approach of Caliaro et al. (2013), we calculated the elastic modulus Eand torsional modulus G taking into consideration the tapering mode:
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with Ibasal being the axial second moment of area at the basal end of the petiole, rbasal the equivalent radius of the petiole at the basal end, rapical the equivalent radius of the petiole at the apical end, α the tapering mode and Kbasal the torsion constant at the basal end of the petiole. E and G describe the resistance of the material on bending or torsional deformations.

The safety factor SF describes the multiple by which the structures can carry more than their actual static load. For the petioles, the SF was calculated as the ratio between the critical length (Lmax) and the real length (Lreal):
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The challenge of the calculation of the critical length Lmax at which a slender and vertically oriented structure (pole) buckles was first solved analytically for selected pole forms and a continuous mass distribution along the poles without additional top load (Greenhill, 1881). Speck (1994) developed a formula based on the approach of Greenhill (1881) who took into consideration a top load in addition to a mass continuously distributed along the poles. The formula of Speck (1994) was used to calculate Lmax for the peltate leaves of C. bicolor and P. peperomioides, whose nearly vertically oriented petioles bear the lamina as a top load:
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where c is a shape factor depending on the tapering mode and weight distribution along the petiole (c = 1.96 for C. bicolor and P. peperomioides), Flamina is the top load caused by the weight of the lamina, Fpetiole is the load induced by the self-weight of the petiole and γ is the specific weight of the petiole.

However, none of these approaches, which are all based on Euler’s critical buckling length calculations for slender upright poles, is suitable for calculating the critical buckling length Lmax of horizontally oriented plant structures, such as the petioles of H. tardiana and H. alternata. For this calculation, we considered horizontally oriented petioles as cantilever beams clamped on one side. We then considered the deflection δ of these beams under two different loading scenarios. To account for the deflection attributable to the self-weight of the petiole δpetiole, we used the following conventional formula for a (continuously) distributed load over the petiole:
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In addition, we calculated the deflection caused by the weight of the lamina as a top load:
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The total deflection δ was calculated by summing up the individual deflections:
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The solution of Equation (17) according to the length of the petiole yielded:
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Finally, we made the assumption that a deflection δ equal to the length of the petiole Lreal will inevitably lead to a buckling failure. Thus, if Lreal is substituted for δ in Equation (18), the critical length Lmax is obtained as follows:
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However, in formula (19), the tapering mode α is not taken into account. Since we found tapered petioles in all the species studied, the tapering mode α was included in the flexural rigidity EI, similar to the approach given by Caliaro et al. (2013) for the elastic modulus E in Equation (11). The first term is the conventional equation for calculating the elastic modulus in two-point bending tests, with the assumption of a constant axial second moment of area I. The tapering mode α is included via the added second term, which incorporates a change in the axial second moment of area I based on its value at the base of the petiole (Ibasal). Rearrangement of this equation according to EI yields an EItapered depending on the tapering mode:
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Finally, we substituted EItapered for EI in Equation (19) and obtained the critical length Lmax of a horizontally oriented petiole taking into account the tapering mode:
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This formula was used to calculate Lmax for H. tardiana and H. alternata.



Statistical Analysis

All raw data are included in Supplementary Table 1. We used the software GNU R 4.0.0 for statistical analyses (R Core Team, 2021). The data were tested for normal distribution (Shapiro-Wilk test) and for homoscedasticity of variances (Levene test). Since all data are non-normally distributed, we present median values with corresponding interquartile ranges in brackets (IQR). We tested for significance at a significance level of 5% and performed Kruskal-Wallis tests together with Mann-Whitney-U post hoc tests (with p-value adjustments according to Holm, 1979) for unpaired data (p-values are given in Supplementary Table 2).




RESULTS

To analyze the form-function relationship of the selected petioles, we focused on four key aspects: geometry, size, shape and biomechanics. In Table 1, we present our results as median values and corresponding IQR (in brackets). In addition, the results of the statistical analyses (p-values) are provided in Supplementary Table 2.


TABLE 1. Descriptive statistics of the variables of the petioles of Hosta × tardiana ‘El Niño’, Caladium bicolor, Hemigraphis alternata, and Pilea peperomioides giving an overall view of all numerical findings.

[image: Table 1]

Geometry and Anatomy

The cross-sectional geometries of the petiole types varied from circular (C. bicolor, P. peperomioides) to elliptical (H. alternata) or were U-profiled (H. tardiana) (Figure 4). In addition to the epidermis, the parenchyma and the vascular tissue, we found strengthening tissues: C. bicolor (Figure 4B) has individual strands of collenchyma fibers in the periphery of the cross-section, whereas, in H. alternata (Figure 4C), the strengthening tissue forms a peripheral hypodermal ring.


[image: image]

FIGURE 4. Basal cross-sections of (A) Hosta × tardiana ‘El Niño’, (B) Caladium bicolor, (C) Hemigraphis alternata, and (D) Pilea peperomioides stained with toluidine blue O. Epidermis (ep), vascular tissue (vt), parenchyma (pa), collenchyma (co), and hypodermis (hy) are shown. Scale bars are 1 mm.




Size

The size variables represented by the axial (I) and polar (J) second moment of area and torsion constant (K) of the monocotyledonous petioles were significantly higher than those of the dicotyledonous petioles. Thus, in terms of the size-dependent variables I, J, and K, the petioles of the monocotyledons were more resistant to deformations by bending and torsional loads. Within the dicotyledons, all size variables of P. peperomioides were significantly higher than those of H. alternata. Within the monocotyledons, C. bicolor exhibited significantly higher values for I and K, whereas H. tardiana had a significantly higher J.



Shape

The circular geometry of the petioles of C. bicolor and P. peperomioides was confirmed numerically by their respective aspect ratios of AR ≈ 1.0 and their ratios of the second moments of area of I/J ≈ 0.5. In contrast, we found AR > 1.0 and I/J < 0.5 for the elliptical geometry of H. alternata and the U-profile of H. tardiana. The I/K values of the circular and elliptical geometries ranged between 0.58 and 0.69 and differed significantly from the U-profile of H. tardiana with 1.08 (Figure 5D). Thus, H. tardiana has the comparably smallest K in relation to its I. The weight ratio WR of the lamina and petiole was balanced in H. tardiana, whereas the lamina of C. bicolor only weighed approx. 2/3 the weight of the petiole. In comparison, the lamina of dicotyledons H. alternata and P. peperomioides weighed several times the weight of the petiole, showing that the petioles of the dicotyledons carried, in relation to their own weight, significantly more weight than those of the monocotyledons. The petioles of C. bicolor were linearly tapered (α ≈ 1) and differed significantly from the other investigated species. The petioles of the other species were more hyperbolically tapered (α > 1), i.e., their cross-sections tapered faster in the apical direction than those of C. bicolor.


[image: image]

FIGURE 5. Boxplots of (A) the twist-to-bend ratio EI/GK, (B) the safety factor SF, (C) the ratio of the elastic to the torsional modulus E/G, and (D) the ratio of the axial second moment of area to the torsion constant I/K of 25 leaves each of the species Hosta x tardiana ‘El Niño’, Caladium bicolor, Hemigraphis alternata, and Pilea peperomioides. Significant differences (p-value < 0.05) are indicated by lower case letters.




Biomechanics

The bending elastic moduli E of all species were between 100 and 200 MPa. In particular, E of P. peperomioides was significantly smaller than those of the other species. Furthermore, E of H. tardiana was significantly smaller than that of C. bicolor. Therefore, with respect to the material property E, C. bicolor and H. alternata were more resistant against deformation by bending loads. Although the torsional moduli G were within a single-digit megapascal range, all torsional moduli G differed significantly with the exception of H. tardiana and P. peperomioides. Caladium bicolor had the lowest G, i.e., it exhibited the lowest material-based resistance to torsion. In contrast, H. alternata had the highest G and thus the highest material-based resistance to torsion. The median E/G for all species was about 20, except for C. bicolor, which had a significantly higher E/G of 63 (Figure 5C). The flexural and torsional rigidities EI and GK of the monocotyledonous petioles were significantly higher than those of the dicotyledonous petioles, which suggested that the monocotyledonous petioles were structurally better equipped to withstand bending and torsional loads. All twist-to-bend ratios EI/GK were above 10, showing that the petioles of all species studied were much easier to twist than to bend. However, the EI/GK ratio of the monocotyledons were significantly higher than those of the dicotyledons (Figure 5A). Among the studied monocotyledons, C. bicolor had the highest EI/GK ratio. The twist-to-bend ratios of the dicotyledons did not differ significantly. All safety factors showed significant differences with their medians ranging between 1.66 and 2.94 (Figure 5B).




DISCUSSION

As almost all variables studied showed significant differences, the aim of our screening process to select four different types of petioles as models for the two body plans and two configurations was successful. Nevertheless, we found similarities and dissimilarities between them. Generally, the high flexural rigidity of the petioles guarantees an optimal alignment of the lamina to sun light. This applies to loads arising from their own weight and to additional loads such as wind, rain, and snow. Streamlining in wind, however, is achieved both by the bending and twisting of the petioles and by the folding of the lamina (Vogel, 1989).


High Twist-to-Bend Ratios

In general, high flexural rigidity (EI) combined with low torsional rigidity (GK) results in high twist-to-bend ratios (EI/GK). With a viewpoint on geometry, high twist-to-bend ratios thus result from high values of the axial second moment of area I compared with the torsion constant K (I/K > 1.0); in our study, this is true for the U-profile of the petiole of H. tardiana. With a focus on material properties, high twist-to-bend ratios can be the result of a high elastic modulus E and a relatively low torsional modulus G (E/G > > 1.0); this holds true for most plant organs (Niklas, 1999).

Since the polar second moment of area J is the sum of the perpendicular axial second moments of area I in x- and y-direction, the ratio of Ix/J and Iy/J can never exceed 1.0. For a perfect circular cross-section, I/J = 0.5. In this case, K is equal to J because circular cross-sections do not warp under torsional loading (Young et al., 2002; Etnier, 2003; Gere, 2004). However, all other geometries undergo warping under torsional loading and should be characterized by the torsion constant K, which is smaller than J and, thus, markedly influences GK and EI/GK. For example, K of the U-profile of the petiole of H. tardiana is 3.77 times smaller than the corresponding J. Furthermore, K of the ellipse of the petiole of H. alternata is 1.63 times smaller than J. Even for the almost circular cross-sections of C. bicolor and P. peperomioides, K is 1.05 and 1.37 smaller than J because biological samples are never perfectly circular. Since the literature values mostly refer to J and not to K, we will use EI/GJ for the comparative discussion on the twist-to-bend ratio. However, these twist-to-bend ratios from the literature might be underestimated, because EI/GJ < EI/GK.

In the literature, exceptionally high twist-to-bend ratios (EI/GJ) are described for the U-profiled petioles of Musa textilis (Figure 6) and the triangular flower stalks of Carex pendula. Leaves of Musa textilis have long petioles with a pronounced taper and two large lamina halves. The petioles are U-profiled, similar to those of H. tardiana, and reveal an inner and outer shell with fiber-reinforced radial strands. This structure makes the petiole 40- to 100-fold stiffer in bending than in torsion (Ennos et al., 2000). In other words, the petiole is stiff enough to prevent the leaf from bending downwards and flexible enough to support streamlining by torsion. Peak values of up to 400 have been found in the triangular cross-sections of the flower stalk of Carex pendula (Speck et al., 2020). The high twist-to-bend ratios derive from high ratios of the bending elastic modulus and torsional modulus (E/G) with median values of 438. Flower stalks and leaf petioles, as all plant axes, consist of several tissues, and not only the presence of these tissues but also the tissue arrangement and distribution in the plant axes is important for the mechanical properties. This holds true especially for strengthening tissues like vascular bundles, collenchyma, and sclerenchyma. In the case of the C. pendula flower stalks the peripheral arrangement of the individual sclerenchyma strands, in combination with the high elastic modulus of sclerenchyma, is predominantly responsible for the high flexural rigidity of the flower stalks (Niklas, 1999; Wolff-Vorbeck et al., 2021). On the other hand, according to Wolff-Vorbeck et al. (2021), the reinforcement by not connected individual sclerenchyma strands only moderately increases the torsional rigidity of the entire stalk. While the bending stiffness remains almost constant with an increasing number of peripheral sclerenchyma strands, the torsional rigidity shows a minimum and the twist-to-bend ratio a maximum at 49 sclerenchyma strands. The results found for flower stalks of C. pendula can be transferred to the petioles of C. bicolor showing a similar arrangement of individual strands of strengthening tissues in the periphery. This applies even though the petioles of C. bicolor have a circular cross-section and possess collenchyma fibers instead of sclerenchyma fibers.
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FIGURE 6. Schematic drawings of the cross-sectional geometries and strengthening tissues (black) of various petioles and their corresponding twist-to-bend ratios. The cross-sectional schematics are colored in blue for dicotyledons and in green for monocotyledons.


In this context, the different biomechanical properties of the strengthening tissues play a major role. Vascular bundles typically exhibit elastic moduli ranging from 30 to 840 MPa. Sclerenchyma, a dead and thick-walled strengthening tissue, is almost as stiff as wood under bending and twisting (Niklas, 1999). Sclerenchyma fibers, as found in C. pendula, have elastic moduli between 22,600 and 45,000 MPa (Niklas, 1992; Speck and Schmitt, 1992; Speck et al., 2018; Bold et al., 2020; Speck and Speck, 2021). In contrast, collenchyma, as present in C. bicolor petioles, is a living, hydrostatic and pronounced viscoelastic tissue, which is thus capable of large extensions, but at the same time restores itself after the removal of the external forces (Niklas, 1999). Therefore, the elastic modulus of collenchyma is markedly lower and ranges between 1,000 and 2,600 MPa (Ambronn, 1881; Niklas, 1992; Speck and Schmitt, 1992; Speck and Speck, 2021). Both sclerenchyma and collenchyma are important strengthening tissues in all types of plant axes. They resist bending and torsional loads through high stiffness and/or absorb these loads through their viscoelasticity.



Tapering Mode

The petiole can be considered as a horizontal cantilever or vertical pole that is fixed at one end and in which the load of the lamina is applied to the free end. Thus, the larger the tapering mode, the more weight can be saved in the apical region, whereby its own weight and the acting leverage (in the horizontal orientation) are minimized (Figure 2). In this study, the applied weight of the lamina differs markedly and ranges from 0.6 to 7.5 times the petiole weight. Interestingly, the petiole of H. alternata has the smallest values for flexural rigidity but carries the highest top load in relation to its weight. In this context, Silk et al. (1982) have pointed out that tapered axes apically have a lower flexural rigidity, which leads to a bending at the tip and a reduction of the moment arm produced by the top load (e.g., lamina, flowers, fruits). The calculation of the tapering mode α is also essential for another reason. For calculations of mechanical properties, the tapering mode is of particular importance because its omission can lead to their considerably overestimation. For the petioles of Caladium bicolor “Candyland” Caliaro et al. (2013) have determined a tapering mode of 0.82. By considering this tapering mode, the flexural rigidity decreases to 59% of the value without the taper. Similarly, the flower stalks of C. pendula have a tapering mode of 1.37, which reduces the flexural rigidity to 88% of the value without the taper (Speck et al., 2020).



Leaves With 2D-Configuration

Leaves with a 2D-configuration, such as those of H. tardiana and H. alternata, are mostly horizontally oriented. In this context, elliptical cross-sections with a groove, as in H. alternata, Phaseolus vulgaris and Liquidambar styraciflua, or U-profiles, as in H. tardiana and Musa textilis, are advantageous as they are resistant to downward bending. In addition, these cross-sections allow for high torsional flexibility, making them well suited for handling wind loads through streamlining (Figure 6; Vogel, 1992; Ennos et al., 2000; Wolff-Vorbeck et al., 2019). A contrary influence is the closed ring of peripheral strengthening tissue, i.e., the hypodermis of H. alternata, which increases flexural and torsional rigidities (Figure 4; Niklas, 1999).



Leaves With 3D-Configuration

The petioles of leaves with a 3D-configuration grow vertically but are sometimes slightly inclined not only as a result of growth processes, but also because of the eccentric connection of the petiole to the lamina and the associated slightly asymmetric weight distribution. Peltate leaves often possess petioles with an almost circular cross-section, as found in C. bicolor and P. peperomioides, which causes no preferred or disadvantaged bending force direction attributable to the apical load caused by the lamina (Vogel, 1992; Sacher et al., 2019). The petioles of C. bicolor show a low I/K ratio but their E/G ratio is more than three times higher than that of the other petioles tested resulting in high twist-to-bend ratios (Figure 6). The high E/G ratio of C. bicolor petioles is due to the fact that they have in median the highest E and lowest G of the species studied. The high E can be explained by the already described peripherally arranged strengthening tissue in the form of collenchyma fibers. The low torsional rigidity can be attributed to the arrangement of the strengthening tissues (vascular and collenchyma bundles) in separate individual not connected strands. This tissue arrangement is quite flexible in torsion, as mentioned earlier, compared to closed rings of strengthening tissues as found in H. alternata (Niklas, 1999; Ennos et al., 2000; Wolff-Vorbeck et al., 2021).

Overall, the material properties E and G of all the species studied are of a similar magnitude and have typical values for organs of non-lignified herbaceous plants (Speck and Speck, 2021). With regard to the monocotyledons studied, the high values of I, J, and K result from their broader petioles and lead to significant differences in flexural and torsional rigidities. The high flexural rigidities of these monocotyledons, in turn, translate into their significantly higher twist-to-bend ratios (Figure 6).



Safety Factors

The safety factors ranging between 1.66 and 2.94 indicate that each petiole can carry about twice to triple the static load of the leaf, leaving enough margin for additional loads such as wind or rain. This agrees well with the reported safety factor of biological structures, such as the flower stalk of the monocotyledonous Allium sativum with a safety factor of 1.85 ± 0.29 (Niklas, 1990) or the stems of the dicotyledonous Populus tremuloides with an average safety factor of 2.3 (King and Loucks, 1978). In contrast, large old record-sized trees, when only their own weight is considered, are mechanically “overbuilt” and have a safety factor of over 4 (McMahon, 1973; King and Loucks, 1978; Niklas, 1992). In herbaceous plants, however, the safety factor depends on the turgescence of the tissues. Fully turgescent peduncles of the dicotyledonous Gerbera jamesonii ‘Nuance’ have a safety factor of 1.42. This is different in wilted peduncles, which have a safety factor of 0.95 and cause pronounced drooping of their flower heads (Lehmann et al., 2019).




CONCLUSION

With respect to our scientific question of “How do cross-sectional geometry, sizes and shapes of petioles influence their twist-to-bend ratio and safety factor?” we can make some general statements:


•High twist-to-bend ratios allow the petiole to be stiff enough to withstand bending loads caused by the self-weight of the leaf and to be flexible enough to twist away from damaging influences such as wind loads.

•Strengthening tissue in the periphery (e.g., fibers, hypodermis) increases flexural rigidity.

•Closed peripheral rings of strengthening tissue (e.g., hypodermis) markedly increase torsional rigidity. Individual strands of strengthening tissue (e.g., fiber strands) do not markedly increase torsional rigidity. Adaxial grooves (e.g., U-profile) decrease torsional rigidity.

•With the exception of perfect circular cross-sections, the polar second moment of area J is considerably larger than the torsion constant K, the latter value having been calculated by taking into account warping under torsional loading.

•Since K < J, it follows that EI/GJ < EI/GK, which leads to an underestimation of the “real twist-to-bend ratios” of structures with cross-sections exhibiting warping, if J is used for calculating the twist-to-bend ratio.

•High twist-to-bend ratios can be geometry-related if I/K > 1.0, which is rare, and/or material-related if E/G > > 1.0, which holds true for most plant organs.

•The safety factor, here defined as the ratio of maximal length to real length, describes the extent to which the petiole can support more than its own weight.

•Equations to calculate the safety factor are now available for horizontally and vertically oriented leaves.

•The safety factor of herbaceous plants depends on their turgor.



In addition to the above-mentioned general statement, our comparative morphological, anatomical and biomechanical investigations of four petiole types have revealed further dissimilarities and similarities:


•The petioles differ in most of the variables that we have measured and calculated, namely geometry, shape, size, and mechanics.

•The twist-to-bend ratios of the petioles of the monocotyledons H. tardiana and C. bicolor are significantly higher than those of the dicotyledons H. alternata and P. peperomioides.

•Dependent on the cross-sectional geometry of the petioles, the torsion constant K is smaller than J as follows: 3.77 times smaller for the U-profile of H. tardiana, 1.63 times smaller for the ellipse of H. alternata, 1.37 times smaller for the circle of P. peperomioides and 1.05 times smaller for the circle of C. bicolor.

•The U-profiles of H. tardiana is the only one with an I/K > 1.0.

•The E/G of C. bicolor is three times as high as that of the other petioles.

•The safety factors strongly indicate that each of the petioles studied can support about double to triple the leaf’s own weight, with sufficient tolerance for additional loads such as wind.



In conclusion, our results show that high twist-to-bend ratios, i.e., high flexural rigidity and low torsional rigidity, can be achieved by geometrical-based (U-profile) or by material-based (high E/G ratio) conditions. On the other hand, some plant axes show low twist-to-bend ratios, i.e., low flexural rigidity and high torsional rigidity, which can even be smaller than 1 in special cases. For example, cross-sections with a peripheral closed ring of strengthening tissue show high torsional rigidity. These results for plant petioles and flower stalks can be transferred to other rod-shaped axes of plants and animals with different cross-sectional geometry. Furthermore, our findings may serve as inspiration for technical applications using rod-shaped axes. In the framework of a biomimetic approach, axes with high or low twist-to-bend ratios can be created by transferring our findings regarding the importance of cross-sectional geometry and arrangement of strengthening elements or ratios of material properties. Based on the results of the present study, the question arises what influence the cross-sectional geometry and/or arrangement of strengthening tissues have on the flexural and torsional rigidity and thus on the twist-to-bend ratio in general. A further systematic study on this topic using a modeling approach is in progress and will provide further information about the mechanical performance of plant axes and can also be a starting point for engineers to develop bioinspired solutions.

Moreover, our calculations revealed safety factors for herbaceous fully turgescent plants between 2 and 3. Interestingly, a safety factor between 1.2 and 3.0 is used in engineering, depending on the materials used and the particular application. In the case of a wilting plant, the safety factor decreases and can even fall below 1, meaning that the structure will eventually fail. However, the turgor-dependent change of safety factors in herbaceous plants may be an inspiration for technical solutions, where a variation of mechanical properties with a concomitant change/adaptation of the safety factor depending on the phase of use might be beneficial.
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The leaf and the flower are vital plant organs owing to their roles in photosynthesis and reproduction. Long non-coding RNAs (lncRNAs), microRNAs (miRNAs), and transcription factors (TFs) are very important to the development of these organs. Liriodendron chinense is a common ornamental tree species in southern China with an unusual leaf shape and tulip-like flowers. The genetic mechanisms underlying leaf and flower development in L. chinense and the miRNA-lncRNA-TF regulatory networks are poorly studied. Through the integration and analysis of different types of sequencing data, we identified the miRNA-lncRNA-TF regulatory networks that were related to leaf and flower development. These networks contained 105 miRNAs, 258 lncRNAs, 393 TFs, and 22 endogenous target mimics. Notably, lch-lnc7374-miR156h-SPL3 and lch-lnc7374-miR156j-SPL9 were potential regulators of stamen and pistil development in L. chinense, respectively. miRNA-lncRNA-mRNA regulatory networks were shown to impact anther development, male and female fertility, and petal color by regulating the biosynthesis of phenylpropanoid metabolites. Phenylpropanoid metabolite biosynthesis genes and TFs that were targeted by miRNAs and lncRNAs were differentially expressed in the leaf and flower. Moreover, RT-qPCR analysis confirmed 22 differentially expressed miRNAs, among which most of them showed obvious leaf or flower specificity; miR157a-SPL and miR160a-ARF module were verified by using RLM-RACE, and these two modules were related to leaf and flower development. These findings provide insight into the roles of miRNA-lncRNA-mRNA regulatory networks in organ development and function in L. chinense, and will facilitate further investigation into the regulatory mechanisms of leaf and flower development in L. chinense.
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INTRODUCTION

The development of the leaf and the flower is an important part of plant growth. The leaf is a lateral organ, with a complex and sequential development process comprising leaf primordium initiation (initiated from the lateral of shoot apical meristem), leaf polarity establishment, development phase transition, leaf morphology modulation, and leaf senescence (Yang et al., 2018). The flower is initiated from the floral meristem; its development process contains four main stages: floral organ initiation, identity determination, floral organ morphogenesis, and floral organ maturation (Shan et al., 2019). In the process of both leaf development and flower development, transcription factors (TFs), long non-coding RNAs (lncRNAs), microRNAs (miRNAs), and phenylpropanoid metabolites are involved (Teotia and Tang, 2015; Yang et al., 2018; Shan et al., 2019; Wu et al., 2020; Dong and Lin, 2021).

TFs are important regulators that play significant roles in leaf and flower development. Examples include APETALA2 (AP2), SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL), SUPPRESSOR OF CONSTANS 1 (SOC1), MYELOBLASTOSIS (MYB), and B-BOX ZINC FINGER (BBX); they participate in flower development by determining floral organ identity, regulating flowering time, and controlling reproductive organ development (Wollmann et al., 2010; Wang Y. et al., 2012; Xu et al., 2016; Huang et al., 2017; Liu et al., 2017). CUP-SHAPED COTYLEDON (CUC), GROWTH REGULATING FACTOR (GRF), TEOSINTE BRANCHED/CYCLOIDEA/PCF (TCP), and HOMEDOMAIN-LEUCINE ZIPPER (HD-ZIP) are TFs related to leaf development that determine leaf serration formation, control leaf size and longevity, and regulate leaf polarity establishment (Hasson et al., 2011; Bou-Torrent et al., 2012; Debernardi et al., 2014; Bresso et al., 2018). These TFs regulate leaf and flower development by activating or repressing the activities of their downstream genes. However, the activities of TFs and their downstream genes are also regulated by miRNAs and lncRNAs.

miRNAs are important non-coding RNAs of 20–24 bp in length that regulate gene expression by cleaving transcripts or inhibiting translation (Chen, 2009; Yamaguchi and Abe, 2012). Through repression of the activities of TFs, miRNAs play pivotal roles in regulating leaf and flower development. miR156/157 control flowering time and regulate floral organ size by downregulating the transcript levels of SPLs (Xu et al., 2016). miR172 acts downstream of the miR156/157-SPLs regulatory module, which negatively regulates the AP2 or AP2-like gene to influence the flowering time and floral organ identity determination (Wollmann et al., 2010). miR319 controls leaf serration formation by negatively regulating TCPs, and miR396 targets GRFs to regulate leaf size and leaf growth polarity (Debernardi et al., 2014; Das Gupta and Nath, 2015; Bresso et al., 2018). A miRNA-TF regulatory module can actually have multiple roles within the same plant. In Arabidopsis thaliana, the miR156/157-SPLs module participates in not only the regulation of flower development, but also in the modulation of leaf morphology (Xu et al., 2016; Zheng et al., 2019). In addition to regulating the formation of leaf serration, the miR319-TCPs module also regulates the growth of floral organs (Nag et al., 2009; Bresso et al., 2018). However, leaf and flower development is not only regulated by miRNAs, but also by lncRNAs.

lncRNAs are another type of non-coding RNAs; they are over 200 bp in length, and function as signal, decoys, guides, or scaffolds to regulate gene expression (Mercer et al., 2009; Wang and Chang, 2011). It is known that lncRNAs can target TFs directly to regulate leaf and flower development. For example, TWISTED LEAF (TL) is a lncRNA transcribed from the opposite strand of rice (Oryza sativa) MYB60, which regulates the expression of OsMYB60 to maintain leaf blade flattening (Liu X. et al., 2018). COLD ASSISTED INTRONIC NON-CODING RNA (COLDAIR) is an lncRNA that can repress the expression of FLOWER LOCUS C (FLC) to regulate flowering (Heo and Sung, 2011). Furthermore, lncRNAs can indirectly regulate TF activities by forming endogenous target mimics (eTMs) of miRNAs, which bind to the complementary sequences of miRNAs to repress miRNA activity (Franco-Zorrilla et al., 2007). The first eTM, IPS1, which was identified in A. thaliana, promoted the accumulation of PHO2 (an miR399 target gene) by inhibiting the activity of miR399 (Franco-Zorrilla et al., 2007). In apple (Malus × domestica), researchers have found that two lncRNAs act as eTMs of miR156a, which prevent miR156a from cleaving SPL2-like and SPL33 to regulate anthocyanin accumulation (Yang et al., 2019a). In addition, miRNAs and lncRNAs can also affect leaf and flower development by regulating the biosynthesis of phenylpropanoid metabolites.

Phenylpropanoid metabolites, including flavonoids and lignins, are important secondary metabolites that are essential for anther development and male fertility, pollinator attraction, auxin transport regulation, plant defense, and biotic and abiotic stresses resistance (Falcone Ferreyra et al., 2012; Liu Y. et al., 2018; Dong and Lin, 2021; Xu et al., 2021). Phenylpropanoid biosynthesis is a complex network involving multiple enzymes, including phenylalanine ammonia lyase (PAL), 4-coumarate-CoA ligase (4CL), cinnamate 4-hydroxylase (C4H), p-coumarate 3 hydroxylase (C3H), cinnamoyl-CoA reductase (CCR), ferulate 5-hydroxylase (F5H), caffeic acid O-methyltransferase (COMT), caffeoyl-CoA O-methyltransferase (CCoAOMT), hydroxyl cinnamoyl transferase (HCT), cinnamyl alcohol dehydrogenase (CAD), and peroxidase (POD) (Dong and Lin, 2021). The biosynthesis of phenylpropanoid metabolites is regulated by miRNAs, lncRNAs, and TFs. miR858, miR6443, and miR167 have been reported to regulate the biosynthesis of phenylpropanoid metabolites (Sharma et al., 2016; Quan et al., 2018; Fan et al., 2020). Liu et al. (2020) reported that lncRNAs participate in the regulation of flavonoid synthesis in Ginkgo biloba. MYB TFs, such as MYB4, MYB5, MYB39, MYB44, and MYB340, also regulate phenylpropanoid metabolite biosynthesis (Moyano et al., 1996; Liu et al., 2013; Sun et al., 2016; Wang et al., 2020; Wei et al., 2020). Therefore, research into the regulation of phenylpropanoid metabolites biosynthesis can improve the understanding of the effects of secondary metabolites on plant growth and development.

As one of the rare tertiary relic tree species in China, Liriodendron chinense is widely planted in southern China as a landscaping tree species owing to its unique leaf shape and tulip-shaped flowers (Tang et al., 2013). The leaf is the main organ in L. chinense responsible for fix carbon dioxide through photosynthesis, and the leaf shape is known to influence photosynthesis. Notably, Ma et al. (2019) reported that KNOTTED-LIKE HOMEOBOX 6 (KNOX6) may modulate L. chinense leaf morphology. Furthermore, tulip-shaped flowers are not only necessary for the reproduction of L. chinense, but also endow L. chinense with a high ornamental value. The flowers of L. chinense have four whorls, pistils, stamens, petals, and sepals; these are arranged on the receptacle from the center whorl to outer whorl, respectively. Wang K. et al. (2012) identified 498 miRNAs and predicted 1,270 target genes from floral organs. Actually, TFs and miRNAs do not work alone, the form miRNA-lncRNA-TF regulatory networks together with lncRNAs to regulate the development of leaf and flower in L. chinense. However, the miRNA-lncRNA-mRNA regulatory networks related to leaf and flower development in L. chinense have not been reported, and it is not known how the networks regulate phenylpropanoid metabolites to influence leaf and flower development in L. chinense; consequently, this has hindered our understanding of the regulation of leaf shape and floral model in L. chinense.

To reveal the mechanisms of leaf and flower development in L. chinense, we integrated small RNA sequencing data, degradome sequencing data, Illumina sequencing data, and PacBio sequencing data to analyze potential miRNA-lncRNA-mRNA regulatory networks in L. chinense. We identified known miRNAs and novel miRNAs in the leaves, petals, stamens, and pistils of L. chinense, predicted the target genes of these miRNAs and lncRNAs, analyzed the interaction between lncRNAs and miRNAs in L. chinense, and identified the roles of lncRNA-miRNA-mRNA regulatory networks in leaf and flower development in L. chinense. Moreover, we revealed how the lncRNA-miRNA-mRNA regulatory networks affected leaf and flower development in L. chinense through the regulation of phenylpropanoid biosynthesis. To validate our findings, we used reverse transcription quantitative polymerase chain reaction (RT-qPCR) and RNA ligase-mediated rapid amplification of cDNA ends (RLM-RACE) to analyze the expression levels of differentially expressed miRNAs (DEMs) and verify target genes of miRNAs, respectively. The RT-qPCR and RLM-RACE results were consistent with our sequencing data, confirming the reliability of our analysis. This work is the first to report the miRNA-lncRNA-mRNA regulatory networks related to leaf and flower development in L. chinense; thus, we expect it to facilitate the research into the regulatory mechanisms of leaf shape and flower development in L. chinense.



MATERIALS AND METHODS


Plant Materials and RNA Extraction

Four tissues (leaves, stamens, pistils, and petals) were collected from 27-year-old L. chinense trees that were at planted in a provenance trial plantation located in Xiashu, Jurong County, Jiangsu Province (119° 13′E, 32° 7′N) and used as materials for transcriptome sequencing, small RNA sequencing, and degradome sequencing. Stamens, pistils, and pistils were isolated from expanded flower buds, which were about to bloom. In total, 12 samples were analyzed. Each tissue sample was a combination of three biological replicate samples. The samples were frozen with liquid nitrogen and then immediately stored in a refrigerator at –80°C degrees.

We used the RNAprep Pure Plant Kit (Tiangen, China) to isolate total RNAs following the steps described in the manual. The purity, concentration, and integrity of RNAs were measured using a NanoPhotometer® spectrophotometer (IMPLEN, United States), Qubit® 2.0 fluorometer (Life Technologies, United States), and the Agilent Bioanalyzer 2100 system (Agilent Technologies, United States), respectively.



Transcriptome Sequencing and Data Processing

We used Illumina sequencing and PacBio sequencing to obtain transcriptome data; the construction of the respective libraries and the data processing were described in our previous study (Tu et al., 2020, 2021). In total, 12 samples from the leaves, pistils, stamens, and petals were sequenced. To quantify the expression levels of genes, the fragments per kilobase of transcript sequence per million mapped reads (FPKM) values were calculated using Cufflinks software.1 DESeq2 software was then used for the differential expression analysis of genes between any two tissues based on FPKM value (Love et al., 2014). Genes with corrected P-values of < 0.05 and | log2 fold change| of > 1 were considered as differentially expressed genes (DEGs). GO enrichment analysis was performed using GOSeq software; GO terms with corrected P-values of < 0.05 were considered as significantly enriched terms.2 KEGG pathway enrichment analysis was performed using KOBAS software;3 KEGG pathways with corrected P-values of < 0.05 were considered as significantly enriched pathways.



Construction of Small RNA Sequencing Library and Data Analysis

For small RNA sequencing, we used NEBNext® Multiplex Small RNA Library Prep Set for Illumina® (NEB, United States) to construct small RNA sequencing libraries following the steps described in the manual. We constructed 12 small RNA sequencing libraries using 3 μg of RNA in total for the input material. The following process was used: adaptors were ligated to the ends of the RNA; first-strand cDNA was synthesized and amplified by PCR; the PCR products were purified; the Illumina sequencing libraries were conducted, and the quality of the library was assessed; the index-coded samples were clustered, and 12 complete small RNA sequencing libraries were sequenced on an Illumina Hiseq 2500 platform.

After the low-quality reads, reads with 5′ adapter contaminants, reads with poly-N, reads with poly-A/T/G/C, and reads without the 3′ adapter or insert tag from the row data were removed, we obtained clean data. We then selected reads with lengths of 18–35 bp (small RNA reads) for further analysis. These small RNA reads were mapped to the L. chinense reference genome by using Bowtie (Langmead et al., 2009; Chen et al., 2018). To obtain miRNA reads, we removed ribosomal RNA (rRNA), small nuclear RNA (snRNA), small nucleolar RNA (snoRNA), transfer RNA (tRNA), and repeated reads.

To identify known miRNAs, we mapped small RNA reads to the miRBase database, and used miRDeep2 software to identify known miRNAs (Friedlander et al., 2012; Kozomara and Griffiths-Jones, 2014). To predict novel miRNAs, two software programs, miREvo and miRDeep2, were used to predict the secondary structure, the minimum free energy, and the Dicer cleavage site of the reference sequence that was mapped by the miRNA reads (Friedlander et al., 2012; Wen et al., 2012).

To determine how many miRNAs were differentially expressed, we first quantified the expression levels of miRNAs by the transcripts per million reads (TPMs) (Zhou et al., 2010). The R package DESeq2 was then used for the differential expression analysis of any two tissues (Love et al., 2014). miRNAs with corrected P-values of < 0.05 and | log2 fold change| of > 1 were considered as DEMs.



Target Gene Prediction of MicroRNAs Using Degradome Sequencing

Total RNA from 12 samples was mixed equally for use in degradome sequencing. We used Dynabeads™ Oligo (dT) (Thermo Fisher Scientific, United States) to purify mRNA with polyA. Then, we ligated 5′ adapter to the purified mRNA. The first-strand cDNA was synthesized by the First-Strand cDNA Synthesis Kit (NEB, United States) and then amplified by PCR. KAPA Pure Beads (Roche, United States) were used to select fragments of a specific length. The selected fragments were used to construct Illumina sequencing library by applying NEBNext Ultra II RNA Library Prep Kit (NEB, United States). After quality assessment, Illumina sequencing was performed using an Illumina Hiseq 2500 platform. After adaptors and low-quality reads were removed, the clean reads were mapped to GenBank and Pfam, and the mapped clean reads were removed. The remaining clean reads were used to map to the transcriptome, and the mapped reads were processed using CleaveLand v4.4 to predict the cleavage sites of miRNA (Addo-Quaye et al., 2009).



Prediction of Target Genes of Long Non-coding RNAs and Identification of Endogenous Target Mimics

In our previous study, we identified 7,527 lncRNAs using PacBio sequencing (Tu et al., 2020, 2021). To predict the target genes of lncRNAs, we used the method described by Liu S. et al. (2018). lncRNAs were mapped to the reference genome, and the genes located in the regions 100 kb upstream or 100 kb downstream of lncRNAs were considered as the target genes of cis-acting lncRNAs. For the prediction of target genes of trans-acting lncRNAs, we analyzed the Pearson correlation between lncRNAs and protein-coding genes; if the absolute value of the Pearson correlation coefficient was greater than 0.95, the gene was considered as a target gene of trans-acting lncRNAs.

To predict which lncRNAs could act as eTMs, we used PsRNATarget and the method described by Wu et al. (2013) and Deng et al. (2018). Briefly, eTMs must meet the following rules: (1) a perfect nucleotide pairing structure formed at the 5′-end on the 2nd to 8th nucleotides of the miRNA sequence; (2) bulges were only allowed if presented between the 9th and 12th nucleotides of the 5′-end of miRNAs; (3) in the lncRNA and miRNA pairing regions, there must be fewer than three mismatches and G/U pairs.



Identification of microRNAs and Long Non-coding RNAs With Relatively High Expression Level

We used tau (τ) to identify the tissue specificity of miRNAs and lncRNAs (Kryuchkova-Mostacci and Robinson-Rechavi, 2017). The formula for calculating τ was as follows:

[image: image]

where xi represents the TPM value of the miRNA or the FPKM value of lncRNA and TF in tissue i, and n represents the number of tissues (in this study, the number of tissues was 4). A τ-value closer to 1 indicated that the tissue specificity of the miRNAs/lncRNAs/TFs was stronger. Based on the τ-values, the top 5% of miRNAs and lncRNAs were identified as miRNAs and lncRNAs that had relatively high expression level in specific tissue.



Reverse Transcription Quantitative Polymerase Chain Reaction Validation of Differentially Expressed MicroRNAs and RNA Ligase-Mediated Rapid Amplification of cDNA Ends Validation of the Cleavage Sites of MicroRNAs

We used RT-qPCR to validate the DEMs detected by small RNA sequencing. The miRNA first-strand cDNA synthesis kit (AG11716, ACCURATE Biotechnology, China) was used to synthesize cDNA from 1 μg of total RNA. The RT-qPCR assays of 22 DEMs was performed by using SYBR Green Premix Pro Taq HS qPCR Kit (AG11701, ACCURATE biotechnology, China) in accordance with the instructions for the StepOnePlus™ System (Applied Biosystems, United States); three technical replicates were performed for each RT-qPCR assay. The 3′ primer of RT-qPCR was provided by the miRNA first-strand cDNA synthesis kit in accordance with the manufacturer’s instructions, and the sequences of mature miRNAs were used as the 5′ primers for RT-qPCR (Supplementary Table 1). We selected ACT97 as an internal control gene, and used 2–ΔΔCt calculate relative expression levels of 22 DEMs (Tu et al., 2019).

We chose four target genes (SPL2, SPL3, SPL18, and ARF18) of three miRNAs (lch-miR157a-5p, lch-miR160a-5p, and Novel104) to validate the cleavage sites of miRNA by using the FirstChoice® RLM-RACE kit (Invitrogen, United States). In accordance with the instructions, 5 μg of total RNA from four tissues was directly aligned to the 5′ RACE adapter; then, M-MLV reverse transcriptase was used to transcribe the RNA into cDNA. The cDNA was used as template for RLM-RACE, and the 5′ RACE gene-specific outer primers and inner primers were listed in Supplementary Table 1. The RLM-RACE products were cloned, sequenced, and analyzed.




RESULTS


Identification of Differentially Expressed Genes That Participate in the Phenylpropanoid Biosynthesis Pathway

In our previous study, we identified 17,363 DEGs from the leaves, petals, pistils, and stamens of L. chinense (Supplementary Figure 1; Tu et al., 2021). To better understand the functions of these DEGs, we performed KEGG pathway enrichment analysis. This analysis showed most DEGs were involved in the metabolic pathway, followed by the biosynthesis of secondary metabolites pathway (Figure 1). We also found that for all comparisons, the phenylpropanoid biosynthesis pathway always contained significant enrichment of DEGs (Figure 1). Owing to its crucial role in plants, we decided to study the phenylpropanoid biosynthesis pathway further.
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FIGURE 1. KEGG pathway enrichment analysis of DEGs in the six comparison groups. (A–F) KEGG pathway enrichment analysis of DEGs in the petal vs. leaf, pistil vs. leaf, pistil vs. petal, pistil vs. stamen, stamen vs. leaf, and stamen vs. petal comparisons, respectively.


To allow full interpretation of the phenylpropanoid biosynthesis pathway, we integrated data from all DEGs involved in the phenylpropanoid biosynthesis pathway, and identified 14 gene families that participated in phenylpropanoid biosynthesis: PAL, 4CL, C4H, CCR, F5H, COMT, CCoAOMT, HCT, CAD, POD, C3H, coniferyl-aldehyde dehydrogenase (CALDH), beta-glucosidase (β-G), and coniferyl-alcohol glucosyltransferase (CGT) (Figure 2A). These 14 gene families included 174 DEGs, among which the β-G family was the most represented (54 DEGs), whereas the CALDH family was the least represented, with only 1 DEG (Figure 2B). We also found that some DEGs showed obvious tissue specificity, such as Lchi16870, Lchi10614, and Novelgene1421 (Figure 2B). Further study was performed to determine whether the expression of these genes was regulated by lncRNAs and miRNAs.
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FIGURE 2. The phenylpropanoid biosynthesis pathway and phenylpropanoid biosynthesis related DEGs in L. chinense. (A) Phenylpropanoid biosynthesis pathway in L. chinense. β-G, beta-glucosidase; 4CL, 4-coumarate-CoA ligase; C4H, cinnamate-4-hydroxylase; C3H, p-coumaroyl ester 3-hydroxylase; CAD, cinnamyl-alcohol dehydrogenase; CALDH, coniferyl-aldehyde dehydrogenase; CCR, cinnamoyl-CoA reductase; CCoAOMT, caffeoyl-CoA O-methyltransferase; CGT, coniferyl-alcohol glucosyltransferase; COMT, caffeic acid 3-O-methyltransferase; F5H, ferulate-5-hydroxylase; HCT, hydroxyl cinnamoyl transferase; PAL, phenylalanine ammonia-lyase; POD, peroxidase. (B) Heat map of DEGs in phenylpropanoid biosynthesis pathway. The log2-transformed FPKM values of DEGs were used to generate the diagram.




Analysis of Small RNA Sequencing and Identification of MicroRNAs With Relatively High Expression Level

To identify miRNAs that regulated leaf and flower development in L. chinense, we performed small RNA sequencing of the leaves, petals, stamens, and pistils of L. chinense. In total, 228,768,886 raw reads were obtained from 12 L. chinense samples; after processing, we obtained 223,958,068 clean reads (Supplementary Table 2). We then removed reads that were longer than 35 nt or shorter than 18 nt, and we obtained 185,748,962 small RNA reads (Supplementary Table 2). After removing repeated sequences, rRNA, snRNA, snoRNA, and tRNA reads, we finally identified 2,891,000 miRNA reads (Supplementary Table 2).

From these 2,891,000 miRNA reads, we identified 356 miRNAs, including 53 known miRNAs and 303 novel miRNAs (Supplementary Table 3). The length of the known miRNAs was between 20 and 22 nt, inclusive, and the length of the novel miRNAs was between 18 and 25 nt, inclusive (Supplementary Table 4). Of the known miRNAs, 21 nt miRNAs were the most abundant, while among the novel miRNAs, 24 nt miRNAs were the most abundant (Supplementary Table 4).

We also performed a comparative analysis on the miRNAs. The numbers of DEMs between the six comparison groups ranged from 42 to 141 (Figure 3A). In total, we identified 230 DEMs with obvious differences in expression between the four tissues; a number of these DEMs were preferentially expressed in a specific tissue (Figure 3B). To further identify the tissue specificity of miRNAs, we used the τ-value (Kryuchkova-Mostacci and Robinson-Rechavi, 2017). This identified 46 miRNAs with relatively high expression level; most of which showed relatively high expression level in stamen, such as lch-miR393a-5p, lch-miR157a-5p, and lch-miR156h (Figures 3C,D). Moreover, lch-miR156j was highly expressed in the pistil, lch-miR166e-5p was highly expressed in the leaf, and lch-miR858a and lch-miR858b showed relatively high expression level in the petal (Figure 3D). Previous studies have shown that miR156/157, miR166, and miR858 play important roles in plant development and phenylpropanoid metabolite biosynthesis (Teotia and Tang, 2015; Merelo et al., 2016; Sharma et al., 2016; Xu et al., 2016; Zheng et al., 2019). The identification of miRNAs with relatively high expression level is of great value to research into L. chinense.
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FIGURE 3. Information on the differentially expressed miRNAs (DEMs) and miRNAs with relatively high expression level in L. chinense. (A) The number of DEMs between different tissues. (B) Hierarchical cluster analysis of DEMs. Log2(TPM + 1) values of DEMs were used for the hierarchical cluster analysis. (C) The number of highly expressed miRNAs in L. chinense. (D) Heat map of highly expressed miRNAs. Log2(TPM + 1) values of highly expressed miRNAs were used to construct the heat map.


To verify the expression profile of DEMs detected by small RNA sequencing, 22 DEMs (18 known miRNAs and 4 novel miRNAs) were validated by using RT-qPCR (Figure 4). The expression patterns of 22 DEMs verified by RT-qPCR were consistent with the small RNA sequencing results (Figures 4A–V). Among the 22 DEMs, 8 DEMs and 5 DEMs showed relatively high expression level in leaf and stamen, respectively (Figures 4A–V). Further study was performed to determine whether these miRNAs participated in leaf and flower development. Furthermore, correlation analysis showed that there was a high correlation between RT-qPCR results and small RNA sequencing results (Figure 4W). These findings suggested that small sequencing could well reveal the expression patterns of miRNAs in L. chinense.
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FIGURE 4. RT-qPCR validation of DEMs. (A–V) Relative expression analysis and expression levels detected by small RNA sequencing of lch-miR157a-5p, lch-miR159a, lch-miR159c, lch-miR164a, lch-miR164c-5p, lch-miR166a-3p, lch-miR167d, lch-miR171b-3p, lch-miR319c, lch-miR390a-5p, lch-miR395a, lch-miR396a-3p, lch-miR396a-5p, lch-miR396b-3p, lch-miR396b-5p, lch-miR397a, lch-miR398a-3p, lch-miR408-3p, Novel3, Novel8, Novel14, and Novel424, respectively. The relative expression levels and expression levels detected by small RNA sequencing of miRNAs are presented as a bar plot and line plot, respectively. (W) Correlation analysis between the relative expression analysis and small RNA sequencing results of 22 DEMs.




Target Gene Predication and Validation of MicroRNAs

For the precise prediction of the target genes of miRNAs, we performed degradome sequencing on the mixture of the above 12 samples, and we predicted 1,804 target genes of 50 known miRNAs (from 28 miRNA families) and 244 novel miRNAs (Supplementary Table 5). Among these known miRNAs, lch-miR858a targeted the largest number of genes, whereas lch-miR157d and lch-miR164c targeted the least number of gene (Supplementary Table 5). To better understand the details of target gene prediction, we have provided some examples: Nine miRNA-mRNA pairs and their cleavage site positions are shown in Supplementary Figure 2.

To validate the cleavage sites of miRNAs that were predicted by degradome sequencing, we performed RLM-RACE for four target genes of three miRNAs. The degradome sequencing result showed that the 5′ first residue of the 3′ cleavage fragment of LchSPL18 (targeted by lch-miR157a-5p) was cytosine (C), which was consistent with the RLM-RACE result (Figure 5A). The degradome sequencing also showed that LchSPL2 was targeted by Novel104 miRNA and cleaved at nucleotide 1136, which agreed with the RLM-RACE result (Figure 5B). LchSPL3 was another target gene of lch-miR157a-5p, and the 5′ first residue of the 3′ cleavage fragment was C, as validated by RLM-RACE, which was in good agreement with the result of degradome sequencing (Figure 5C). Moreover, degradome sequencing showed that LchARF18 (AUXIN RESPONSE FACTOR 18) was cleaved at nucleotide 1,140 by lch-miR160a-5p, which was also confirmed by the RLM-RACE results (Figure 5D). These findings showed that the prediction of the target genes of miRNAs by degradome sequencing was accurate and reliable.
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FIGURE 5. RLM-RACE validation of the cleavage sites of miRNAs. Red dots and red numbers represent the first nucleotide of the 3′ cleavage fragments predicted by degradome sequencing, and red lines represent the cleavage sites of miRNA validated by RLM-RACE. (A–D) RLM-RACE validation of the cleavage sites of lch-miR157a-5p, Novel104, lch-miR157a-5p, and lch-miR160a-5p in LchSPL18, LchSPL2, LchSPL3, and LchARF18, respectively.




Analysis of Long Non-coding RNA-mRNA and MicroRNA-mRNA Regulatory Networks in the Phenylpropanoid Biosynthesis Pathway

miRNAs and lncRNAs are known to participate in phenylpropanoid biosynthesis (Sharma et al., 2016; Quan et al., 2018; Fan et al., 2020; Liu et al., 2020). However, if this occurs in L. chinense, and the number of miRNAs and lncRNAs involved, is unknown. Therefore, we investigated the lncRNAs and miRNAs that participated in phenylpropanoid biosynthesis. We identified 80 phenylpropanoid biosynthesis-related DEGs that were regulated by 146 lncRNAs and 23 miRNAs (Figures 6, 7). Through hierarchical cluster analysis, we found that most of these lncRNA- and miRNA-targeted DEGs were more highly expressed in the floral organs (petals, pistils, and stamens) than in the leaves, including five 4CL genes, four C4H genes, and one C3H gene (Supplementary Figures 3, 4). The five 4CL genes were targeted by 23 lncRNAs and lch-miR393a-5p, four C4H genes were regulated by seven lncRNAs and Novel325/353/418/424 miRNAs, and C3H was targeted by Novel234 miRNA (Figures 6, 7). 4CL, C4H, and C3H had significant influence on the biosynthesis of phenylpropanoid metabolites. These findings indicated that lncRNAs and miRNAs may contribute to the difference in phenylpropanoid biosynthesis between the floral organs and the leaves by directly targeting phenylpropanoid biosynthesis-related DEGs.
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FIGURE 6. lncRNAs-DEGs regulatory network of phenylpropanoid biosynthesis pathway. The size of the dot represents the number of DEGs: the larger the dot, the more DEGs. The wider the edge, the more DEGs are targeted by lncRNAs.
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FIGURE 7. miRNAs-DEGs regulatory network of phenylpropanoid biosynthesis pathway. The size of dot represents the number of DEGs: the larger the dot, the more DEGs. The wider the edge, the more DEGs are targeted by miRNAs.




Identification of Long Non-coding RNA-Transcription Factor Regulatory Networks Related to Liriodendron chinense Development and Phenylpropanoid Biosynthesis

In our previous study, we identified 7,527 lncRNAs and 1,791 TFs (Tu et al., 2021). In this study, we used the τ-value to evaluate the tissue specificity of these lncRNAs. Finally, we identified 376 lncRNAs that showed relatively high expression level in specific tissue (top 5% in τ-value ranking). In total, 258 highly expressed lncRNAs, comprising 117 cis-acting lncRNAs and 141 trans-acting lncRNAs, targeted TFs (Figure 8). We showed that the 117 cis-acting lncRNAs targeted 130 TFs (Figure 8A). Among these, basic HELIX-LOOP-HELIX (bHLH) family (7 members) was the most represented, followed by MYB (6 members), CCCH (C3H, 6 members), and basic REGION/LEUCINE ZIPPER (bZIP, 6 members) (Figure 8A). Moreover, the 141 trans-acting lncRNAs targeted 154 TFs (Figure 8B). The bHLH family (15 members) was again the most represented TF family, followed by MYB (13 members), MYB-related (MYR, 10 members), and NAM/ATAF/CUC (NAC, 9 members) (Figure 8B). We found that some lncRNA-TF regulatory patterns may play roles in leaf development, such as lch-lnc6026-BLH2 (BEL1-LIKE HOMEODOMAIN 2, HB-BELL family), lch-lnc0809-ATHB4 (ARABIDOPSIS THALIANA HOMEOBOX 4, HD-ZIP family), lch-lnc4261/5500-GRF1, lch-lnc2601/3102/6972-TCPs, and lch-lnc1857/4867/6438-AUX/IAAs (AUXIN/INDOLE-3-ACETIC ACIDs) (Figure 8B). Previous studies revealed that BLH2, ATHB4, GRF1, TCPs, and IAAs have various roles in leaf development (Kumar et al., 2007; Bou-Torrent et al., 2012; Debernardi et al., 2014; Bresso et al., 2018; Wu et al., 2018). Moreover, regulatory modules, such as lch-lnc3939-BBX19 (B-BOX ZINC FINGER 19, DBB family), lch-lnc6617-BBX24 (DBB family), lch-lnc5516-ATHB13 (HD-ZIP family), lch-lnc5417/5624/7411-ZFHD1 (ZINC FINGER-HOMEODOMAIN 1, ZF-HD family), lch-lnc0444/1078/2008-WRKY13 (WRKY family), lch-lnc6132-MYB26, lch-lnc3993/7432-MYB24, lch-lnc0866/0867-MYB108, and lch-lnc0817/1241-SPLs, may be related to flower development, because it has been reported that these TFs participate in the regulation of flowering time, pollination, anther dehiscence, and stamen development (Figure 8; Yang et al., 2007; Mandaokar and Browse, 2009; Abu-Romman, 2014; Li et al., 2014; Wang et al., 2014; Ribone et al., 2015; Xu et al., 2016; Huang et al., 2017; Ma et al., 2020).
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FIGURE 8. LncRNAs and TFs regulatory network. The size of dot represents the number of TFs: the larger the dot, the more TFs. The wider the edge, the more TFs are targeted by specific lncRNAs. (A) Cis-acting lncRNAs-TFs regulatory network of L. chinense. (B) Ttrans-acting lncRNAs-TFs regulatory network of L. chinense.


In this work, we found that lncRNA-targeted MYB TFs were involved in not only the regulation of flower development, but also in the regulation of phenylpropanoid biosynthesis (Figure 8). lncRNA-MYB regulatory patterns, such as lch-lnc0003-MYB4, lch-lnc5422-MYB5, lch-lnc6438-MYB39, lch-lnc6439-MYB44, and lch-lnc6440-MYB340 may be related to the biosynthesis of flavonoids and anthocyanins, because previous studies have revealed that MYB4, MYB5, MYB39, MYB44, and MYB340 participate in the regulation of flavonoids and anthocyanins biosynthesis (Moyano et al., 1996; Liu et al., 2013; Sun et al., 2016; Wang et al., 2020; Wei et al., 2020). Moreover, we found that the lch-lnc6873-MYB2, lch-lnc4458-MYB330, and lch-lnc6437-MYB308 regulatory patterns may be involved in lignin biosynthesis. MYB330 was shown to activate the transcription of lignin biosynthesis related gene-4CL, whereas MYB308 was shown to repress the transcription of 4CL (Jia et al., 2018). Regardless of whether these MYB genes function as activators or repressors of phenylpropanoid biosynthesis, they all appeared to contribute to the phenomenon that the biosynthesis of lignins and flavonoids was more vigorous in the floral organs than in the leaves. Lignin and flavonoid biosynthesis repressors, such as MYB308, MYB39, and MYB4, were more highly expressed in leaves than in the reproductive organs, whereas lignin and flavonoid biosynthesis activators, such as MYB2, MYB5, MYB330, and MYB340, had different expression patterns (Supplementary Figure 5). We speculate that the differential expression patterns of activators and repressors is an important factor governing the difference in phenylpropanoid biosynthesis between the floral organs and the leaves, and that this difference may be related to the development of floral organs, including anther development and petal color change.

Like the MYB family, many bHLH members are targeted by lncRNAs (Figure 8). Among these bHLHs, only bHLH53, which was regulated by lch-lnc6439, may be involved in anthocyanin biosynthesis; other bHLHs were mostly related to plant development, such as bHLH30 (regulated by lch-lnc5465) and bHLH79 (regulated by lch-lnc5465), and bHLH48 (regulated by lch-lnc0928): bHLH30 has been reported to be related to leaf lamina development, bHLH79 plays a role in petal size control, and bHLH48 is involved in flowering regulation (Szecsi et al., 2006; An et al., 2014; Li et al., 2017).

These results indicated that the lncRNA-TF regulatory patterns were widely involved in the regulation of the development and the biosynthesis of phenylpropanoid metabolites of L. chinense. Moreover, lncRNAs may also contribute to the difference in phenylpropanoid biosynthesis between the floral organs and the leaves by targeting MYB activators and repressors.



Analysis of MicroRNA-Transcription Factor Regulatory Patterns in Liriodendron chinense

Previous studies have illustrated the important roles of that miRNA-TF regulatory patterns in plant development; thus, we investigated these patterns in L. chinense. Through degradome sequencing, we identified 105 miRNAs that targeted 152 TFs (Figure 9). Among the 105 miRNAs, lch-miR396b-5p, lch-miR157a-5p, Novel113, and Novel353 targeted the greatest number of TFs (7 TFs) (Figure 9). These 152 TFs were from 52 families; the largest number were in the C3H family, followed by the SPL/SBP family, the Trihelix family, the HD-ZIP family, and the GRF family (Figure 9). Some canonical and novel miRNA-TF regulation patterns that participated in flower development were identified, such as lch-miR156/157-SPLs/SBPs, Novel104/113/401-SPLs, lch-miR159a/c-GAMYBs, Novel32/394-GAMYB, lch-miR167a-ARF6, lch-miR172e-AP2, Novel107-AP2, Novel3-bHLH35, and Novel301-bHLH62 (Figure 9). These miRNA-targeted TFs are involved in floral organ morphogenesis, floral organ maturation, and flowering time regulation (Wu et al., 2006; Wollmann et al., 2010; Li et al., 2013; Xu et al., 2016; Ding et al., 2020; Ortolan et al., 2021; Zhou et al., 2021). Although these miRNAs were involved in flower development, their expression patterns were different owing to their different roles. For example, lch-miR157a and Novel3 miRNA were strongly expressed in the stamen, whereas lch-miR159a and lch-miR159c were weakly expressed in the stamen (Figures 4A–C,S). The high expression of Novel3 in the stamen would inevitably lead to the low expression of bHLH35 in the stamen, which is essential for anthers development (Ortolan et al., 2021). During anther development, GAMYBs expression levels increased as miR159 levels decreased; therefore, the low expression level of lch-miR159a/c in stamens may be essential for anther development (Tsuji et al., 2006).
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FIGURE 9. miRNAs-TFs regulatory network of L. chinense. The size of dot represents the number of TFs: the larger the dot, the more TFs. The wider the edge, the more TFs are targeted by miRNAs.


Moreover, leaf development-related miRNA-TFs regulatory patterns were also identified, including lch-miR160a-ARF18, lch-165a/166a-HD-ZIPs (including REVOLUTA (REV) and ATHB15), lch-miR396b-GRFs, lch-miR319c-TCPs, Novel401-SPL10, Novel104-SPL3, and Novel11/82/87/244/394-TCPs (Figure 9). Previous studies have shown that these miRNA-TF regulatory patterns impact leaf initiation, leaf polarity establishment, phase transition, and leaf morphology modulation (Emery et al., 2003; Liu et al., 2009; Merelo et al., 2016; Bresso et al., 2018; Yang et al., 2018, 2019b). In particular, miR396b was not only involved in the establishment of leaf polarity, but also in the modulation of leaf shape, and it was more highly expressed in leaves than in other tissues (Figures 4N,O; Liu et al., 2009; Wang et al., 2011).

In addition, we found that miRNAs also participated in phenylpropanoid biosynthesis by targeting TFs. MYB12, an activator of flavonoid biosynthesis that is highly expressed in pistils and petals, was targeted by Novel253 miRNA (Figure 9 and Supplementary Figure 5; Mehrtens et al., 2005). The petal-specific regulatory module, miR858a/b-JMJ25 (Jumonji family) may modulate anthocyanin biosynthesis; a previous study reported that JMJ25 could repress anthocyanin accumulation by changing the histone methylation status of MYB182 chromatin (Fan et al., 2018). Novel120 was weakly expressed in the petal and may participate in anthocyanin biosynthesis by targeting NAC56. It is reported that NAC56 could coordinate with MYB340 and bHLH2 to form a complex that regulates anthocyanin biosynthesis (Wei et al., 2020). These modules may contribute to the regulation of color change in L. chinense petals.

These findings indicated that miRNA-TF regulatory networks have a strong influence on leaf and flower development in L. chinense, as well as contributing to the color change of the petal through the regulation of anthocyanin biosynthesis.



Analysis of Interactions Between MicroRNAs and Long Non-coding RNA

Through the above research, we found that there was a direct interaction between miRNAs/lncRNAs and TFs; therefore, we decided to examine whether there was direct interaction between miRNAs and lncRNAs. Further analysis of the degradome sequencing data revealed that 91 miRNAs regulated 144 lncRNAs, including 10 highly expressed lncRNAs; of these, Novel353 miRNA had the largest number of target lncRNAs (Supplementary Figure 6). Among these miRNA-targeted lncRNAs, 45 lncRNAs targeted 79 TFs, with the three families of bHLH, MYR, and MYB family contributing the largest number of TFs (Supplementary Figure 6). Additionally, lncRNAs could act as eTMs of miRNAs, which affect miRNA activity. Thus, we analyzed the lncRNAs for their potential to act as eTMs of miRNAs. We identified 22 lncRNAs with great potential to act as eTMs of 14 miRNAs (8 novel miRNAs and 6 known miRNAs): lch-lnc7426, lch-lnc6738, and lch-lnc6060 acted as eTMs of lch-miR5658; lch-lnc5634 acted as an eTM of lch-miR396a-3p; lch-lnc4083 acted as an eTM of lch-miR157a-3p; and lch-lnc7374 acted as an eTM of lch-miR156h and lch-miR156j (Table 1).


TABLE 1. Information about eTMs of fourteen miRNAs.
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These findings suggested that not only did miRNAs and lncRNAs directly regulate TFs, but that miRNAs also indirectly regulate TFs through targeting of lncRNAs. In turn, the activity of miRNAs could be affected by lncRNAs that acted as eTMs.




DISCUSSION

Although miRNAs and lncRNAs have been widely reported as important non-coding RNAs that play pivotal roles in plant growth and development, only a few studies have tried to identify or predict target genes and to construct the regulatory networks of miRNA-lncRNA-mRNA in L. chinense (Wang K. et al., 2012). Moreover, phenylpropanoid metabolites biosynthesis, which is a complex network that produces a variety of important secondary metabolites and plays a crucial role in plant defense and development (Falcone Ferreyra et al., 2012; Liu Y. et al., 2018; Xu et al., 2021). However, phenylpropanoid biosynthesis pathway in L. chinense has not been interpreted, and the miRNAs and lncRNAs involved in this pathway have not been reported. Thus, we used small RNA sequencing and degradome sequencing in combination with our previous Illumina sequencing data and PacBio sequencing data to identify miRNAs, predict the target genes of miRNAs and lncRNAs, and construct the miRNA-lncRNA-mRNA regulatory networks of L. chinense.


Long Non-coding RNA-Transcription Factor Regulatory Patterns Play Roles in Regulating Leaf and Flower Development in Liriodendron chinense

Previous studies have suggested that lncRNAs have significant roles in the development of the leaf and the flower (Ma et al., 2008; Heo and Sung, 2011; Liu X. et al., 2018). In this work, we found that various lncRNA-TF regulatory modules participated in leaf polarity establishment and leaf morphology modulation, such as lch-lnc6026-BLH2, lch-lnc0809-ATHB4, lch-lnc4261/5500-GRF1, lch-lnc5465-bHLH30, lch-lnc2601/3102/6972-TCPs, and lch-lnc1857/4867/6438-AUX/IAAs. In A. thaliana, BLH2 can repress the expression of KNOXs to regulate leaf margin development, ATHB4 participates in the establishment of the dorso-ventral axis in the developing leaf, and GRF1 regulates leaf growth polarity and leaf size (Kim et al., 2003; Kumar et al., 2007; Bou-Torrent et al., 2012; Das Gupta and Nath, 2015). The TCP family also participates in leaf morphology modulation; for example, TCP3 can directly activate the expression of MIR164 to repress the expression of CUCs and then regulate leaf shape (Koyama et al., 2010); TCP4 participates in the regulation of leaf serration formation (Koyama et al., 2017); and TCP7 and TCP23 regulate leaf shape by controlling cell proliferation (Aguilar-Martinez and Sinha, 2013).

Moreover, we also identified lncRNA-TF regulatory modules that were involved in regulating flowering and floral organ development, including flowering regulatory modules (lch-lnc0817/1241-SPLs, lch-lnc0444/1078/2008-WRKY13, lch-lnc3939-BBX19, lch-lnc6617-BBX24, lch-lnc0928-bHLH48), anther and stamen development regulatory modules (lch-lnc6132-MYB26, lch-lnc3993/7432-MYB24, lch-lnc0866/0867-MYB108), and a petal development regulatory module (lch-lnc5465-bHLH79). SPLs are important flowering regulators that can affect or be affected by flowering-related genes, such as SOC1, AP1, AP2, and LEAFY, to control flowering time (Teotia and Tang, 2015). WRKY13 can interact with SPL10 to participate in age-mediated flowering (Ma et al., 2020). BBX19, bHLH48, and BBX24 also participate in regulating flowering. BBX19 is a flowering time monitor that can interact with CONSTANS (CO) to restrain the expression of FLOWERING LOCUS T (FT) (Wang et al., 2014); BBX24 can promote the expression of FT and SOC1 by competing with FLC; and bHLH48 can bind to the promoter of FT and upregulate its expression (Li et al., 2014, 2017). MYB26, MYB24, and MYB108 have also been reported to regulate anther and stamen development. MYB26 regulates secondary thickening related genes to control endothelial cell development in the anther (Yang et al., 2007); MYB24 is involved in jasmonate (JA)-mediated stamen development through its interacting with JA ZIM-domain (JAZ) proteins; and MYB108 works with MYB24 to regulate stamen and pollen maturation (Mandaokar and Browse, 2009; Huang et al., 2017). In addition, the petal development related TF, bHLH79 (also called BIGPETAL), has been reported to participate in the control of petal size (Szecsi et al., 2006).

These TFs play pivotal roles in leaf and flower development, and we believe that lncRNAs regulating the expression of these TFs exert significant influence over leaf and flower development in L. chinense.



MicroRNA-Transcription Factor Regulatory Modules Are Essential for Leaf and Flower Development in Liriodendron chinense

The number of studies reporting that miRNAs-TFs regulatory modules are essential for leaf and flower development continues to increase. Leaf development can be divided into five stages: leaf initiation, leaf polarity establishment, phase transition, morphology modulation, and leaf senescence (Yang et al., 2018). In this work, we identified miRNA-TF regulatory modules that were involved in the first four stages of leaf development. lch-miR160a-ARF18 may regulate leaf initiation in L. chinense. miR160 was reported to negatively regulate ARFs, which is essential for phyllotaxis in the rosette (Pulido and Laufs, 2010). lch-miR165a/166a-REV and miR396-GRFs were involved in leaf polarity establishment. It is reported that miR165a/166a-REV regulates leaf adaxial identity and miR396-GRFs determines leaf proximo-distal axis polarity (Emery et al., 2003; Das Gupta and Nath, 2015). Novel401-SPL10 and Novel104-SPL3 may regulate the L. chinense leaf phase transition. SPL3 controls trichome formation, which is one of the signs of the transition of the leaf phase from juvenile to adult (Wu et al., 2009), and SPL10 regulates the lamina shape during the phase transition (Huijser and Schmid, 2011). Moreover, the lch-miR396b-GRFs, lch-miR319c-TCPs, and Novel11/82/87/244/394-TCPs modules participated in leaf morphology modulation; miRNAs have been shown to regulate cell proliferation and differentiation and to influence leaf morphology by decreasing the transcript levels of GRFs and TCPs (Wang et al., 2011; Bresso et al., 2018).

In addition, we found that the flower development-related miRNA-TF regulatory modules were mainly focused on the determination of floral organ identities, floral organ morphogenesis, and floral organ maturation. miRNA-TF modules, including lch-miR156/157-SPLs/SBPs, Novel113-SPLs, lch-miR172e-AP2, and Novel107-AP2, played roles in determination of floral organ identity and floral organ morphogenesis in L. chinense. The miR156/157- SPLs module is known to play roles in floral induction, promoting the floral meristem identity transition, and controlling ovule production and floral organ size (Xu et al., 2016; Liu et al., 2017). miR172 regulates flowering time and the determination of floral organ identities by targeting AP2 and AP2-type genes, which plays a role downstream in the miR156/157-SPLs pattern (Wollmann et al., 2010). Moreover, Novel3-bHLH35, lch-miR159a/c-GAMYBs, and lch-miR167a-ARF6 may be related to male and female fertility. In rice, the overexpression of bHLH35 resulted in small and curved anthers, and miR159 targeted GAMYB to regulate anther development (Tsuji et al., 2006; Ortolan et al., 2021). In A. thaliana, miR167 targets ARF6 to control female and male reproduction (Wu et al., 2006).

It should be noted that one miRNA-TF regulatory module can play multiple roles in L. chinense, and, in future studies, the specific roles should be verified. However, our findings provide a foundation for the future studies of miRNA-TF modules and their regulation of leaf and flower development in L. chinense.



Interactions Between MicroRNAs and Long Non-coding RNAs Increase the Complexity of Liriodendron chinense Regulatory Networks

In this work, we found that miRNAs and lncRNAs could also directly affect the expression of the other. miRNAs could directly target lncRNAs: indeed, 144 lncRNAs were targeted by 91 miRNAs. Simultaneously, these lncRNAs regulated plant development-related TFs, such as MYB, MYR, AUX/IAA, bHLH, HD-ZIP, which further increased the complexity of the regulatory networks. Moreover, lncRNAs could affect miRNA activity by forming eTMs to bind to the complementary sequences of miRNAs; we identified 22 eTMs of 14 miRNAs, including 3 eTMs of lch-miR5658, and 1 eTM (lch-lnc7374) of lch-miR156h and lch-miR156j (Franco-Zorrilla et al., 2007). It has been reported that miR5658 participates in the regulation of internode elongation of sugarcane (Qiu et al., 2019). However, the function of miR5658 in L. chinense still remains unknown. Thus, the function of miR5658 and its eTMs in L. chinense requires further elucidation. In apple (Malus × domestica), researchers have found that MLNC3.2 and MLNC4.6 act as eTMs of miR156a, preventing miR156a from cleaving SPL2-like and SPL33 (Yang et al., 2019a). Deng et al. (2018) reported that Ghi-lnc253 may act as an eTM of miR156e in response to salt stress in Gossypium hirsutum. In this work, lch-miR156j, which targeted SPL9, was specifically expressed in the pistil, and lch-miR156h, which targeted SPL3, was specifically expressed in the stamen. Researchers have revealed that miR156 controls reproductive organ development by negatively regulating SPLs (Xu et al., 2016; Zheng et al., 2019). We speculated that lch-lnc7374-miR156h-SPL3 and lch-lnc7374-miR156j-SPL9 may regulate the development of the stamen and the pistil, respectively. Furthermore, we thought that the lch-lnc7374-miR156j-SPL9 regulatory module may also affect the miR172-AP2 regulatory pattern in L. chinense. Research has shown that miR172 acts downstream of miR156, the expression of which is promoted by SPL9 and SPL10 (Wu et al., 2009). However, how SPL9 regulates miR172 in L. chinense requires further study. These findings indicate the complexity of the regulatory networks of TF expression in L. chinense.



MicroRNAs and Long Non-coding RNA Contribute to the Difference in Phenylpropanoid Biosynthesis Between Floral Organs and Leaves

The regulation of phenylpropanoid metabolite biosynthesis is important for plant growth and development. Previous studies have shown that miRNAs, lncRNAs, and TFs play important roles in the regulation of phenylpropanoid metabolite biosynthesis (Moyano et al., 1996; Liu et al., 2013, 2020; Sharma et al., 2016; Sun et al., 2016; Quan et al., 2018; Fan et al., 2020; Wang et al., 2020; Wei et al., 2020). In L. chinense, miRNAs and lncRNAs directly or indirectly regulate the biosynthesis of phenylpropanoid metabolites. We found that 94 phenylpropanoid biosynthesis-related DEGs were directly targeted by miRNAs and lncRNAs, and most of these target DEGs showed higher expression levels in the floral organs than in the leaves. Similarly, five 4CL genes, four C4H genes, and one C3H gene that were targeted by miRNAs and lncRNAs also showed the same expression patterns. The 4CL, C4H, and C3H are core enzymes that participate in the biosynthesis of flavonoids and lignin; thus, changing the expression levels of 4CL, C4H, and C3H will inevitably impact the biosynthesis of flavonoids and lignins (Lu et al., 2006; Coleman et al., 2008; Lavhale et al., 2018). These findings indicate that miRNAs and lncRNAs contributed to the difference in phenylpropanoid biosynthesis between the floral organs and the leaves by directly targeting the phenylpropanoid metabolite biosynthesis genes.

Moreover, miRNAs and lncRNAs indirectly regulated the phenylpropanoid metabolite biosynthesis by targeting MYB TFs. In this work, we identified the lch-lnc6873-MYB2, lch-lnc0003-MYB4, lch-lnc5422-MYB5, lch-Novel235-MYB12, lch-lnc6438-MYB39, lch-lnc6439-MYB44, lch-lnc6437-MYB308, lch-lnc4458-MYB330, and lch-lnc6440-MYB340 regulatory patterns that were related to phenylpropanoid metabolite biosynthesis. These MYB members act as repressors (MYB308, MYB44, MYB39, and MYB4) or activators (MYB2, MYB5, MYB12, MYB330, and MYB340) of phenylpropanoid metabolite biosynthesis. The repressors affect the biosynthesis of lignin and flavonoids by repressing enzyme-encoding genes. MYB308 can inhibit 4CL transcription by recognizing and binding to the promoter of 4CL, thereby reducing lignin biosynthesis (Jia et al., 2018). MYB39 can downregulate the expression of chalcone synthase (CHS) to suppress isoflavonoid biosynthesis (Liu et al., 2013). MYB4 can repress the expression of arogenate dehydratase 6 (ADT6) to reduce flavonoid biosynthesis (Wang et al., 2020). Although MYB5 interacts with bHLH1 and TTG1 to increase anthocyanin synthesis (Sun et al., 2016), MYB12 can increase flavonoid biosynthesis by promoting CHS expression (Mehrtens et al., 2005). In addition, MYB330 activates the expression of 4CL to promote lignin biosynthesis (Jia et al., 2018), and MYB340 can activate the transcription of PAL, which is a rate-limiting enzyme in phenylpropanoid biosynthesis (Moyano et al., 1996). Notably, the majority of these repressors have low expression in the floral organs whereas the activators are highly expressed in the floral organs. These findings indicated that lncRNAs and miRNAs contributed to the difference in phenylpropanoid metabolite biosynthesis between the floral organs and the leaves by targeting MYBs.

Significantly, three miRNA-TF regulatory modules, Novel253-MYB12, Novel120-NAC56, and lch-miR858a/b-JMJ25, may play important roles in the regulation of anthocyanin biosynthesis in L. chinense petals. The low expression of Novel253 in petals facilitated the increased transcript of the anthocyanin biosynthesis activator MYB12, thereby promoting the biosynthesis of anthocyanins in the petals (Mehrtens et al., 2005). Similarly, the disappearance of Novel120 in petals led to an increase in the expression level of NAC56, which could form more of the MYB340-bHLH2-NAC56 complex to subsequently increase anthocyanin biosynthesis (Wei et al., 2020). The high expression level of JMJ25 led to the downregulation of the expression of anthocyanin biosynthesis genes, whereas the high expression levels of miR858a/b in petals reduced the effect of JMJ25 on anthocyanin biosynthesis genes, which may increase the anthocyanin biosynthesis in petals (Fan et al., 2018).

In general, miRNAs and lncRNAs contributed to the difference in phenylpropanoid metabolite biosynthesis between floral organs and leaves, and this difference was essential for reproduction. Three miRNA-TF regulatory modules regulated anthocyanin biosynthesis in L. chinense petals; increasing anthocyanin biosynthesis may change the color of petals to attract pollinators. Moreover, the high expression of phenylpropanoid metabolite biosynthesis genes and activators (MYBs) that were targeted by miRNAs and lncRNAs in floral organs may ensure the normal development of floral organs by increasing phenylpropanoid metabolite biosynthesis in floral organs. Phenylpropanoid metabolites are essential for anther development, male and female fertility, and biotic and abiotic stress resistance (Falcone Ferreyra et al., 2012; Liu Y. et al., 2018; Dong and Lin, 2021; Xu et al., 2021).




CONCLUSION

Through the analysis of transcriptome data, small RNA sequencing data, and degradome sequencing data of L. chinense, we found that miRNA-lncRNA-mRNA regulatory networks were important for leaf and flower development. miRNAs and lncRNAs participated in leaf and flower development by targeting TFs such as MYB, bHLH, GRF, SPL, TCP, HD-ZIP, and HD-ZIP. Notably, lch-lnc7374-miR156h-SPL3 and lch-lnc7374-miR156j-SPL9 may regulate the development of the stamen and the pistil, respectively. Moreover, miRNAs and lncRNAs indirectly regulate leaf and flower development by regulating phenylpropanoid metabolite biosynthesis. miRNAs and lncRNAs contributed to the difference in phenylpropanoid metabolite biosynthesis between leaves and flowers by targeting phenylpropanoid biosynthesis genes and MYBs, and this difference was essential for floral organ development. Notably, three miRNA-TF regulatory modules played important roles in regulating anthocyanin biosynthesis in petals. The results of sequencing data analysis were consistent with the results of the RT-qPCR and RLM-RACE analyses. These findings indicated that miRNA-lncRNA-mRNA regulatory networks are essential for regulating leaf and flower development in L. chinense.
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The D-type cyclin (CYCD) gene, as the rate-limiting enzyme in the G1 phase of cell cycle, plays a vital role in the process of plant growth and development. Early studies on plant cyclin mostly focused on herbs, such as Arabidopsis thaliana. The sustainable growth ability of woody plants is a unique characteristic in the study of plant cyclin. Here, the promoter of PsnCYCD1;1 was cloned from poplar by PCR and genetically transformed into tobacco. A strong GUS activity was observed in the areas with vigorous cell division, such as stem tips, lateral buds, and young leaves. The PsnCYCD1;1-GFP fusion expression vector was transformed into tobacco, and the green fluorescence signal was observed in the nucleus. Compared with the control plant, the transgenic tobacco showed significant changes in the flower organs, such as enlargement of sepals, petals, and fruits. Furthermore, the stems of transgenic plants were slightly curved at each stem node, the leaves were curled on the adaxial side, and the fruits were seriously aborted after artificial pollination. Microscopic observation showed that the epidermal cells of petals, leaves, and seed coats of transgenic plants became smaller. The transcriptional levels of endogenous genes, such as NtCYCDs, NtSTM, NtKNAT1, and NtASs, were upregulated by PsnCYCD1;1. Therefore, PsnCYCD1;1 gene played an important role in the regulation of flower organ and stem development, providing new understanding for the functional characterization of CYCD gene and new resources for improving the ornamental value of horticultural plants.

Keywords: Populus, PsnCYCD1;1, cyclin, small cell, enlarged floral organs


INTRODUCTION

Plant development is accompanied by cell division, which is regulated by cell cycle activity (Inzé and De Veylder, 2006). Plant D-type cyclins control the process of cell cycle and play an important role in cell division and proliferation. D-type cyclins are preferentially induced by mitogen stimulants in the G1 phase to accumulate developmental signals (Oakenfull et al., 2002; Richard et al., 2002) and control cells to re-enter the cell cycle (Soni et al., 1995; Meijer and Murray, 2001). D-type cyclins (CYCDs) are called G phase-specific cyclins due to their important role in the transition from G1 to S phase (De Veylder et al., 1999).

Ten genes encoding CYCDs have been identified in Arabidopsis. They are divided into seven subfamilies (CYCD1-CYCD7), of which CYCD3 subfamily has three members, CYCD4 subfamily has two members, and the other five CYCD subfamilies are encoded by only one gene (Vandepoele et al., 2002). CYCD1;1, CYCD2;1, and CYCD3;1 are originally screened from Arabidopsis, which can restore the phenotype of yeast G1 cyclin mutant (Soni et al., 1995). Cyclins, as a regulatory subunit of protein kinase, closely bind to CDK, forming an active kinase complex, and directionally regulate plant growth and development (Morgan, 1995). Most CYCD proteins can interact with cyclin-dependent kinase A;1 (CDKA;1), and the overexpression of some CYCD genes promote the cells to enter the S phase (Masubelele et al., 2005; Menges et al., 2006; Mendez et al., 2020), indicating that the CDKA-CYCD complex regulates the conversion of G1/S phase.

Many studies have shown that overexpression of some CYCDs in plants can change plant growth and development. The constitutive expression of CYCD enables transgenic Arabidopsis leaves to undergo cell division without adding exogenous cytokinin (Riou-Khamlichi et al., 2000). The Populus trichocarpa PtCYCB1 promoter is used to drive the expression of the CYCD gene in tobacco, which improves the cell division of vascular cambium and increases the differentiation of secondary xylem in tobacco (Fujii et al., 2012). The ectopic expression of AtCYCD2 accelerates the growth and aboveground biomass accumulation rate of transgenic tobacco from the seedling stage to maturity (Boucheron et al., 2005; Kopertekh and Reichardt, 2021). Moreover, overexpressing the CYCD3 gene into tobacco also accelerates the growth rate of leaves and changes the structure of the shoot apical meristem (Boucheron et al., 2005). The CYCD3;1 transgenic Arabidopsis develops slowly, but the flowering time does not change. Meanwhile, overexpression of CYCD3;1 also causes changes in leaf morphology and structure, particularly, increased number of leaf epidermal cells and curled leaves toward the medial axis (Dewitte and Murray, 2003). Soybean D-type cyclin (GmCYCD6;1-6) forms a feedforward loop which is the key mechanism to regulate the initial division of soybean nodule primordium (Wang et al., 2022). The seed formation is controlled by the activity of CYCD7 in the central cell and in the developing endosperm (Sornay et al., 2015).

Previous reports on CYCDs were not comprehensive and mostly focused on genes, such as CYCD2, CYCD3, and CYCD7, from model plants and herbs. There are few reports on the function of cyclin genes in woody plants. We cloned a CYCD1;1 from poplar and performed a preliminary analysis in Arabidopsis (Zheng et al., 2021). Significant phenotypic changes were observed in transgenic tobacco by constructing plant expression vector, and these phenotypes were not found in previous transgenic Arabidopsis. Therefore, this study not only improves the function of PsnCYCD1;1, but also enriches the new understanding of plant cyclin.



MATERIALS AND METHODS


Plant Material and Growth Conditions

The Populus simonii × P. nigra cross was obtained from the campus of Northeast Forestry University in Heilongjiang Province, China. The young leaves were sampled, immediately frozen in liquid nitrogen, and stored at −80°C before the extraction of genomic DNA. Nicotiana tabacum L. was planted in a pot containing cultivation substrate (turf peat and pearlite, 2:1 v/v) under controlled conditions with 16 h of light/8 h of darkness, 22 ± 2°C temperature, 40–50% humidity, and 200 μmol m–2 s–1 light intensity.



Cloning of PsnCYCD1;1 Gene

To verify the stable subcellular localization of PsnCYCD1;1 gene, PCR cloning was carried out with the specific primers (Supplementary Table 1) by removing the stop codon and using pUC18-PsnCYCD1;1 plasmid as a template (Zheng et al., 2021). The reaction system consisted of 2.5 μl 10 × Ex PCR buffer, 2.0 μl dNTP (10 mmol/L), and 1.0 μl upstream and downstream primers, 0.25 μl ExTaq (5 U/μl), 0.1 μl plasmid template (10 ng/μl), and added ddH2O to make final volume of 25 μl. The amplification procedure was as follows: 35 cycles at 94°C for 4 min, 94°C for 30 s, 56°C for 30 s, and 72°C for 1.5 min, and 72°C for 7 min. After the reaction, 5 μl of PCR products were detected in 1% agarose gel. Then, the PCR product gel was recovered, connected to the pEasy-T1 vector, transformed into Escherichia coli Trans1-T1 competent cells, and screened for positive clones.



Construction of Plant Expression Vector

Restriction endonucleases XbaI and KpnI were used to digest pEasy-PsnCYCD1;1 and pROKII-GFP vectors, respectively. The enzyme reaction system consisted of 1.0 μl XbaI, 1.0 μl KpnI, 2.0 μl 10× K buffer, 1 μg plasmid, and ddH2O to make the final volume of 20 μl. After the target fragment was recovered by gel and linked by T4 DNA ligase, the recombinants were transformed into E. coli Trans1-T1 competent cells and positive colonies were screened for sequencing verification. Finally, the pROKII-PsnCYCD1;1-GFP plasmid was transferred into Agrobacterium GV3101 competent cells using liquid nitrogen freezing and thawing method (Chen et al., 1994).



Cloning of PsnCYCD1;1 Promoter and Construction of Plant Expression Vector

The DNA of young leaves of P. simonii × P. nigra was isolated by hexadecyltrimethylammonium bromide (CTAB) method (Doyle, 1987), and was used as a template to amplify promoter fragment by specific primers that were designed based on the upstream 1,800 bp sequences of PsnCYCD1;1. To verify spatiotemporal expression pattern of PsnCYCD1;1 promoter, after cloning and purification of PsnCYCD1;1 promoter fragment, the target fragment, and pBI121-GUS were digested by HindIII and KpnI and linked by T4 DNA ligase to construct the target vector pBI121-PsnCYCD1;1pro-GUS. After verification by sequencing, the recombinant plasmid was transferred into Agrobacterium GV3101 competent cells using the liquid nitrogen freezing and thawing method.



Genetic Transformation

Recombinants (pROKII-PsnCYCD1;1-GFP and pBI121-PsnCYCD1;1pro-GUS) were transferred into wild-type tobacco by leaf disc method (Zheng et al., 2014). The final resistant plants were obtained through differentiation on a selective medium containing 50 mg/L kanamycin. After stem growth and rooting culture, the positive plantlets were used to extract DNA from the leaves by the CTAB method. PCR was performed using vector primers, and the products were evaluated by 1% agarose gel electrophoresis.



Quantitative Real-Time PCR Analysis

To validate the transcriptional level of the PsnCYCD1;1 gene, the total RNA of young leaves of transgenic plants was extracted using a MiniBEST Plant RNA Extraction Kit (TaKaRa, Beijing, China). Total RNA was reverse transcribed into cDNA and diluted 10 times with ddH2O as a template. The reaction system was 20 μl, containing 10 μl SYBR Green, 0.4 μl Rox dye II, 2 μl cDNA template, and 0.8 μl forward and reverse primers, respectively (Supplementary Table 1). The reaction procedure was as follows: 40 cycles at 95°C for 30 s; 95°C for 5 s, 60°C for 35 s; 95°C 15 s, 60°C 1 min, and 95°C 15 s. The Ntactin gene was used as an internal reference (Zheng et al., 2014). Three biological and technical repetitions were performed, and the relative expression of the target gene was calculated with the 2-delt cycle threshold (CT) method (Livak and Schmittgen, 2001).

To detect the transcriptional changes of endogenous gene-related stem and leaf development, the total RNA of young stems and leaves of 3-week-old control and transgenic tobacco was isolated. Fourteen gene-specific primers were designed using Integrated DNA Technologies (IDT) online tools1 (Supplementary Table 1). Housekeeping gene and reaction system were the same as above.



Subcellular Localization

The root tips of 2-week-old transgenic tobacco (pROKII-PsnCYCD1;1-GFP) seedlings were collected and flatten on a glass slide for microscopic observation. The wild-type and transgenic tobacco with a pROKII-GFP vector was used as control. The green fluorescent signals in cells were observed and photographed by Leica TCS SP8 laser confocal microscope (Leica, Wetzlar, Germany).



GUS Staining

Transgenic tobacco (pBI121-PsnCYCD1;1pro-GUS) seedlings and different tissues in different growth stages were immersed in β-glucuronidase (GUS) staining solution, and the interstitial gas of tissues were discharged with a vacuum pump to maintain the air pressure at 0.01 Pa for about 30 min. Subsequently, the tissues were dyed in a 37°C incubator for 5–7 h and fixed overnight with Carnot fixative, soaked in 75% alcohol for 2–3 days until completely faded, and photographed with Leica ED4 stereomicroscope (Leica, Germany).



Phenotypic Observation of Transgenic Tobacco

Wild-type and three transgenic lines (pROKII-PsnCYCD1;1-GFP) with high expression levels were planted in pots in a greenhouse with controlled environmental conditions. Leaf development and stem growth were recorded every 2 days. Five newly blooming flowers were randomly selected from each plant, and the width of the corolla, the length of petal, calyx, fruit, and seed were measured and statistically analyzed.

To observe the seed development, the transgenic and control plants planted under the same growth conditions were selected. After 3 days, when the flowers withered and the fruit was developing, the peel was peeled off and the developing seeds were observed and photographed under the microscope. One week later, the abortion of developing seeds was statistically analyzed.



Environmental Scanning Electron Microscope Observation

Dry seeds were sprayed with gold powder before scanning and observation. Fresh samples of petals and leaves were cut into sheets less than 1 cm wide and 1.5 cm long before being directly placed on the objective table of environmental scanning electron microscope (ESEM) for observation and photography with Philips Quanta 200 (FEI, Eindhoven, Netherlands). The environmental vacuum mode was selected for the electron microscope sample chamber, and the gas secondary electronic signal imaging was adopted. The working conditions were as follows: high voltage at 12.5 KV, pressure >7.5e−3 Torr, filament current of 2.34 A, and emission current at 97 M a.

The relative size of epidermal cell and seed between transgenic tobacco and controls were measured and statistically analyzed by ImageJ software (National Institutes of Health, Bethesda, MD, United States).




RESULTS


Cloning and Genetic Transformation of PsnCYCD1;1 Gene and Promoter in Tobacco

A specific band of about 1,000 bp was amplified from pUC18-PsnCYCD1;1 (Supplementary Figure 1), and the PsnCYCD1;1 gene was confirmed by sequencing. Then, the recombinant pROKII-PsnCYCD1;1-GFP was obtained by connecting PsnCYCD1;1 and pROKII-GFP by double enzyme digestion. A 1,941 bp nucleotide sequence of the upstream of PsnCYCD1;1 gene was cloned using leaf DNA from P. simonii × P. nigra as template (Supplementary Figure 2), while the recombinant pBI121-PsnCYCD1;1pro-GUS was obtained by inserting into pBI121-GUS with restriction endonuclease. Sequencing results showed that the target fragment was an upstream sequence of the PsnCYCD1;1 gene and the cis-elements of PsnCYCD1;1 promoter were analyzed using PlantCARE (Supplementary Figure 3).

The genetic transformation was carried out by leaf disc method with Agrobacterium GV3101 containing pROKII-PsnCYCD1;1-GFP and pBI121-PsnCYCD1;1pro-GUS vectors, respectively. Then, 19 independent 35S:PsnCYCD1;1-GFP transgenic tobacco and 16 independent PsnCYCD1;1pro-GUS transgenic tobacco T1 lines were obtained by DNA PCR, respectively. The positive plants were further detected by quantitative real-time PCR (qRT-PCR) to detect the relative expression level of PsnCYCD1;1 (Supplementary Figure 4). Finally, nine independent lines in the homologous T2 generation were screened, and four lines (OE1, OE2, OE6, and OE14) were further chosen to analyze the phenotypic changes.



GFP Observation of Transgenic Tobacco Root Tips

To validate the subcellular localization of PsnCYCD1;1 in plants, the root tips of T2 generation seedling of transgenic (35S:PsnCYCD1;1-GFP), empty vector (35:GFP), and wild-type tobacco were compressed and observed under laser confocal microscope. The results showed that in the root tips of wild-type tobacco, there was no fluorescent signal. In empty vector control (CK) and tobacco root tip cells, the green fluorescence signal was detected in the whole cell, while in 35S:PsnCYCD1;1-GFP transgenic tobacco root tip cells, the green fluorescence signal was only detected in the nucleus, indicating that PsnCYCD1;1 performs biological functions in the nucleus (Figure 1).


[image: image]

FIGURE 1. Subcellular location of green fluorescent protein (GFP) and PsnCYCD1;1-GFP protein in tobacco root tip. Green fluorescent (A,D,G): green fluorescence signal; bright field (B,E,H): white light; and combination (C,F,I): combined signals of different fluorescence. WT, wild-type; 35::GFP, pROKII-GFP, empty vector control; 35S::PsnCYCD1;1-GFP, fusion vector of pROKII-PsnCYCD1;1-GFP.




GUS Activity of PsnCYCD1;1pro-GUS Transgenic Tobacco

To study the function of the PsnCYCD1;1 promoter, the homozygous T2 generation was screened and observed by histochemical staining. The results showed deep GUS staining at the growth point, terminal bud, and leaf bud. The coloring was very light and almost invisible in other parts, such as in leaves or stem segments, suggesting that the strong expression of PsnCYCD1;1 in the meristem (Figure 2).


[image: image]

FIGURE 2. Histochemical analysis of β-glucuronidase (GUS) activity of PsnCYCD1;1pro-GUS transgenic tobacco. (A) Adventitious buds; (B) stem tip; (C) axillary bud development of stem tip; and (D) partial enlargement of (C).




Morphological Phenotype of Tobacco Overexpressing PsnCYCD1;1

In the vegetative growth stage, the leaves of transgenic tobacco were hypertrophic and could not be flattened normally compared with the control lines (Supplementary Figure 5 and Figure 3). Meanwhile, the stem of transgenic tobacco was not straight, showing irregular zigzag between two leaf nodes (Figure 3). After entering the reproductive growth stage, compared with the wild-type and CK lines, the transgenic lines had larger corolla, larger petals and sepals, and longer fruits and seeds. In addition, the length of stigma increased and showed a twisted phenotype (Figure 4). Three transgenic lines (OE1, OE2, and OE14) and three CK lines were selected, and five flowers were randomly taken from the top of each plant. The width of corolla and the length of sepal, petal, fruit, and seed were measured and analyzed by using SPSS 19.0 software and the q test. The results showed that compared with CK plants, the corolla of transgenic plants was significantly wider, the petals were significantly larger, and the sepals, fruits, and seeds were significantly longer (Figure 4), suggesting that ectopic expression of PsnCYCD1;1 in tobacco affects the development of flower organs and fruits. Under normal conditions, the tobacco used in this study gradually withers after flowering and fruiting, and the whole growth cycle usually spans 3–5 months. However, some transgenic lines maintained long-term growth, and OE14 maintained flowering for more than 20 months, thus becoming a perennial plant with new individuals sprouting and growing from the axillary buds (Supplementary Figures 6, 7).


[image: image]

FIGURE 3. Phenotype observation of empty vector control (CK) and 35S:PsnCYCD1;1-GFP tobacco. (A) Three-month old CK tobacco; (B) 3-month old 35S:PsnCYCD1;1-GFP transgenic tobacco; (C) stem morphology of transgenic, wild-type, and CK tobacco; and (D) comparison of leaf morphology between transgenic and CK tobacco; WT, wild-type; CK, empty vector control; OE1/2, two individual transgenic lines.



[image: image]

FIGURE 4. The differences in reproductive organs between CK and transgenic tobacco. (A) Comparison of the morphology of corollas; (B) longitudinal cutting of floral organs flowers; (C) comparison of the morphology of pistils; (D) comparison of the size of anthers; (E) comparison of the morphology of fruits; (F–J) statistical analysis of the phenotype of corolla, flower, anther, fruit, and dry seed. CK, empty vector control; OE1/2/6/14, four individual transgenic lines. Asterisks on the column diagram showed the significant difference between different samples (p ≤ 0.01).




Comparative Analysis of Fertility of Transgenic Tobacco

Although transgenic tobacco produces a large number of flowers, 100% of them fall off early and cannot develop into mature fruits. Through artificial pollination, few fruits can continue to develop, but the seed yield is very low (Supplementary Figure 8). Three transgenic lines and control lines were selected to observe seed development before pollination and 10 days after artificial pollination. After peeling, the unpollinated ovules and seeds were observed under the microscope and the abortion rate per unit area was calculated. The results of statistical analysis showed that the ovule development of control and transgenic plants was basically the same before pollination. After pollination with wild-type pollens, there were significant differences in fruit development between the CK and the transgenic line (PsnCYCD1;1), to which the abortion rates per unit area were 3.2 and 46.1%, respectively (Figure 5 and Supplementary Figures 8, 9), suggesting that the ectopic expression of PsnCYCD1;1 can cause severe male sterility and slight female sterility in transgenic tobacco.


[image: image]

FIGURE 5. Ectopic expression of PsnCYCD1;1 caused seed fertility in transgenic tobacco. (A,D) Observation of ovules before pollination between CK and transgenic (OE1) line; (B,E) microscopic observation of seeds in the ovary 10 days after pollination with wild-type pollens between CK and transgenic (OE1) line; and (C,F) close-up of the image (B,E). CK, control plant (A–C); OE1, transgenic plant (D–F).




Comparative Analysis of Cell Size of Transgenic Tobacco

To reveal the reasons for the enlargement of flower organs, the cell size of different tissues of transgenic plants was observed. Three fully bloomed petals from OE14 and CK tobacco were observed by ESEM. The results indicated that the normal papillary cells existed in the adaxial petal epidermis of CK tobacco (Figures 6A–C). Interestingly, there were many small cells formed by subsequent division of the perianth cells, and there were no papillary apexes on these small cells, suggesting that the ectopic expression of PsnCYCD1;1 caused the morphological changes of perianth cells in transgenic tobacco.


[image: image]

FIGURE 6. Comparative analysis of cell size between CK and transgenic (OE14) tobacco by environmental scanning electron microscope (ESEM). (A,B) ESEM observation of the petal epidermis between CK and transgenic (OE14) line. (D,E) ESEM observation of the abaxial epidermis of the leaves between CK and transgenic (OE14) line. (G,H) Microscopic observation of dry seeds between CK and transgenic (OE14) line. (C,F,I) Statistical analysis of the petal epidermis, mature leaf, and seed coat cells between CK and transgenic (OE14) lines. Asterisks on the column diagram showed the significant difference between different samples (p < 0.01).


The mature leaves of OE14 and CK tobacco with the same growth rates were selected, and the abaxial epidermis of the leaves was observed and photographed by ESEM. The results showed that the cell size of the abaxial epidermis cells of the OE14 was significantly different from that of the CK (Figures 6D,E). The relative cell size of the OE14 was only 25% of CK cells (Figure 6F).

To avoid the difference of growth period, the mature seeds were further selected for ESEM. The results showed that the surface of the seed coat of CK tobacco had reticular decoration (degenerated integument epidermis), in which the mesh outline was mostly irregular and in the form of round polygons with different sizes (Figure 6G). However, the net ridge of the reticular pattern on the seed coat surface of the OE14 seeds was thin, and the mesh outline was shaped like a regular polygon and looked like a honeycomb (Figure 6H). Statistical analysis of the size of a single cell on the seed epidermis showed that there was a great difference between the OE14 and the CK cells, and the relative sizes of OE14 cells were only about 1/20 of the CK cells (Figure 6I).



Detection of Endogenous Related Genes in Transgenic Tobacco

To detect the transcriptional changes of other D type cyclins, cyclin kinases, downstream division genes, and stem development-related genes in 35S:PsnCYCD1;1-GFP transgenic tobacco, the total RNA of young stems and young leaves of 3-week-old CK and transgenic (OE1 and OE14) seedlings was extracted, and the transcription levels of fourteen genes were detected by qRT-PCR. Compared with the CK, the endogenous NtCYCD genes were upregulated for more than two times in the transgenic plants. In particular, the expression of NtCYCD3 gene was upregulated for about seven times. Cyclin kinases, NtCDKA1 and NtCDKB1, and downstream division-related gene NtE2F were also upregulated more than two times in transgenic plants. In addition, stem development-related genes, NtSTM and NtKNAT1, and leaf polarity-related genes, NtAS1 and NtAS2, were upregulated more than two times in transgenic plants (Figure 7).
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FIGURE 7. Quantitative real-time PCR analysis of endogenous related genes in CK and transgenic tobacco. CK, empty vector control tobacco; OE1/14, two individual transgenic lines.





DISCUSSION

The organs of higher plants continuously develop in the whole life cycle, which depends on the flexible control of cell division and cell proliferation. D-type cyclins are rate-limiting enzymes in the G1 phase, which determines the key period of cell differentiation. In Arabidopsis, ten genes encoding CYCDs have been identified and they are divided into seven subfamilies (CYCD1-CYCD7) (Vandepoele et al., 2002). In woody plant Populus tomentosa, 22 PtrCYCD genes are identified and divided into six subfamilies, including five CYCD1 members, two CYCD2/CYCD4 members, six CYCD3 members, three CYCD5 members, five CYCD6 members, and one CYCD7 gene (Dong et al., 2011). In view of the genome and secondary growth differences between woody plants and herbs, the number of cyclins in poplar is more than twice as compared to Arabidopsis, and some genes may have functional redundancy or special functions.

The subcellular localization results of PsnCYCD1;1 showed its location in the nucleus (Figure 1), which is consistent with the homologous genes located in the nucleus of Arabidopsis, such as AtCYCD 1;1, AtCYCD2;1, and AtCYCD3;1 (Planchais et al., 2004; Sanz et al., 2011). In transgenic tobacco, strong fluorescence signals were observed in root apical meristem (RAM) and lower epidermis of leaves (Supplementary Figure 10), suggesting that PsnCYCD1;1 is also a relatively stable protein, possibly due to the ectopic expression of PsnCYCD1;1 gene in tobacco. Strong GUS activity was detected in the growth points, axillary buds, and young leaves, similar to the qRT-PCR results and confirming the high PsnCYCD1;1 expression in the stem, flower, root, and young leaves (Zheng et al., 2021). The cis-element in PsnCYCD1;1 promoter was predicted, and it was found that the PsnCYCD1;1 promoter contained many tissue-specific expression elements (CAT-box, Skn-1_motif, and CCGTCC-box) and a variety of hormone response elements (ABRE and TGA elements), suggesting an important role of PsnCYCD1;1 in poplar stem growth and lateral bud formation through hormone signaling pathways. In chrysanthemum, the expression level of CYCD was upregulated by cytokinin, auxin, and sugar together, causing a short internodal distance (Sun et al., 2021).

Plant growth and development are controlled in RAM and stem apical meristem (SAM). Meristem is the most active region of cell division. Therefore, the change in cell cycle may affect the downstream development process. Overexpression of CYCDs can change plant growth and development. Due to the reduction of G1 phase, the development process of CYCD2 transgenic tobaccos is accelerated at all stages, from seed to adult plant growth, but the size of cells and meristem is normal (Cockcroft et al., 2000). However, overexpression of CYCD2 in Arabidopsis showed no significant phenotypic changes (Cockcroft et al., 2000). In contrast, overexpression of CYCD3 in Arabidopsis caused morphological changes, such as delayed SAM and leaf senescence and leaf explant tissues, proliferated independent of cytokinin (Riou-Khamlichi et al., 1999). Overexpression of PtoCYCD3;3 in poplar promoted the development of cambium and vascular bundle (Guan et al., 2021). Targeted expression of AtCYCD7;1 to the central cells and early endosperm reduced the seed number in each silique and increased seed size (Sornay et al., 2015, 2016). There are few reports on the overexpression of CYCD1 gene in Arabidopsis. Ectopic expression of PsnCYCD1;1 gene from poplar promoted cell division and produced curved rosette leaves in Arabidopsis (Zheng et al., 2021). Here, a new phenotype was found after the transfer of PsnCYCD1;1 gene into tobacco. Compared with the control plant, the flower organs of transgenic tobacco overexpressing PsnCYCD1;1 showed a significant increase in the width of corolla and the length of petals and sepals. At the same time, the seeds of transgenic tobacco had a high abortion. In addition, the cells of petals, lower epidermis of leaves, and seeds of transgenic plants became smaller, which was similar to the result of overexpression of AtCYCD2;1 in Arabidopsis, causing significantly smaller cells in the root tip division area (Qi and John, 2007). Flower bud differentiation is a physiological and morphological sign of transformation from vegetative to reproductive growth. The differentiation order of each round of flower organs on the flower primordium is generally a centripetal differentiation. In this study, the calyx, petal, anther, and pistil were significantly larger, suggesting an important role of PsnCYCD1;1 in heterologous regulation of cell cycle activities and plant reproductive development. Tobacco petal epidermis cells usually have papilla cells. We found comparatively smaller cells in the petal epidermis of transgenic plants, and some small cells did not have papillae. It is suggested that the overexpression of PsnCYCD1;1 not only accelerates cell division, but also affects cell differentiation. Overexpression of CYCD3;1 gene in Arabidopsis rendered the cells of transgenic plants smaller and less differentiated than wild-type cells. Meanwhile, there were no normal palisade and spongy tissue as these were replaced by a large number of smaller cells (Dewitte and Murray, 2003). Altogether, PsnCYCD1;1 accelerates the process of mitosis in transgenic plants, resulting in a large number of cells. This may be due to an increased need for energy and nutrients for cytoplasmic growth in transgenic plants.

To investigate the reason for formation of small cells in transgenic tobacco, genes related to cell division and stem growth were identified, including six NtCYCDs, two NtCDKs, one NtE2F, one NtEXP10, one NtSTM, one NtKNATs, and two NtASs. The result of qRT-PCR showed that two D-type cyclins (NtCYCD3 and NtCYCD7) were significantly upregulated (Figure 7), which is similar to the report of homologous genes. For example, AtCYCD3;3 is involved in the lateral bud and root tip differentiation of Arabidopsis (Gaudin et al., 2000), while AtCYCD7 regulates the development of embryo and root tip (Sornay et al., 2015). The CDKB is specific in plants (Boudolf et al., 2001), and CDKB2-GUS fusion protein showed intermittent expression patterns in Arabidopsis meristem (Adachi et al., 2006). The result of qRT-PCR showed that NtCDKA1 and NtCDKB1 were significantly upregulated, which is consistent with the report that CYCD and CDKA can form complexes (Mendez et al., 2020). The change of E2F expression can cause cell division and elongation of RAM and change the expression of some cell cycle regulatory factors, including E2Fa, E2Fb, and E2Fe/DEL1 (Sozzani et al., 2009). The result of qRT-PCR showed that the expression of downstream division gene NtE2F was significantly upregulated, suggesting that the interaction among E2Fs may control the cell proliferation during organ formation and tissue development. Stem and leaf development-related genes (NtSTM, NtKNAT1, NtAS1, and NtAS2) were also upregulated in transgenic lines. AS gene regulates the paraxial and abaxial polarity development in leaves (Rast and Simon, 2012). The loss of the ANT gene function leads to the formation of small organs, while its overexpression increases the size of organs (Mizukami and Fischer, 2000). KNAT, mainly expressed in apical meristem, is inhibited by auxin and AS gene, and it participates in meristem regulation by cytokinin and CYCD3 together with STM gene (Scofield et al., 2013).

In this study, the heterologous expression in tobacco may not always reflect the endogenous biological function in native species. Obtaining transgenic poplars to verify the phenotypic changes and evaluating the role of cis-elements in the regulation of flower organ and stem development is recommended to be the main objective in the future.
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CRISPR/Cas-mediated genome editing is a powerful approach to accelerate yield enhancement to feed growing populations. Most applications focus on “negative regulators” by targeting coding regions and promoters to create nulls or weak loss-of-function alleles. However, many agriculturally important traits are conferred by gain-of-function alleles. Therefore, creating gain-of-function alleles for “positive regulators” by CRISPR will be of great value for crop improvement. CYP78A family members are the positive regulators of organ weight and size in crops. In this study, we engineered allelic variation by editing tomato KLUH promoter around a single-nucleotide polymorphism (SNP) that is highly associated with fruit weight. The SNP was located in a conserved putative cis-regulatory element (CRE) as detected by the homology-based prediction and the Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq). Twenty-one mutant alleles with various insertion and deletion sizes were generated in the LA1589 background. Five mutant alleles (m2+4bp, m3+1bp, m5–1bp, m13–8bp, and m14–9bp) showed a consistent increase in fruit weight and a significant decrease in the proportion of small fruits in all experimental evaluations. Notably, m2+4bp and m3+1bp homozygote significantly increase fruit weight by 10.7–15.7 and 8.7–16.3%, respectively. Further analysis of fruit weight based on fruit position on the inflorescence indicated that the five beneficial alleles increase the weight of all fruits along inflorescence. We also found that allele types and transcriptional changes of SlKLUH were poor predictors of the changes in fruit weight. This study not only provides a way of identifying conserved CRE but also highlights enormous potential for CRISPR/Cas-mediated cis-engineering of CYP78A members in yield improvement.

Keywords: tomato, KLUH, fruit weight, CRISPR/Cas, promoter, cis-regulatory element


INTRODUCTION

As populations grow and the climate changes, demands for increased crop productivity continue across the world (Tilman et al., 2011; Ray et al., 2013). However, the rate of crop yield increase driven by conventional breeding technologies is not on pace to meet the increasing demands for food (Godfray et al., 2010; Ray et al., 2013; Long et al., 2015; Gao, 2018; Willmann, 2018; Hickey et al., 2019; Wolter et al., 2019). Yield and produce size are complex quantitative traits controlled by multiple genes. Despite enormous efforts made in the identification of yield-related genes in various crops, the implementation of these alleles in breeding further yield improvements is limited due to the low levels of genetic diversity stemming from long-term domestication and intensive selection (Zuo and Li, 2014; Kumar et al., 2017). Furthermore, yield and fruit size are regulated by numerous quantitative trait loci (QTLs) with subtle effects, and the identification and introgression of natural mutations are time-consuming and laborious (Doebley et al., 2006; Shi and Lai, 2015; Birchler, 2017). Therefore, the development of innovative technologies toward yield increases is essential to expand phenotypic diversity and accelerate yield enhancement to feed a growing population.

The CRISPR/Cas technologies have been successfully applied for crop improvement (Rodriguez-Leal et al., 2017; Gao, 2018; Chen et al., 2019; Hua et al., 2019; Mao et al., 2019; Zhang et al., 2019; Zhu et al., 2020). However, CRISPR/Cas-mediated genome editing has mainly focused on coding regions to produce loss-of-function mutants (Pandiarajan and Grover, 2018; Wolter and Puchta, 2018; Korotkova et al., 2019; Li Q. et al., 2020). While this application widely favors reverse genetic approaches for many domestication traits (Li et al., 2018; Zsogon et al., 2018), loss-of-function mutations often result in developmental defects that would hamper their applications in crop improvement (Xu et al., 2015; Swinnen et al., 2016; Morineau et al., 2017; Li C. et al., 2020). On the other hand, engineering cis-regulatory motifs (cis-engineering) within non-coding regions could result in fine-tuning gene expression and generate phenotypic diversity with less pleiotropic or deleterious effects than loss-of-function alleles (Swinnen et al., 2016; Rodriguez-Leal et al., 2017; Pandiarajan and Grover, 2018; Wolter and Puchta, 2018; Huang et al., 2020; Li C. et al., 2020; Liu et al., 2021).

The downregulation of gene expression as the result of the editing of cis-regulatory regions in genes which are negative regulators of a desirable trait has been successful in crop improvement (Duan et al., 2016; Jia et al., 2016; Holme et al., 2017; Peng et al., 2017; Rodriguez-Leal et al., 2017; Hummel et al., 2018; Li et al., 2018; Jia et al., 2019; Korotkova et al., 2019; Oliva et al., 2019; Huang et al., 2020; Li C. et al., 2020; Liu et al., 2021). However, many agriculturally important traits are conferred by dominant gain-of-function mutations (Korotkova et al., 2017; Li et al., 2017; Korotkova et al., 2019). Therefore, the generation of gain-of-function alleles in the promoters of positive regulators of traits could lead to the modulation of gene expression levels and tissue or temporal-specific expression patterns that would have great value for crop improvement.

CYP78A family members are recognized as positive regulators of organ weight and size in many crops, such as tomato (Zhang, 2012; Chakrabarti et al., 2013; Li et al., 2021), rice (Nagasawa et al., 2013; Yang et al., 2013; Maeda et al., 2019), wheat (Ma et al., 2015a,b), maize (Sun et al., 2017), soybean (Wang et al., 2015; Zhao et al., 2016), pepper (Chakrabarti et al., 2013), Jatropha curcas (Tian et al., 2016), and sweet cherry (Qi et al., 2017). Tomato KLUH (SlKLUH) underlies the fruit weight locus fw3.2. SlKLUH copy number is positively associated with fruit weight whereas knockout or knockdown SlKLUH often results in smaller fruits as well as other growth defects, including tiny inflorescences and infertile flowers (Chakrabarti et al., 2013; Alonge et al., 2020).

Previously, we identified a potential regulatory SNP, named M9 SNP, in the promoter of SlKLUH which is highly associated with fruit weight. Thus, the M9 SNP was proposed to be the causative variant of the fw3.2 locus (Chakrabarti et al., 2013). However, a recent study demonstrated that an ∼50-kbp tandem duplication, rather than the M9 SNP, that includes SlKLUH underlies fw3.2, giving rise to 2- to 3-fold higher expression of SlKLUH and larger fruits. In this study, we found that the four tandem repeats are conserved motifs in the promoter of SlKLUH orthologs detected by homology-based prediction and Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq). The putative conserved motif was edited by CRISPR/Cas9 with a single guide RNA (gRNA) which included the M9 SNP to generate a total of 21 alleles. From these, we produced a series of homozygous transgene-free mutants showing a range of fruit weight variations. Among them, five mutant alleles (m2+4bp, m3+1bp, m5–1bp, m13–8bp, and m14–9bp) confer increased fruit weight with subtle effects in tomato in three experimental evaluations. Our data indicate that within tomato, cis-engineering of “positive regulators” using CRISPR/Cas9 has the potential for the improvement of quantitative traits. Furthermore, the application of cis-engineering of “positive regulators” to generate beneficial variants and the alleles generated in the conserved motifs in the promoter of SlKLUH identified are likely applicable to diverse crops.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

LA1589 carries a single copy of fw3.2 and a wild-type (wt) allele of the M9 SNP. Seeds were sown directly in the soil in 72-count 6 pack trays and grown in a growth chamber under 16-h light/8-h dark photoperiod for 5–6 weeks. The 5- to 6-week-old seedlings were transplanted into 2.45 L pots and were cultivated in a greenhouse under 16-h light/8-h dark photoperiod in Athens, GA, United States. All the plants of each experimental evaluation were randomly arranged in the greenhouse.



Guide RNA Design, CRISPR/Cas9 Construct, and Plant Transformation

The gRNA targeting the M9 SNP was designed using the CRISPR-P tool1 (Lei et al., 2014). The CRISPR/Cas9 construct was assembled using the Golden Gate cloning method as previously described (Wu et al., 2018). Electroporation was used to introduce the final binary vector into Agrobacterium tumefaciens strain LBA4404, which was kindly provided by Dr. Joyce Van Eck, Cornell University. The LBA4404 harboring the binary vector was used for the transformations of LA1589. The genetic transformations of LA1589 were performed as described (Gupta and Van Eck, 2016) at Wayne Parrott’s Laboratory, University of Georgia.



Genotyping Edited Plants and Recovery of Homozygous Progenies

For genotyping of T0 transgenic plants, genomic DNA was extracted from leaves and was used for genotyping by PCR for the presence of the Cas9 using two specific primer pairs (14EP426/14EP427; 14EP438/14EP439) on the Cas9 coding region. The target region was amplified by PCR from the genomic DNA using specific primers flanking the gRNA target sites (17EP42/17EP47). The PCR products were purified and directly sequenced by Sanger sequencing. The mutations in T0 generation were analyzed by decoding sequencing chromatograms (Ma et al., 2015c).

T0 transgenic plants were backcrossed to LA1589, and the seeds of the F1 generation were extracted and sown in 288-well plastic flats. Each progeny was genotyped by PCR using primer flanking of the target region (17EP218/EP2460), and PCR products were resolved on 3.5% (w/v) agarose gel. The progenies harboring small indels that cannot be easily identified by PCR assay were further genotyped by Derived Cleaved Amplified Polymorphic Sequences (dCAPS)-BsrBI, dCAPS-AciI, and dCAPS-HaeIII. For Cas9-free F1 plants, they were self-pollinated for the generation of homozygous mutants in the F2 generation. For the F1 plants carrying the Cas9 transgene, they were backcrossed with LA1589, and the Cas9-free homozygotes were obtained in the F3 generation. All the mutant alleles from the selected plants in F1, F2, and F3 generations were confirmed by Sanger sequencing, and the presence of Cas9 was determined by two specific primers in its coding region (Supplementary Table 4).



Phenotyping

The phenotyping was performed on homozygous mutants with three experimental evaluations during 2018 and 2019, each with at least three plants per genotype (Supplementary Table 3). Three stems were kept and trained on a bamboo stick, respectively. We kept six inflorescences per plant with eight fruits on each inflorescence. All the flowers were pollinated by hand. We numbered the fruit position from 1 to 8 according to the proximal to distal positions on each inflorescence, and the inflorescences were numbered on each plant from 1 to 6 according to the harvesting time. The fruit weight was measured individually using a precision balance (VWR 64B). For fruit weight distribution analysis, fruits were grouped into four categories based on the quartiles of the fruit weight from all genotypes in each experimental evaluation.



RNA Extraction and Quantitative Real-Time PCR

Since SlKLUH showed very low expression in developing fruits and very high expression in young flower buds in LA1589 (Chakrabarti et al., 2013), young flower buds at 9–13 days post initiation (dpi) (Supplementary Figure 7) were collected from at least three inflorescences per plant. Total RNA from meristems was then extracted using the TRIzol® Reagent (Thermo Fisher, United States). Total RNA was used for cDNA synthesis with a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher, United States). Quantitative real-time PCR (qRT-PCR) was performed with gene-specific primers using the SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad, United States) reaction system on the CFX96 Real-Time system (Bio-Rad, United States), following manufacturer’s instructions. Clathrin adaptor complexes medium subunit (CAC) gene was used as an internal control (González-Aguilera et al., 2016; Supplementary Table 4).



Statistical Analysis

Statistical analysis was performed in R. The information of the statistical test is given in the respective figures.




RESULTS


Generation of Novel Cis-Regulatory Alleles by CRISPR/Cas9 in LA1589

The M9 SNP is located within the second repeat of four 30-bp tandem repeats (Supplementary Figure 1). Homology-based prediction using Multiple Em for Motif Elicitation (MEME) indicated that the four tandem repeats are conserved motifs in orthologous KLUH promoters (Figure 1A), suggesting that the motifs might be the important regulatory elements of the CYP78A genes. Since active gene regulatory elements are associated with open chromatin (Zhu et al., 2015; Lu et al., 2019; Yan et al., 2020), ATAC-seq was utilized in tomato meristem and leaf tissues (Hendelman et al., 2021). Significant peaks covering the repeats were detected in both tissues, indicating that this region might be an important regulatory region of SlKLUH (Figure 1B). Many genetic changes underlying traits of economic importance reside in cis-regulatory elements (CREs) and cis-engineering mediated by CRISPR/Cas for crop improvement can be utilized to expedite the modification of these CREs (Li Q. et al., 2020; Hendelman et al., 2021). Therefore, we hypothesized that engineering fruit weight variation could be implemented by editing the presumptive CRE of SlKLUH.
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FIGURE 1. Identification of putative cis-regulatory element in SlKLUH promoter using homology-based prediction and ATAC-seq. (A) Conserved motif analysis in the promoters of CYP78A members. The unrooted phylogenetic tree was depicted by the MEGA program with the neighbor-joining (NJ) method using full protein sequences of 15 CYP78As from tomato (Sl), pepper (Capana03g000903), potato (PGSC0003DMT400063324), Arabidopsis (At), rice (Os), wheat (Ta), soybean (Gm), maize (Zm), and sweet cherry (Pa). To identify the conserved motifs, the 2-kb upstream region of the start codon of the KLUHs was analyzed in MEME with the following parameters: “nmotifs 3, minw 6, maxw 30”; (B) ATAC-seq indicated that the target region was located in open chromatin. The data were visualized by the Integrative Genomics Viewer. The peaks at the target region were indicated by red shading; (C) A schematic map of the gRNA-targeted site. The protospacer adjacent motif (PAM) site and gRNA were highlighted in pink and cyan, respectively. The four tandem repeats in promoter were indicated by R1, R2, R3, and R4. TSS, transcription start site.


We tested the hypothesis by targeting the CRE using CRISPR/Cas9 with a single gRNA in the wild relative of the cultivated tomato LA1589 (Solanum pimpinellifolium) (Figure 1C). Seven first-generation transgenic (T0) individuals were obtained (Supplementary Figure 2). The disrupted target sites detected by PCR and Sanger sequencing suggested that two plants were biallelic for m3+1bp/m9–5bp (T0–1) or m3+1bp/m6–2bp (T0–15), two plants were homozygous for m6–2bp (T0–9) or m16–10bp (T0–11), and other two plants were heterozygous for m3+1bp (T0–12) or chimeric for at least three alleles (T0–10) (Supplementary Figure 2 and Supplementary Table 1).

To enrich for SlKLUH promoter mutant alleles covering a range of fruit weight variations, the CRISPR/Cas9-driven mutagenesis approach was utilized (Rodriguez-Leal et al., 2017). A sensitized population of 719 F1 plants was generated by the backcrossing of T0 lines with LA1589 and genotyped by PCR and Restriction Enzyme (PCR/RE) analysis (Supplementary Figure 3). F1 progenies from T0–9 crossed to LA1589 resulted in the identification of three new alleles, namely, m2+4bp, m14–9 bp, and m21–60 bp, based on indels observed by gel electrophoresis mobility shift after PCR using primers flanking the target region (Figure 2; Supplementary Figure 3; Supplementary Table 2). To identify small indels that are different from m6–2bp or wt, we developed a screen scheme that exploits dCAPS analysis according to the sequences of m6–2bp and wt and the recognition sequences of the three REs (BsrBI, HaeIII, and AciI). The remaining progenies were genotyped by dCAPS-BsrBI, which can digest m6–2bp and wt. The new mutations that do not carry the restriction site for the digestion with BsrBI were further analyzed by dCAPS-HaeIII and/or dCAPS-AciI, by which we identified one plant heterozygous for m8–4bp (Figure 2; Supplementary Figure 4; Supplementary Table 2). With this approach, we identified another 13 new alleles from the progenies of T0–10, T0–12, and T0–15 (Figure 2; Supplementary Figure 4; Supplementary Table 2).
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FIGURE 2. CRISPR/Cas9-induced mutations in LA1589. PAM and gRNA are highlighted in pink and cyan, respectively. The four tandem repeats in promoter were indicated by R1, R2, R3, and R4. The black arrow and blue dashed line indicate the position of the M9 SNP in LA1589 and all the 21 mutants, respectively. Inserted and deleted nucleotides were shown in red and gray, respectively. m, mutant allele. The mutant alleles were numbered 1 through 21 according to the length of the alleles. For the subscripts of the mutant alleles, (-) indicates deletions followed by the number of bp deleted, (+) indicates insertions followed by the number of bp inserted.


Collectively, a total of 21 mutant alleles were created in the LA1589 background (Figure 2 and Supplementary Table 2), including three insertion alleles (1, 4, and 98 bp) and deletions of various sizes (from 1 to 60 bp) (Figure 2). Cas9 often cleaves double-strand DNA at a position of 3-bp upstream of the protospacer adjacent motif (PAM) sequence, and most mutations occurred at the 4th base from the PAM site (Jinek et al., 2012). However, we found that eight alleles (m5–1bp, m9–5bp, m11–7bp, m12–8bp, m15–9bp, m17–10bp, m19–18bp, and m21–60bp) did not occur right upstream of the predicted double-strand break (DSB) position. These results indicated the high efficiency of the CRISPR/Cas9-driven mutagenesis screen approach creating a collection of novel mutant alleles, including unexpected mutations, in tomatoes. F1 plants carrying novel alleles that were Cas9 positive were backcrossed to LA1589 to segregate away the Cas9 transgene to avoid further edits and minimize off-target effects. The Cas9-free mutants homozygous for these mutant alleles were obtained in F2 and F3 generations and used for further analysis.



Evaluation of Novel Cis-Regulatory Alleles for Fruit Weight Variation

The plants homozygous for the 21 alleles were grown in December 2018 with at least three plants per genotype (Supplementary Table 3). They displayed a continuum of fruit weight variation between 0.92 and 1.14 g (Figure 3A and Supplementary Table 3). Compared to LA1589, plants homozygous for nine alleles (m2+4bp, m3+1bp, m5–1bp, m18–11bp, m13–8bp, m14–9bp, m21–60bp, m1+98bp, and m17–10bp) showed more than 5% variation in fruit weight (Figure 3A). Notably, fruit weight of m2+4bp, m3+1bp, m5–1bp, m18–11bp, m13–8bp, and m14–9bp homozygotes was greater by 10.68, 8.74, 8.74, 8.74, 7.77, and 7.77% compared to LA1589, respectively. In contrast, fruit weight decreased by 8.74, 9.71, and 10.68% for m21–60bp, m1+98bp, and m17–10bp, respectively (Figure 3A and Supplementary Table 3).
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FIGURE 3. The effects of mutant alleles on fruit weight in three experimental evaluations. (A) Fruit weight differences from LA1589. Each data point represents the fruit weight differences of the mutant (in percentage) to the LA1589. Up and down triangle indicates significantly greater or lower than LA1589 (two-tailed Student’s t-test, P < 0.05), respectively, and the circle represents no significant difference of the mutant relative to LA1589; (B) Percentage distribution of the fruit weight according to fruit weight quartile. Fruits were grouped by their weight into four categories based on the quartiles of fruit weight in all genotypes in each replicate. Each quartile is indicated by a different color, and the fruit range within each quartile is shown in the upper part. A quantitative plot was generated using the data from December 2018. Asterisks denote significant difference (*P < 0.05; **P < 0.01; ***P < 0.001) of the proportion of small fruit (gray bar) between mutant and LA1589 as determined by chi-squared test. NS, non-significant difference; -, not evaluated.


We then selected eight mutant alleles for further analysis, including five larger-fruited alleles (m2+4bp, m3+1bp, m5–1bp, m13–8bp, and m14–9bp) and three smaller-fruited alleles with large insertion/deletions (m1+98bp, m20–46bp, and m21–60bp). Notably, statistically significant increases in average fruit weight were observed in plants homozygous for m2+4bp and m3+1bp (Figure 3A and Supplementary Table 3). The increased fruit weight of the homozygotes m5–1bp, m13–8bp, and m14–9bp was still observed and showed 5% or more variation in fruit weight compared to LA1589 in May 2019 and/or September 2019 (Figure 3A and Supplementary Table 3). Collectively, m2+4bp, m3+1bp, m5–1bp, m13–8bp, and m14–9bp homozygous mutants had 14.07, 9.60, 5.09, 6.26, and 7.06% greater fruit weight compared to the LA1589 (Figure 3A and Supplementary Table 3). However, the smaller-fruited alleles with large insertions/deletions, m1+98bp, m20–46bp, and m21–60bp, had inconsistent effects on fruit weight between December 2018 and September 2019 (Figure 3A and Supplementary Table 3), potentially due to environmental effects. In the following experiments, we focused only on the larger fruit mutant alleles (m2+4bp, m3+1bp, m5–1bp, m13–8bp, and m14–9bp) as they showed consistent effects on fruit weight across all experimental evaluations.

To better describe the increased fruit weight in the mutants homozygous for m2+4bp, m3+1bp, m5–1bp, m13–8bp, and m14–9bp, we performed a fruit weight distribution analysis. Fruits were grouped into four categories based on the quartiles of fruit weight in all genotypes in each experimental evaluation. The mutant alleles displayed a range of quantitative effects on the distribution of fruit weight in each experimental evaluation (Supplementary Figure 5). Importantly, the five large-fruited alleles (m2+4bp, m3+1bp, m5–1bp, m13–8bp, and m14–9bp) showed a significant decrease in the proportion of the small fruits (gray bar) across all or the majority of the experimental evaluations (Figure 3B and Supplementary Figure 5). The results indicated that the decreased proportion of the small fruits is responsible for the increased fruit weight in the five mutants.



The Effects of the Five Mutant Alleles on Fruit Weight Based on Fruit Position on Inflorescence

Previous studies in the domesticated tomato demonstrated that fruits in the same inflorescence generally differ in size from the larger ones at the proximal position (Beadle, 1937; Bangerth and Ho, 1984) and similar results were also observed in LA1589 (Supplementary Figure 6). Fruit weight showed a decreasing trend from the 1st (proximal) to 8th (distal) fruit in the inflorescence, and the decrease rate of fruit weight was 29.1% in December 2018, 35.0% in May 2019, and 13.8% in September 2019 (Supplementary Figure 6).

Given that the five mutant alleles can increase fruit weight and decrease the proportion of small fruits, we hypothesized that this could be achieved by reducing the decreasing trend along with the position of an individual inflorescence or increasing the weight of all fruits on each inflorescence. To explore this, two-way ANOVA was performed using the weight and position along the inflorescence. As expected, the fruit weight was significantly affected by genotype and fruit position (P < 0.05) (Table 1). However, the interaction of genotype and fruit position had no significant effect (P > 0.05) in all experimental evaluations (Table 1 and Figure 4), indicating that the five mutant alleles had no significant effect on the rate of fruit weight decrease along inflorescence. Therefore, the five mutant alleles can increase the weight of all fruits along inflorescence without affecting the decreasing rate.


TABLE 1. Results of two-way ANOVA and Tukey’s honestly significant difference (HSD) test examining the influence of genotype and fruit position along inflorescence on fruit weight in each replication.
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FIGURE 4. The effects of genotype and fruit position on fruit weight. (A) Linear regression between fruit weight and fruit position. Because the interaction of genotype and fruit position had no significant effect, the slopes of the regression lines are equal; in other words, the regression lines are parallel to each other in each replicate. Each data point is the mean fruit weight of each fruit position in one plant; (B) Schematic diagram shows the increased fruit weight along inflorescence in the mutants (lower panel) compared to LA1589 (upper panel).




Non-linear Relationships Between Allele Types, Expression Levels, and Phenotypic Changes

The effects of promoter mutations on the phenotypic changes are often unpredictable and unexpected due to the complexity of transcriptional controls (Rodriguez-Leal et al., 2017). In this study, eight alleles (m1+98bp, m2+4bp, m3+1bp, m4–1bp, m5–1bp, m6–2bp, m7–3bp, and m15–9bp) had the unaltered wt M9 SNP (Figure 2), among which m2+4bp, m3+1bp, and m5–1bp showed an increase in fruit weight, while other five showed no or inconsistent effects on fruit weight in this study (Figure 3 and Supplementary Table 3). These results suggested that the M9 SNP had no or minor effects on tomato fruit weight, which was supported by the finding of the SlKLUH gene duplication underlying fw3.2(Alonge et al., 2020). In addition, although many alleles shared overlapping deletions, they had different phenotypic effects. For example, m13–8bp and m14–9bp showed consistent effects on increasing fruit weight, while m20–46bp and m21–60bp had opposite effects on fruit weight between December 2018 and September 2019 (Figure 3A and Supplementary Table 3).

Given that the lower expression of SlKLUH results in smaller fruits (Chakrabarti et al., 2013; Alonge et al., 2020), we tested whether the expression levels of SlKLUH were upregulated in the mutants homozygous for the five larger fruit mutant alleles. We evaluated the SlKLUH expression in young flower buds at 9–13 dpi (Supplementary Figure 7). Although increased fruit weight was observed for the five large-fruited mutant alleles compared to LA1589, the SlKLUH expression levels from them are comparable to LA1589 (Figure 5A). Remarkably, there was a low correlation between the SlKLUH expression levels and fruit weights (Figure 5B). Similar findings were also observed for the tomato lc allele that is caused by two SNPs in a 15-bp repressor element downstream of tomato WUSCHEL (SlWUS) (van der Knaap et al., 2014; Rodriguez-Leal et al., 2017). Subtle differences in SlWUS expression level were not captured by RT-PCR, resulting in larger fruit size (Muños et al., 2011; van der Knaap et al., 2014; Rodriguez-Leal et al., 2017). These results support that allele types and transcriptional changes are poor predictors of phenotypic changes as previously noted (Rodriguez-Leal et al., 2017; Hendelman et al., 2021).
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FIGURE 5. Non-linear relationships between transcriptional change for SlKLUH and fruit weight variation. (A) SlKLUH expression and fruit weight analyses of the m2+4bp, m3+1bp, m5–1bp, m13–8bp, and m14–9bp homozygotes; (B) The correlation between SlKLUH expression and fruit weight. Each point represents one plant per genotype. Two experimental evaluations were taken, each with four to five plants per genotype. The m13–8bp and m14–9bp homozygotes were only included in one experimental evaluation.





DISCUSSION

Expanding genetic diversity is of great importance for fine-tuning quantitative traits. However, the reduced genetic variation in modern crops limits the resources that breeders have available to cause subtle changes in agronomic traits (Birchler, 2017; Xing et al., 2020). CRISPR/Cas-mediated cis-engineering holds great promise to fine-tune quantitative traits that are highly valued in crop improvement such as yield and produce size (Rodriguez-Leal et al., 2017; Pandiarajan and Grover, 2018; Wolter and Puchta, 2018; Li Q. et al., 2020).

Mutations in the promoter often result in unexpected transcriptional and phenotypic changes due to the complexity of transcriptional control (Rodriguez-Leal et al., 2017; Shrestha et al., 2018; Cui et al., 2020; Huang et al., 2020). This is especially true for editing promoters with several gRNAs or unknown CREs. Contrary to this, mutating CREs with known functions can generate predictable quantitative variation or traits. One remarkable example is the disruption of the CArG element, a repressor motif downstream of SlWUS, leading to larger fruits with more locules (Rodriguez-Leal et al., 2017; Li et al., 2018). Two recent studies in rice reported that bacterial blight-resistant plants were created through CRISPR/Cas editing of the transcription-activator-like effector (TALe)-binding element (EBE) in the promoter of SUGARS WILL EVENTUALLY BE EXPORTED TRANSPORTERS (SWEET) genes (Oliva et al., 2019; Li C. et al., 2020). In another example in rice, the modification of the GT-1 element that is responsible for salt induction of OsRAV2 confers adaptive salt responses (Duan et al., 2016). These studies highlight the great value for de novo discovery and characterization of CREs for boosting CRISPR/Cas-mediated cis-engineering in crop improvement.

The identification of conserved motifs by comparing promoter sequences of orthologous genes from different plants is one of the effective ways of de novo CRE discovery (Li Q. et al., 2020). Initially, no well-known or previously described CREs were identified in the target site using PLACE and PlantCARE. However, three conserved motifs that correspond to the four tandem repeats in the SlKLUH promoter were identified by the comparative analysis of the orthologous KLUH promoters. These data, together with the results of the ATAC-seq, directed us to engineer the specific CRE including the M9 SNP using CRISPR/Cas9. While knockout or constitutive knockdown of SlKLUH leads to growth defects and infertile phenotypes (Chakrabarti et al., 2013; Alonge et al., 2020), all the novel promoter alleles generated had normal growth and fertility in our study, supporting the notion that the modifications of cis-regulatory regions can benefit crop improvement or breeding with no or less deleterious effects (Swinnen et al., 2016; Rodriguez-Leal et al., 2017; Li Q. et al., 2020). Overall, the deletion alleles had no or weak positive effects on fruit weight, whereas the alleles with insertions except for m1+98bp significantly increased fruit weight. Importantly, consistent and reproducible results were observed for the five mutant alleles showing significant changes in fruit weight, indicating that the deletions and insertions may have generated novel CREs in the SlKLUH promoter, resulting in larger fruit without a detrimental impact, especially for the 1- and 4-bp insertions. However, the mechanistic aspects of increased fruit weight are not known. Therefore, m2+4bp and m3+1bp show great potential for breeding by introducing them into elite tomato cultivars using precision genome editing. In addition, the conserved motifs were also identified in the promoter of KLUHs in potato, pepper, soybean, rice, wheat, maize, and sweet cherry (Figure 1), suggesting that our approach could be applicable to engineer fruit or seed size variation with KLUHs in these crops.

Promoter editing has revealed complex relationships between allele types, transcriptional changes, and phenotypic changes which remain to be fully elucidated (Rodriguez-Leal et al., 2017). However, they can have positive effects on agronomically important traits. In this study, we observed positive changes in fruit weight in the five large-fruited mutants, especially mutants homozygous for m2+4bp and m3+1bp; however, no simple linear relationship between expression level and fruit weight changes was observed (Figures 3, 5). This may be due to the complexity of transcriptional control and the pleiotropic regulation of genes by differing elements within the promoter to control the additional aspects of gene expression, such as spatial-temporal specificity, and has been observed in other studies editing multiple CREs (Rodriguez-Leal et al., 2017; Hendelman et al., 2021; Liu et al., 2021). It is possible that larger fruits are due to changes in SlKLUH expression at developmental stages not sampled or at levels not detectible by qRT-PCR, such as changes in cell types expressing SlKLUH. Therefore, using CRISPR/Cas-mediated promoter engineering to screen for desirable traits at the phenotypic level may be more practical for crop improvement than detecting transcriptional changes. Moreover, the role of the putative CRE harboring the M9 SNP in fruit weight regulation needs to be further investigated.

In summary, this study identified a putative conserved CRE by combining homology-based prediction, ATAC-seq, and CRISPR/Cas9, which is applicable to diverse genes and crops. Five alleles, namely, m2+4bp, m3+1bp, m5–1bp, m13–8bp, and m14–9bp, were created by editing the CRE that showed increased fruit weight and potential for breeding. This study not only provides a way of identifying conserved CRE but also highlights the enormous potential for CRISPR/Cas-mediated cis-engineering of CYP78A members in yield improvement.
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Supplementary Figure 1 | Sequence alignment of the four tandem repeats in SlKLUH promoter. The tandem repeats were identified by TANDEM REPEATS FINDER (https://tandem.bu.edu/trf/trf.basic.submit.html). In each pair of lines, the actual sequence is on the top and a consensus sequence for all the copies is on the bottom. The numbers at the beginning of the actual sequences indicate the positions relative to the translation start codon starting from the adenosine (+1). Red letters indicate mismatches. Y with green highlight indicates the M9 SNP (C-Wild type; T-Cultivated).

Supplementary Figure 2 | PCR genotyping of T0 transgenic lines. Blue arrowhead indicated heteroduplex.

Supplementary Figure 3 | Detection novel mutant alleles in the target site. Left panel, Sequences of the six mutant alleles with small indels (less than 5 bp) and recognition sequences of the three restriction enzymes (REs). Inserted and deleted nucleotide(s) were shown in red and gray, respectively. The yellow highlighted nucleotides indicate the mismatches to the wild-type (wt) allele. Right panel, Schematic of the PCR and RE assay. The short lines with different colors and dash types indicate the alleles that were shown in the left panel.

Supplementary Figure 4 | PCR/RE analysis-based genotyping of F1 plants. The small indels that cannot be easily observed by gel electrophoresis mobility shift using PCR assays will be genotyped by dCAPS-BsrBI, dCAPS-HaeIII, and dCAPS-AciI. The primers of PCR/RE assays were listed in Supplementary Table 4. The corresponding plant numbers of the alleles were shown in Supplementary Table 2.

Supplementary Figure 5 | Fruit weight distribution analysis of mutants in LA1589 background in December 2018 (A), May 2019 (B), and September 2019 (C). Data are presented as the percentage of fruits per fruit weight category. Asterisks denote significant difference (*P < 0.05; **P < 0.01; ***P < 0.001) of the proportion of small fruit (gray bar) between mutants and LA1589 as determined by chi-squared test.

Supplementary Figure 6 | Fruit weight analysis based on fruit position on inflorescence in LA1589. (A) Fruit weight decreases from proximal to the distal end. Fruit position 1–8 indicates the 1st (proximal) to 8th (distal) fruit on inflorescence as shown in panel (B).

Supplementary Figure 7 | Young flower buds at 9–13 days post initiation (dpi) indicated by red arrows are used for SlKLUH expression quantification.


FOOTNOTES

1
http://cbi.hzau.edu.cn/cgi-bin/CRISPR
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Lateral roots (LRs) occupy a large part of the root system and play a central role in plant water and nutrient uptake. Monocot plants, such as rice, produce two types of LRs: the S-type (short and thin) and the L-type (long, thick, and capable of further branching). Because of the ability to produce higher-order branches, the L-type LR formation contributes to efficient root system expansion. Auxin plays a major role in regulating the root system development, but its involvement in developing different types of LRs is largely unknown. Here, we show that auxin distribution is involved in regulating LR diameter. Dynamin-related protein (DRP) genes were isolated as causative genes of the mutants with increased L-type LR number and diameter than wild-type (WT). In the drp mutants, reduced endocytic activity was detected in rice protoplast and LRs with a decreased OsPIN1b-GFP endocytosis in the protoplast. Analysis of auxin distribution using auxin-responsive promoter DR5 revealed the upregulated auxin signaling in L-type LR primordia (LRP) of the WT and the mutants. The application of polar auxin transport inhibitors enhanced the effect of exogenous auxin to increase LR diameter with upregulated auxin signaling in the basal part of LRP. Inducible repression of auxin signaling in the mOsIAA3-GR system suppressed the increase in LR diameter after root tip excision, suggesting a positive role of auxin signaling in LR diameter increase. A positive regulator of LR diameter, OsWOX10, was auxin-inducible and upregulated in the drp mutants more than the WT, and revealed as a potential target of ARF transcriptional activator. Therefore, auxin signaling upregulation in LRP, especially at the basal part, induces OsWOX10 expression, increasing LR diameter.
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INTRODUCTION

The root system in rice comprises main roots, including an embryonic seminal root (SR) and shoot-borne crown roots (CRs), and their lateral roots (LRs). LRs are classified as S- and L-types based on their distinct morphological and anatomical characteristics (Kawata and Shibayama, 1965; Kono et al., 1972; Yamauchi et al., 1987). S-type LRs are thinner and shorter than L-types, and never produce higher order LRs. S-type LRs largely contribute to the hydraulic conductivity of the whole root system (representing water uptake ability) (Watanabe et al., 2020), while L-type LRs expand the root network in soils by producing higher-order LRs including both S- and L-types. The plastic development of LRs plays an important role for the adaptation to soil water fluctuation of rice (Suralta et al., 2018; Lucob-Agustin et al., 2021).

Plant hormone auxin plays a central role in LR formation. Under low auxin levels, Aux/IAA proteins repress auxin-responsive transcription (Ramos et al., 2001). Auxin perception by its receptor TIR1/AFB (Tan et al., 2007) promotes the ubiquitination of Aux/IAA by the TIR1/AFBs complex (Gray et al., 2001). The degradation of the ubiquitinated Aux/IAA by 26S proteasome allows auxin-responsive transcriptional regulation by ARF proteins (Gray et al., 2001). The core sequence GWPPV in domain II of Aux/IAA is required for the auxin-responsive ubiquitination of Aux/IAA, and mutations in the core sequence inhibit the auxin signaling transmission (Ramos et al., 2001). The gain-of-function mutants of Aux/IAA, from a stabilizing mutation in their domain II, decreased the number of LRs in Arabidopsis (e.g., Fukaki et al., 2002) and rice (e.g., Kitomi et al., 2012).

Auxin distribution regulated by its polar transport is crucial for root system development. The differential distribution of auxin is produced mainly by the AUXIN1/LIKE-AUX1 (AUX1/LAX) influx carrier and PIN-FORMED (PIN) efflux carriers in rice roots (Yu et al., 2016). The mutation in OsAUX1 causes defects in LR formation and root hair elongation (Zhao et al., 2015). Additionally, the over-expression of OsPIN1b increases LR density (Xu et al., 2005) and the Ospin1a Ospin1b double mutant decreases lateral and crown root numbers (Li et al., 2019). In Ospin2 mutant, the basipetal shifting of LR formation pattern was observed with higher auxin content in the SR tip (Inahashi et al., 2018). In Arabidopsis, auxin distribution changes dynamically during LR formation—auxin accumulates in pericycle cells that differentiate into LR primordia (LRP); then, gradual auxin distribution is established and maximized at the root tip by PIN proteins (Benková et al., 2003). A synthetic compound, N-1-naphthylphthalamic acid (NPA), has been used to study the role of polar auxin transport in plant tissue development, which directly binds to PIN auxin transporters and inhibits its IAA transport activity (Abas et al., 2021). In rice, NPA treatment inhibited LR formation with restricted lateral flow of auxin from the main roots to the LRs (Sreevidya et al., 2010). Therefore, proper auxin distribution by PIN proteins is important for LR formation.

Regulatory mechanisms of cellular localization of the PIN protein, crucial for directing auxin flow, have been well studied in Arabidopsis (Luschnig and Vert, 2014). During LR formation in Arabidopsis, PIN1 cellular localization changes from anticlinal to periclinal sides, which is crucial for establishing the auxin gradient and, thus, proper LR formation (Benková et al., 2003). Polar localization of PIN proteins is established by targeted exocytosis and endocytosis pathways. Guanine nucleotide exchange factors for ADP ribosylation factors (ARF-GEFs) mediate PIN exocytosis to the rootward plasma membrane in Arabidopsis roots, which is sensitive to a fungal toxin brefeldin A (BFA) (Steinmann et al., 1999; Geldner et al., 2003). BFA treatment inhibited the re-direction of PIN1 protein during LR formation in Arabidopsis (Benková et al., 2003). In rice, the mutation in ARF-GEF CRL4/OsGNOM1 caused defects in crown and lateral root formation (Kitomi et al., 2008; Liu et al., 2009). Clathrin-mediated endocytosis (CME) has a central role in PIN protein endocytosis (Dhonukshe et al., 2007; Kleine-Vehn et al., 2011; Kitakura et al., 2011). Dynamin is a large GTPase and functions in membrane scission of the clathrin-coated vesicles. In plants, dynamin-related proteins DRP1 and DRP2 are involved in CME (Fujimoto et al., 2010). In Arabidopsis, loss-of-function of DRP1A caused defects in auxin-related developmental phenotypes (Mravec et al., 2011). Regulatory mechanisms of auxin distribution and its function for root formation have been well-studied; however, the involvement of auxin distribution in the LR type determination in rice is poorly understood.

Lateral roots are derived from the pericycle and endodermal cells of the main roots in rice. The LR type is characterized during the LRP stage with distinct size of meristem formed in the two types (Kawata and Shibayama, 1965; Kawai et al., 2022a). Root tip excision was used to analyze the molecular mechanisms underlying the control of LRP size, which promotes L-type LR formation (Sasaki et al., 1984; Kawai et al., 2017, 2022b). Transcriptome analysis suggested the upregulation of auxin signaling in L-type LRP than S-types, which possibly induces the expression of OsWOX10, a positive regulator of LR diameter (Kawai et al., 2022a). In another study, a rice mutant, weg1, was selected for its promoted L-type LR formation with a wavy main root phenotype (Lucob-Agustin et al., 2020). Observation of auxin signaling using a fluorescent protein driven by the auxin-responsive promoter DR5 revealed the upregulation of auxin signaling on the convex side of curvature where L-type LRs develop (Lucob-Agustin et al., 2020). The secondary LR development is positively regulated by auxin and inhibited by strigolactone signaling (Sun et al., 2019). These studies suggest the involvement of auxin in determining the LR type. However, how the two types of LRP differ in spatiotemporal auxin distribution remains unclear.

In this study, we isolated novel rice mutants with thicker LRs than wild-type (WT). Map-based cloning revealed DRP family genes as the causative genes of mutants. The auxin signaling distribution in LRP revealed different distribution patterns in the WT and the mutants. Exogenous treatment of auxin and its polar transport inhibitors further suggested the regulation of LR diameter through auxin distribution in LRP.



MATERIALS AND METHODS


Plant Material and Growth Conditions

N-methyl-N-nitrosourea (MNU) mutagenized population of rice plants (Oryza sativa L. cv. “Taichung 65”) was obtained using the panicle-dipping method (Sato and Omura, 1979). Treated panicles were harvested to obtain M1 seeds, which were grown to obtain M2 seeds. Rice seedlings were grown hydroponically. Rice seeds were pregerminated in water mixed with fungicide [0.25% (w/v) benomyl benlate; Sumitomo Chemical Co., Japan] and placed in a growth chamber (MLR-351; Sanyo, Japan) at 28°C with continuous light for 3 days. Germinated seeds were rinsed with tap water and transferred onto plastic nets floating on 10% nutrient solution (Colmer, 2003) aerated with a pump (OX-30; Tetra-Japan, Japan) in a 9-L black plastic box (32 cm height × 19 cm length × 19 cm width). For map-based cloning, seeds of the WT, mutants, and F2 plants derived from crosses between the mutants and O. sativa “Kasalath” were grown for 2 weeks. For inducing L-type LR formation in DR5-NLS-3xVENUS and pOsAct1-mOsIAA3-GR, CRs of approximately 10 cm length were excised at 5 mm from the root tip with a cutting knife. To analyze the LR formation in pOsAct1-mOsIAA3-GR, transgenic plants were transferred prior to the root tip excision to the solution containing 50 μM dexamethasone (DEX) for different durations. The transgenic plants after the root tip excision were grown under the DEX condition for another 3 days. For chemical treatments, 4-day-old WT and mutants’ seedlings were transferred to tap water filtered by a water purifier (MX600; TORAY Industries, Japan) containing IAA and/or inhibitor (1 μM NPA or BFA) and grown for another 10 days.



Morphological Characterization

To characterize LR phenotypes in the WT and mutants, the SRs of 10-day-old seedlings were sampled and fixed in FAA solution [5 formaldehyde, 5 acetic acid, 63% ethanol (v/v)]. The LR number on sampled SRs in three diameter classes (<100 μm, S-type; ≥ 150 μm, L-type; 100–150 μm, intermediate type) was counted. The density of LRs was calculated as the LR number divided by the length of SR formed LRs. The diameter and length were measured in LRs emerged on the basal part of SRs (2–4 cm). The root segments were fully extended on a slide and images were taken with a digital camera (D90; Nikon, Japan). Diameters of the first-order LRs were measured in the basal region using a microscope (IX71; Olympus, Japan) and a micrometer. Lengths of the first-order LRs were measured from images using LIA for Win32.1

To characterize LR phenotypes in the WT and mutants with chemical treatments, SR length and the length of LR-formed region were recorded when the seedlings were transferred to the treatment solution. SR segments corresponding to the region without LRs at transfer were sampled for LR measurement.



Map-Based Cloning, Plasmid Constructs, and Plant Transformation

The linkage analysis of SSR (simple-sequence repeats) markers was performed using the F2 plants derived from crosses between each mutant and “Kasalath.” For T12-3, T3-2, and T12-36, 779, 13, and 443 F2 plants that exhibited the mutant phenotype were used for the linkage analysis, respectively. To complement the mutation, pOsDRP1C-OsDRP1C-GFP construct was transformed into T12-3. The genomic sequence of OsDRP1C from approximately –3 kb to –1 bp (OsDRP1C translation start site: + 1 bp) and the coding sequence of OsDRP1C were amplified from “Taichung 65” genomic and complementary DNA, respectively, and cloned into pENTR/D-TOPO®. The pOsDRP1C-OsDRP1C fragment was then transferred into the pGWB4 vector (Nakagawa et al., 2007) using the Gateway LR reaction. For the transient expression of OsPIN1b-GFP in rice protoplast, p35S-OsPIN1b-GFP was transformed into protoplasts of the WT and mutants. The coding sequence of OsPIN1b was amplified from “Taichung 65” complementary DNA, fused to GFP derived from the pGWB4 vector, then cloned into pGWB502Ω vector harboring 2 × 35S promoter with translation enhancer (Nakagawa et al., 2007). The 35S-OsPIN1b-GFP fragment with NOS terminator was then transferred into pENTR/D-TOPO®. The DR5-NLS-3xVENUS was constructed as previously described (Lucob-Agustin et al., 2020). The pOsAct1-mOsIAA3-GR was constructed as previously described (Nakamura et al., 2006). Briefly, the coding sequence of OsIAA3 (Os12g0601400) was amplified and a nucleotide substitution in domain II (P58L) by PCR was introduced and then fused to the pAct-GR-Hm2 vector harboring rice Actin 1 promoter and the steroid-binding domain of the human GR. The primers used in this study are listed in Supplementary Table 1. The fusion constructs were introduced into Agrobacterium tumefaciens strain EHA105 by electroporation. The Agrobacterium-mediated transformation of rice was then performed as described elsewhere (Hiei et al., 1994; Ozawa, 2009). Transgenic plants were selected on Murashige and Skoog (MS) medium containing 50 mg/l hygromycin at 30°C.



Microscopic Observation

Crown root sections were sampled to observe DR5-NLS-3xVenus expression in the LRP of the WT and mutants. The samples were fixed in 4% paraformaldehyde (w/v) and stained with 5 μg/ml DAPI (4′,6-Diamidino-2-phenylindole Dihydrochloride; Wako, Japan) for 1 h, then cleared with iTOMEI (TCI, Japan) (Sato et al., 2022; Sakamoto et al., 2022), or embedded in a 3% (w/v) agar medium then cross-sectioned into 50 μm thick slices with a linear slicer (DYK-1000N; Dosaka EM Co., Japan). The samples were viewed under a confocal laser scanning microscope (FV3000; Olympus, Japan). Venus fluorescence was excited at 488 nm and detected at 510–530 nm, while DAPI or autofluorescence of the root samples was excited at 405 nm and detected at 450–470 nm. We have confirmed that the WT and mutants’ phenotypes were not affected by the transformation.



Expression Analysis

Total RNA was extracted from SR segments including the earlier stage of LRP (Part 3 in Supplementary Figure 4A) in 5-day-old seedlings using the NucleoSpin® RNA Plant Kit (Macherey-Nagel, Germany) following the manufacturer’s instructions. Quantitative reverse-transcription PCR (qRT-PCR) was performed using the One-Step SYBR PrimeScript RT-PCR Kit II (Perfect Real-Time) (TaKaRa Bio, Japan) and StepOnePlus Real-Time PCR (Life Technologies, United States). The expression was normalized to that of OsUBQ5 (Os03g0234200). All primers are listed in Supplementary Table 1. The expression of OsDRP family genes was compared using the RNA-seq data in S- and L-type LRP with four biological replications (Kawai et al., 2022a). The read counts were normalized by coding sequence length (per 1 kb) for all genes in each replicate to calculate transcript per million (TPM). The normalized read counts were further normalized by summing the normalized counts of all genes (per million reads). Means of the calculated TPMs of four biological replications were used to compare the expression levels between S- and L-type LRP. The significance of the difference between S- and L-type LRP was determined by Padj values calculated by DESeq2 (Love et al., 2014).



Transient Expression in Rice Protoplast

For the protoplast isolation, rice seedlings of the WT and mutants were grown in 1/2 MS medium. For the first 3 days, rice seeds were placed on the medium in the growth chamber at 28°C with continuous light to promote seed germination, then transferred to the dark condition to reduce the autofluorescence from chloroplast. Protoplasts were isolated from the stem and sheath of 2-week-old seedlings as previously described (Zhang et al., 2011). Briefly, 20 μg of the plasmid DNA was mixed with 100 μl protoplasts (2 × 105 cells), then transformed via PEG. The transformed protoplasts with OsPIN1b-GFP were treated with 10 μM FM4-64 (Setareh Biotech, United States) for 30 min at room temperature, then viewed under the confocal laser scanning microscope. GFP fluorescence was excited at 488 nm and detected at 500–540 nm, while FM4-64 was excited at 561 nm and detected at 570–620 nm.



FM4-64 Uptake Assay in Rice Roots

To test the endocytic activity, WT and mutants’ seedlings were grown in the 10% nutrient solution for 6 days, then transferred to the solution containing 10 μM FM4-64. After 30 min treatment of FM4-64 at room temperature, S-type LRs were sampled and immediately viewed under the confocal laser scanning microscope as described above.



Electrophoresis Mobility Shift Assay

The binding of OsARF19, preferentially expressed in LRP (Yamauchi et al., 2019), to auxin response elements (AuxREs) on OsWOX10 promoter was analyzed by performing an electrophoresis mobility shift assay (EMSA). The sequence encoding the N-terminal 265 amino acids of OsARF19, including the B3 DNA-binding domain (DB), that was optimized for the codon usage of E. coli, was fused to pET32a. The OsARF19-DB was expressed in E. coli BL21(DE3), followed by purification with TALON metal affinity resin (Clontech, United States) following the manufacturer’s instructions. To prepare DNA probes, the 59 or 60-bp oligonucleotides were labeled with Cy5 fluorescence dye using Klenow fragment (TaKaRa Bio, Japan) and purified on a column (NucleoSpin® Gel and PCR Clean-up; Macherey-Nagel, Germany) following the manufacturer’s instructions. The DNA-binding reaction was performed at 4°C for 30 min in PBS (–) (137 mM NaCl, 8.10 mM Na2HPO4, 2.68 mM KCl, 1.47 mM KH2PO4; pH 7.4) + 1 mM 2-Mercaptoethanol with 25.3 nM probe with 0, 0.5, or 1 μM recombinant OsARF19-DB, and subjected to EMSA with 5% polyacrylamide gels in 0.5 × TBE buffer at 4°C. The Cy5-labeled probes were analyzed by Typhoon FLA9000 (GE Healthcare, United States).



Statistical Analysis

Differences in morphological and anatomical characteristics, and gene expression between groups were compared using two-tailed Student’s t-test or one-way ANOVA and a multiple-comparison Tukey’s test using the glht function from multcomp package in R (R Core Team, 2020).




RESULTS AND DISCUSSION


Identification of Mutants With Promoted L-Type Lateral Root Formation

MNU-mutagenized populations were analyzed for their root formation to study the molecular mechanisms underlying the control of LRP size. The three mutants had fewer thinner LRs (< 150 μm in diameter) and thicker LRs (≥150 μm in diameter) than the WT (Figures 1A–D). Total LR number decreased in the three mutants (Supplementary Figure 1A). The number of LRs forming second-order LRs increased in T3-2 and T12-36 compared to the WT (Figure 1E). Furthermore, the LR diameter of the thickest LRs increased in the three mutants (Figure 1F). The lengths of the thinner LRs decreased in T3-2 and T12-3, and the length of the thicker LRs also decreased in T12-3, compared to the WT (Supplementary Figures 1B,C). The mutants also had a shorter SR than the WT, with the shortest SR in T12-3 (Supplementary Figure 1D). In T12-3, the CR number slightly increased than the WT (Supplementary Figure 1E). The mutants had shorter leaf lengths than the WT (Supplementary Figure 1F).


[image: image]

FIGURE 1. Analysis of lateral root (LR) formation on seminal roots (SRs) in 10-day-old seedlings of the wild-type (WT) rice and mutants (T3-2, T12-3, and T12-36). (A) Shoot and root phenotypes. Two representative plantlets are shown. Scale bar = 5 cm. (B) LR phenotypes on SRs. Scale bar = 1 cm. (C,D) Density of LRs in two different diameter classes. D., LR diameter. (E) Density of first-order LRs forming second-order LRs. (F) Maximum LR diameter. Values represent mean ± SD [n = 8 (C–E) and 5 (F) independent biological replicates]. Different letters indicate significant differences among genotypes (P < 0.05).




Isolation of the Mutants’ Causative Genes

Linkage analyses of SSR markers were undertaken using the F2 plants derived from crosses between each mutant and “Kasalath” to identify the causative genes of mutants. The root phenotype of the mapping populations was segregated in a 3:1 WT:mutant ratio in the linkage analyses. In T12-36, the linkage analysis revealed the locus on chromosome 2 between RM5472 and RM13949 (∼324 kb) (Figure 2A). This region contains around 50 genes including OsDRP2B (Dynamin-related protein 2B, Os02g0738900). Comparison of the sequences between the WT and T12-36 revealed a single nucleotide substitution from G to A in the 12th intron (Figure 2B). As the mutated site was likely important for splicing in OsDRP2B, we compared the mRNA sequence by synthesizing cDNA from the WT and mutant. The splicing of the 12th intron was defective in T12-36, causing a stop codon after the 12th exon (Figures 2C,D). DRP2 proteins have five functional domains like the animal dynamin, while DRP1 proteins lack a PH (Pleckstrin homology) domain and a PRD (Proline-rich domain), which function in association with the cell membrane and actin (Schmid and Frolov, 2011; Figure 2G). T12-36 might produce a truncated OsDRP2B protein without a PH domain, GED (GTPase-effector domain), and PRD (Figure 2G). In previous studies, OsDRP2B was isolated as the causative gene of brittle culm 3 (bc3) mutant (Hirano et al., 2010; Xiong et al., 2010). The bc3 mutant exhibited brittle culm and shorter shoot and root phenotypes (Hirano et al., 2010; Xiong et al., 2010), as observed in T12-36 in the present study (Figure 1 and Supplementary Figure 1), indicating that T12-36 is an allelic mutant of the previously reported bc3 mutant.
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FIGURE 2. Map-based cloning of the causative genes of the mutants. (A,E) Linkage and physical map of the causative gene locus in (A) T12-36 and (E) T12-3. The vertical bars represent molecular markers, and the numbers of recombinant plants are indicated below the linkage map. (B,F) Structure of (B) OsDRP2B (Os02g0738900) and (F) OsDRP1C (Os03g0713100). Black and gray boxes indicate exons and untranslated regions (UTRs), respectively. Single nucleotide mutation at position (B) 4,537 bp of OsDRP2B and (F) 2,708 bp (T3-2) and 4,314 bp (T12-3) of OsDRP1C in the open reading frame (ORF) (indicated by arrowheads). (C) Sanger sequencing analysis around the splicing junction of 12th intron in OsDRP2B cDNA in the wild-type (WT) and T12-36. (D) OsDRP2B mRNA structures and amino acid sequences in WT and T12-36 mutant. (G) Domain structure of OsDRP1C and OsDRP2B in WT and the mutants. GED, GTPase-effector domain. PH, Pleckstrin homology. PRD, Proline-rich domain. (H) Phylogenetic tree constructed using the full-length amino acid sequences of DRP family proteins in rice and Arabidopsis using MEGA7. Numbers on branches are the 1,000-bootstrap values. Rice DRP proteins, open circles; proteins encoded by the causative genes of mutants, filled circles. Accession numbers of proteins are in Supplementary Table 3.


In T12-3, the linkage analysis revealed the locus on chromosome 3 between RM15796 and RM15805 (∼135 kb) (Figure 2E). This region contains 14 genes including OsDRP1C (Dynamin-related protein 1C, Os03g0713100). Comparing the WT and mutant sequences revealed a single nucleotide substitution, from G to A in the 14th exon (Figure 2F). In T3-2, a rough mapping revealed the locus between RM15414 and RM3199 (∼8 Mb), which contains the mapped region in T12-3. Therefore, we compared the OsDRP1C sequence between the WT and T3-2, detecting a single nucleotide substitution from T to A in the 9th exon (Figure 2F). In T12-3, the nucleotide substitution causes Gly to Asp amino acid substitution in the middle domain, mediating the protein interaction between dynamins (Ramachandran et al., 2007), while the mutation in T3-2 causes Val to Asp amino acid substitution between GTPase and middle domain of OsDRP1C (Figure 2G). The more distinct phenotypes in T12-3 than T3-2 (Figure 1 and Supplementary Figure 1) are possibly associated with the mutation sites in these two mutants. The introduction of ∼3 kb promoter and the coding sequence of OsDRP1C into T12-3 complemented the mutant phenotype (Supplementary Figure 2), confirming that OsDRP1C is the causative gene of T12-3.

In rice, there are 14 dynamin family proteins, classified into six groups (Figure 2H). The DRP1 and DRP2 proteins function in post-Golgi trafficking in Arabidopsis (Fujimoto et al., 2010). OsDRP2B localized in the plasma membrane, clathrin-mediated vesicles, and trans-Golgi network, involving in the endocytic pathway (Xiong et al., 2010). Co-expression of OsDRP1C and OsDRP2B was detected in a rice co-expression network database (RiceFREND; Sato et al., 2013a; Supplementary Table 2). In a public rice gene expression database (RiceXPro; Sato et al., 2013b), OsDRP1C and OsDRP2B had similar expression patterns among plant organs and tissues with relatively higher expression in leaf sheath and stems, roots, and reproductive tissues (Supplementary Figure 3). The OsDRP1C and OsDRP2B genes along the SR axis had similar expressions, with relatively higher expressions in the LR emerged region (Supplementary Figures 4A–C). Based on the RNA-seq result in S- and L-type LRP in the WT (Kawai et al., 2022a), OsDRP1C and OsDRP2B were highly expressed in S- and L-type LRP, relative to other OsDRP genes (Supplementary Figure 4D). Thus, these two rice DRPs may cooperate in CME, involving in LR diameter control.



Altered PIN Protein Localization With Reduced Endocytic Activity in Dynamin-Related Protein Mutants

Because dynamin functions in the CME of auxin transporter PIN proteins (Mravec et al., 2011), the mutations in DRPs might affect cellular localization of PIN proteins and hence auxin distribution in LRP. We first analyzed PIN localization and the endocytic activity in rice protoplast of the WT and drp mutants. OsPIN1b, which was highly expressed in both S- and L-type LRP among PIN family genes in the WT (Supplementary Figure 5), was fused to GFP and overexpressed in rice protoplast under the 35S promoter. Endocytic activity was monitored with a fluorescent endocytic tracer FM4-64. In WT, OsPIN1b-GFP was detected at plasma membrane and intracellular compartments (Figure 3A). FM4-64 was overlapped with the OsPIN1b-GFP signal (Figures 3B,C), confirming its localization in the endocytic pathway. In contrast, OsPIN1b-GFP signal was detected at the plasma membrane but absent from intracellular spaces in T12-3 and T12-36 with reduced FM4-64 uptake (Figures 3D–I). These observations suggest that OsDRP1C and OsDRP2B function in the endocytosis of OsPIN1b proteins in rice protoplast.
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FIGURE 3. Analysis of endocytic activity and OsPIN1b localization in wild-type (WT) and the mutants. (A–I) Rice protoplasts expressing 35S-OsPIN1b-GFP stained with an endocytic tracer FM4-64 in WT (A–C), T12-3 (D–F), and T12-36 (G–I). GFP (A,D,G), FM4-64 (B,E,H) signals, and the merged images (C,F,I) are shown. (J–O) FM4-64 uptake in root tips of S-type LRs in WT (J,K), T12-3 (L,M), and T12-36 (N,O). Root tips (J,L,N) and enlarged views of the boxed area (K,M,O) are shown. Arrowheads point endocytic compartments in cortical cells. Scale bars = 10 μm.


To further analyze if endocytic activity was affected in the roots of drp mutants, FM4-64 uptake was analyzed in the roots of WT and drp mutants. In WT, FM4-64 was detected at plasma membrane and endosomal compartments in the root tips of S-type LRs (Figures 3J,K). In T12-3 and T12-36, FM4-64 was detected at plasma membrane, but its intracellular uptake was reduced (Figures 3L–O). Therefore, the mutations in OsDRP1C and OsDRP2B reduces endocytic activity, affecting PIN protein localization in rice roots.



Altered Auxin Distribution in Lateral Root Primordia of Dynamin-Related Protein Mutants

Next, we analyzed whether auxin signaling changes in the LRP of the drp mutants using a DR5-NLS-3xVENUS construct transformed into T12-3 and T12-36. In the S-type LRP of the WT, Venus signal was detected after meristem formation in root cap cells (Figures 4C,D), but not before meristem formation (Figures 4A,B). Because the WT produced fewer L-type LRs in the control (Figures 1B,D), root tip excision was conducted on CRs to analyze auxin signaling in L-type LRP. In the L-type LRP of the WT, Venus signal was detected in the basal part before the meristem formation, and in the root tip and stele cells in the established meristem (Figures 4E–H). In the mutants, Venus signal was also detected from an early stage in the basal part of LRP (Figures 4I,J,M,N), and in the root tip and stele cells after meristem formation (Figures 4K,L,O,P). Therefore, auxin signaling is upregulated in an early stage of L-type LRP in the WT after root tip excision and in drp mutants.
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FIGURE 4. Analysis of auxin signaling distribution in lateral root primordia (LRP) of wild-type (WT) and the mutants. LRP observed in transverse section of crown roots expressing DR5-NLS-3xVENUS in the background of WT (A–H), T12-3 (I–L), and T12-36 (M–P). In the WT, S-type LRP without root tip excision (– cut; A–D) and L-type LRP with root tip excision (+ cut); 15 h in (E,F); 24 h in (G,H) are shown. In the mutants, L-type LRP without root tip excision are shown. For each genotype/treatment, LRP before (A,B,E,F,I,J,M,N) and after (C,D,G,H,K,L,O,P) meristem formation is shown. Venus signals and its merged images with DAPI signals are shown. Arrowheads point the Venus signals in LRP. Scale bars = 50 μm.


In Arabidopsis, PIN1 localization shifts from anticlinal sides toward the tip of LRP during LR formation, forming auxin maxima in the tip (Tanaka et al., 2013). In contrast, the mutations in BEN1 and BEN2, involved in intracellular trafficking of PINs, caused less PIN relocation toward the LRP tip, resulting in broader DR5 expression and wider LRP than the WT (Tanaka et al., 2013). Therefore, altered auxin distribution could affect LRP diameter. It is noteworthy that the expression of DRP family genes did not differ between the S- and L-type LRP (Supplementary Figure 4D). Thus, factor(s) other than DRPs might regulate auxin distribution and LRP size in the WT. It was also suggested that auxin transport and de novo biosynthesis is involved in L-type LR formation after root tip excision (Kawai et al., 2022a).



Inhibition of Polar Auxin Transport Enhanced L-Type Lateral Roots Formation

The WT plants were treated with auxin transport inhibitors with or without IAA co-treatment to further analyze whether the altered auxin transport is involved in LR diameter control. A single NPA treatment reduced the number of thinner LRs (<100 μm) (Figures 5A,B) and did not increase LR diameter (Supplementary Figure 6A). A single IAA treatment induced thicker LRs (≥150 μm) at a high concentration (10 μM) (Figures 5C,D, and Supplementary Figure 6B). In contrast, the co-treatment of a lower concentration of IAA (1 μM) and NPA increased LRs with intermediate diameter between S- and L-types (100–150 μm) (Figures 5A,B) and LR diameter (Supplementary Figure 6A). Similarly, a vesicle trafficking inhibitor BFA (1 μM) with 1 μM IAA increased the thicker LRs (≥ 150 μm) (Figures 5E,F). Furthermore, 0.5 μM BFA increased the LRs with intermediate diameter (100–150 μm) and LR diameter although 1 μM BFA inhibited LR formation (Figures 5E,F and Supplementary Figure 6C). Therefore, the inhibition of polar auxin transport enhanced the effect of exogenous auxin to induce L-type LRs. The 2,4-D is an artificial auxin which moves in plant tissues independent of the polar auxin transport (Sugawara et al., 2015). The 2,4-D treatment induced thicker LRs (≥ 150 μm) at a lower concentration (0.5 μM) than in IAA treatment (Figures 5G,H and Supplementary Figure 6D), further suggesting that non-directional movement of auxin could increase LR diameter more effectively than polar auxin transport. To analyze if the auxin sensitivity is altered in drp mutants, T12-3 and T12-36 were treated with IAA. The lower concentration of IAA (1 μM) significantly increased thicker LRs (≥ 150 μm) in the mutants but not in WT (Supplementary Figure 6E), suggesting the higher auxin sensitivity in the drp mutants than WT.
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FIGURE 5. Analysis of the effect of exogenous auxin and chemical inhibitors on lateral root (LR) formation on seminal roots in wild-type rice. (A,B) Treatment of IAA and a polar auxin transport inhibitor NPA. (C,D) IAA treatment. (E,F) Treatment of IAA and a vesicle trafficking inhibitor BFA. (G,H) 2,4-D treatment. (A,C,E,G) LR formation in control and treated plants. Scale bars = 5 mm. (B,D,F,H) Density of LRs in different diameter classes. D., LR diameter. Values represent mean ± SD (n = 5 independent biological replicates). Different letters indicate significant differences among treatments (P < 0.05).


Auxin signaling was observed after the IAA and NPA treatment using DR5-NLS-3xVENUS in the WT. After the co-treatment of 1 μM IAA and NPA, Venus signal was detected in the apical and basal part of LRP (Figures 6C,D), but only in apical parts in the control (Figures 6A,B). After the 2,4-D treatment, Venus signal was detected in whole LRP (Figures 6E,F). It is noteworthy that auxin signaling was also upregulated at the basal part of L-type LRP in WT after root tip excision and in drp mutants (Figure 4), suggesting that auxin accumulation at the basal part of LRP increases LR diameter.
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FIGURE 6. Analysis of auxin signaling distribution in lateral root primordia (LRP) of wild-type (WT) rice treated with auxin and chemical inhibitor. LRP observed in cross-section of crown roots expressing DR5-NLS-3xVENUS in the background of WT in the (A,B) control, (C,D) co-treatment of NPA and IAA, and (E,F) 2,4-D treatment. Autofluorescence and Venus signals are shown. Scale bars = 100 μm.




Repressed L-Type Lateral Roots Formation After Root Tip Excision by Inducible Suppression of Auxin Signaling

To analyze the role of the upregulated auxin signaling in L-type LRP for LR diameter increase, auxin signaling was suppressed by expressing mutagenized OsIAA3 (mOsIAA3), which is not degraded by auxin, using a steroid hormone-inducible system (Nakamura et al., 2006). In this system, the over-expressed mOsIAA3 by rice Actin 1 gene promoter is activated by DEX application. In the transgenic Nipponbare plants harboring pOsAct1-mOsIAA3-GR, 24 h pre-treatment of DEX decreased LR number after root tip excision (Figures 7A,B). The shorter pre-treatments of DEX (6 and 12 h) did not affect the LR number; however, it decreased the number of thicker LRs that emerged after root tip excision (Figures 7A–C), suggesting the positive role of auxin signaling in LR diameter increase after root tip excision.
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FIGURE 7. Analysis of the involvement of auxin signaling for lateral root (LR) diameter control and OsWOX10 expression. (A–C) Root tip excision in pOsAct1-mOsIAA3-GR transgenic plants in the background of Nipponbare with or without the mOsIAA3 activation by dexamethasone (DEX). DEX was pre-treated before root tip excision for different durations. (A) LR formation on crown roots (CRs) 3 days after root tip excision. Scale bars = 1 cm. (B) Total LR number in 0–1 cm from the cut site. (C) Number of thicker LRs (≥ 150 μm) per CR in (A) (n = 3 biological replicates). (D) OsWOX10 expression levels in seminal roots with developing LRP in wild-type (WT) and the mutants. (E) OsWOX10 expression levels after 1 h of IAA treatment with graded concentrations (n = 3 biological replicates). Values represent mean ± SD. Different letters indicate significant differences among groups (P < 0.05). (F) Schematic diagram showing auxin-response elements located in 2 kb upstream of OsWOX10 and probe sequences used in (G). (G) Electrophoresis mobility shift assay (EMSA) in recombinant OsARF19 DNA-binding domain with Cy5-labeled probes containing candidate sequences in OsWOX10 promoter.




Regulation of a Positive Regulator of Lateral Roots Diameter OsWOX10 Through Auxin Signaling

A WUSCHEL-related homeobox gene, OsWOX10, was identified as a positive regulator of LR diameter, upregulated in L-type LRP in WT after root tip excision (Kawai et al., 2022a). To examine whether OsWOX10 is involved in thicker LR formation in drp mutants, OsWOX10 expression was measured by qRT-PCR. The drp mutants had higher OsWOX10 expression than the WT in SR segments that include developing LRP (Figure 7D). It is noteworthy that the OsWOX10 expression level was positively correlated with the maximum LR diameter among the WT and mutants (Figure 1F), suggesting that increased OsWOX10 expression increases LR diameter in drp mutants. OsWOX10 expression increased after 1 h of the exogenous IAA treatment in WT roots in a dose-dependent manner (Figure 7E). Because 15 AuxREs (TGTCNN) exist in 2 kb upstream region of OsWOX10 (Figure 7F), the binding of an ARF transcriptional factor, OsARF19, to the AuxREs was tested by performing an EMSA. OsARF19 was selected for its transcriptional activation activity and the positive role in LR formation in rice with the higher expression levels in developing LRP among rice ARF family genes (Yamauchi et al., 2019). The OsARF19 bound to probe A containing two AuxREs facing each other (TGTCAA/GTGACA) but not to probe B including an AuxRE (TGTCTC) (Figure 7G). Mutating one of the AuxREs in probe A weakened the binding (Figure 7G). Therefore, OsWOX10 is a potential target of OsARF19.

Notably, auxin signaling was upregulated in LRP, including the basal part in WT after root tip excision and in drp mutants (Figure 4), where the OsWOX10 expression was detected after root tip excision in WT (Kawai et al., 2022a). OsWOX10 was upregulated by IAA treatment (Figure 7E) and revealed as a potential target of the ARF transcriptional activator in the auxin signaling pathway (Figure 7G). Therefore, auxin signaling upregulation in basal part of LRP induces OsWOX10 expression, increasing LR diameter. Further analysis of spatial-temporal regulation of auxin distribution in LRP under different environmental conditions is required to reveal the detailed mechanisms of LR diameter regulation.




CONCLUSION

This study revealed the involvement of auxin distribution in LR diameter control (Figure 8). LR diameter increased in drp mutants with the upregulated auxin signaling in LRP including the basal part at an early stage. The drp mutants had a decreased endocytic activity with reduced PIN protein localization in endosomal compartments. Inhibiting polar auxin transport by NPA and BFA enhanced the effect of exogenous auxin application on LR diameter increase. The co-treatment of IAA and NPA resulted in auxin accumulation in the basal part of LRP. Therefore, it is conceivable that auxin accumulation at the basal part of LRP increases LR diameter. The increased OsWOX10 expression was detected by exogenous IAA application and in drp mutants. Furthermore, inactivation of auxin signaling by mOsIAA3-GR suppressed the L-type LR formation after root tip excision. These data indicate that auxin accumulation in LRP, especially at the basal part, increases LR diameter through OsWOX10 upregulation.
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FIGURE 8. Schematic model showing the regulation of lateral root primordium (LRP) size by auxin distribution. The mutations in genes encoding dynamin proteins resulted in the promoted L-type LR formation with auxin accumulation at basal part of LRP. The accumulated auxin induces a positive regulator of LRP size, OsWOX10, promoting L-type LR formation. In the wild-type, unknown mechanisms might induce the auxin accumulation in LRP in response to the root tip excision (Cut) or drought stress.
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Plant growth and organ size putatively associated with crop yield are regulated by a complex network of genes including ones for controlling cell proliferation. The gene fw2.2 was first identified in tomatoes and reported to govern fruit size variation through controlling cell division. In this study, we isolated a putative ortholog of the tomato fw2.2 gene from apple, Cell Number Regulator 8 (MdCNR8). Our functional analysis showed that MdCNR8 may control fruit size and root growth. MdCNR8 was mediated by the SUMO E3 ligase MdSIZ1, and SUMOylation of MdCNR8 at residue-Lys39 promoted the translocation of MdCNR8 from plasma membrane to the nucleus. The effect of MdCNR8 in inhibiting root elongation could be completely counteracted by the coexpression of MdSIZ1. Moreover, the lower cell proliferation of apple calli due to silencing MdSIZ1 could be rescued by silencing MdCNR8. Collectively, our results showed that the MdSIZ1-mediated SUMOylation is required for the fulfillment of MdCNR8 in regulating cell proliferation to control plant organ size. This regulatory interaction between MdSIZ1 and MdCNR8 will facilitate understanding the mechanism underlying the regulation of organ size.

Keywords: cell number, MdCNR8, MdSIZ1, organ size, root growth, SUMOylation


INTRODUCTION

Plant organ size can significantly vary in natural populations within species. The variation in plant organ size within a species could be contributed by the evolving genetic factors that enable plants to adapt the changing environment and artificial selection of human being for seeking desirable agronomic traits (Mizukami, 2001; Weiss et al., 2005). Despite that increase in cell number rather than cell size has been previously proposed to be associated with large plant organ size (Guo et al., 2010), the recent studies have uncovered key regulatory genes that affect plant organ size by altering both cell number and cell size (Powell and Lenhard, 2012).

Several genetic factors have been identified for controlling plant organ size. In Arabidopsis, AUXIN REGULATED GENE INVOLVED IN ORGAN SIZE (ARGOS) is a gene encoding ER-localized protein of unknown function. Overexpression of ARGOS promoted cell proliferation and resulted in larger aerial organs (Hu et al., 2003). ARGOS promotes cell proliferation through stimulating expression of an AP2/ERF transcription factor AINTEGUMENTA (ANT), which in turn maintains the expression of the D-type cyclin CYCD3;1 for cell division (Hu et al., 2003). In addition, the transcription factors of the TEOSINTE BRANCHED1, CYCLOIDEA, PCFs (TCP) and GROWTH-REGULATING FACTOR (GRF) involve in regulating cell proliferation to control organ size (Powell and Lenhard, 2012). The TCP genes can be targeted and downregulated by a microRNA, miR319a. Additionally, the TCP4 promotes the expression of another microRNA, miR396, which targets seven of the nine members of the GRF gene family. Over-accumulation of T due to the loss of function in miR319a or dysfunction of GRFs resulted in smaller organ size (Schommer et al., 2014). In a parallel pathway, the putative ubiquitin-binding protein DA1 and the E3 ubiquitin-ligase Big Brother limit organ size by suppressing cell proliferation (Li et al., 2008). Yet, the molecular mechanisms responsible for cell proliferation and cell expansion are still poorly understood.

Another key regulator for controlling organ size is the FW2.2 like protein. The SlFW2.2 gene was the first identified for controlling fruit size in tomato (Solanum lycopersicum) (Frary et al., 2000). SlFW2.2 encodes a repressor of cell division during tomato fruit development, and increased expression is associated with the reduction in cell division and fruit size (Frary et al., 2000; Cong et al., 2002). The recent studies also showed that FW2.2 is conserved in regulating organ size across different plant species, and homologous FW2.2-like genes have been identified in several species, which includes Pafw2.2-like in avocado (Persea americana), GmFWL1 in soybean (Glycine max), Osfwl3 in rice (Oryza sativa), Cell Number Regulator 1 (CNRs) in maize (Zea mays), cherry (Prunus avium), and Physalis floridana (Dahan et al., 2010; Guo et al., 2010; Libault et al., 2010; De Franceschi et al., 2013; Xu et al., 2013; Li and He, 2015). All these FW2.2-like genes play a conservative role in repressing cell division to exert their function in controlling plant organ size.

To date, less is known about the molecular and biochemical role of these FW2.2 proteins in cell division (Guo and Simmons, 2011; Van Der Knaap et al., 2014). The previous studies suggested that FW2.2-like proteins may facilitate transporting of cadmium and calcium ions (Song et al., 2004; Nakagawa et al., 2007), but it is very perplexing how its function in ion changes is coupled with regulating cell division. A yeast two-hybrid (Y2H) assay revealed that SlFW2.2 could interact with the regulatory subunit of casein kinase II (CKII) (Cong and Tanksley, 2006) that has a role in the control of cell division (Pepperkok et al., 1994; Espunya et al., 1999; Moreno-Romero et al., 2008). In addition, a recent report showed that the FW2.2-like protein PfCNR1 in Physalis floridana was able to interact with a putative MADS-domain transcription factor PfAG2 and colocalized in the nuclei (Li and He, 2015), which also raised questions of how PfCNR1 was transported to the nucleus and whether its nuclear transport is assisted by any other proteins.

SUMOylation is a post-translational modification in which SUMO (small ubiquitin-like modifier) peptides are covalently attached to specific lysine residues in target proteins (Sampson et al., 2001; Schmidt and Muller, 2003; Seeler and Dejean, 2003). The SUMOylation process begins with a biochemical step of SUMO activation by a heterodimeric E1 complex consisting of a SUMO-activating enzyme such as SAE1 or SAE2 (SUMO E1); the activated SUMOs are subsequently transferred to a SUMO-conjugating enzyme SCE1 (SUMO E2) and finally conjugated to the substrate proteins with the help of the E3 type ligases SIZ1 and HPY2/MMS21 (SUMO E3) (Desterro et al., 1999; Bernier-Villamor et al., 2002; Novatchkova et al., 2004; Ishida et al., 2012; Novatchkova et al., 2012; Mazur et al., 2017). SUMOylation can cause alterations in stability, interaction, cellular localization, and activity of proteins and thereby regulates biological and biochemical processes such as nuclear transport (Stade et al., 2002; Sehat et al., 2010; Lutz et al., 2012; Berkholz et al., 2014) and transcriptional regulation (Ross et al., 2002; Sapetschnig et al., 2002). The previous results on CNR-like proteins from different plant species may interact with nuclear-localized proteins to exercise their functions (Cong and Tanksley, 2006; Li and He, 2015), and it is plausible to speculate that cellular translocation of MdCNR8 exists and that this event may be mediated by SUMOylation.

In this study, we reported that MdCNR8 can be sumoylated by MdSCE1 and MdSIZ1 at the lysine 39 for cellular translocation to control root growth and fruit size. Our results presented here may provide novel insights into understanding the molecular mechanism by which FW2.2-like gene controls organ size.



MATERIALS AND METHODS


Plant Materials

Plant materials used in this study that include wide-type Arabidopsis seedlings (Col-0), wide-type AC (Ailsa Craig) tomato seedlings (Solanum lycopersicum), the wide-type apple “Orin” calli (Xie et al., 2012), and wild-type (WT) apple seedlings “Gala” were maintained in our laboratory at Shandong Agricultural University.



Vector Construction and Genetic Transformation

The coding regions of MdSIZ1 and MdCNR8 were amplified from cDNA with primers (Supplementary Table 1) designed based on the gene sequences (XM_008387065 for MdSIZ1 and XM_008371558 for MdCNR8). cDNA was synthesized by a PrimeScript First-Strand cDNA Synthesis Kit (Takara, Dalian, China). The amplified MdSIZ1 and MdCNR8 fragments were inserted into the pRI101AN vector for binary expression constructs CaMV 35S:MdSIZ1-GFP and CaMV 35S:MdCNR8-GFP, which were transformed into Agrobacterium tumefaciens strains LBA4404 and GV3101 or Agrobacterium rhizogenes K599 for plant genetic transformation.

Arabidopsis plants were transformed using Agrobacterium (GV3101)-mediated floral dip method to obtain 35S:MdSIZ1-GFP, 35S:MdCNR8-GFP overexpression lines (Clough and Bent, 1998). The double overexpression lines of MdSIZ1 and MdCNR8 were obtained by crossing both single expression lines. T3 homozygous Arabidopsis plants were used for all the analyses in this study. Arabidopsis seeds were germinated and cultured vertically on 1/2 MS medium under 16-h light/8-h dark at 23°C for 10 days for root growth observation and cell number measurement.

Genetic transformation of tomato was performed using Agrobacterium (LBA4404)-mediated method as described (Sun et al., 2006). For the measurement of fruit characteristics, the fruits with the same developmental stages were harvested to determine their size (height and width) and weight.

Prior to genetic transformation, the WT apple calli were pre-cultured on MS medium containing 3 mg⋅L–1 2, 4-D and 0.4 mg⋅L–1 6-BA at 25°C in the dark for 20 days. The apple calli were subsequently infected by Agrobacterium (LBA4404) with the method as described previously (Sun et al., 2018). These transgenic calli were used for protein extraction and gene expression analysis. The WT apple calli were used for SUMOylation assay and plasma membrane protein isolation.

Apple hair root transformation was performed using Agrobacterium (K599)-mediated method as described (Ma et al., 2019b).

The “Nicotiana benthamiana” tobacco plants were grown under 16-h light/8-h dark conditions at 25°C and 65% humidity for 30 days for Agrobacterium (LBA4404) infection for BiFC assays and fluorescence observation.



Gene Expression Analysis

Total RNAs were isolated from apple seedlings, apple calli, Arabidopsis seedlings, and tomato seedlings using RNA plant plus (TIANGEN, Beijing, China). First-strand cDNA was synthesized using PrimeScript RT Reagent Kit (Takara, Dalian, China). Primers (Supplementary Table 1) for qRT-PCR were designed using DNAClub software, and the transcript level of different genes detected with the BIO-RAD IQ5 system (Bio-Rad, Hercules, CA). Three biological replications and three technical replications were applied to each sample. The relative transcript level was normalized with a reference gene MdACTIN.



Screening of T-DNA Insertion Mutants

atcnr8 mutant seeds (SALK_042402) were purchased from the T-DNA insertion mutant library. The primers were designed by the website1, and homozygotes were screened out using the three-primer method.



Yeast Hybrid Assays

Yeast (Saccharomyces cerevisiae) two-hybrid assays were carried out as described (An et al., 2018). The MdCNR8, MdCNR81–92, MdCNR93–246, and AtCNR8 coding sequences were cloned into pGBT9 vector. The full-length MdSIZ1 and AtSCE1 genes were cloned into the pGAD424 vector. The recombinant vectors were also transformed into Gold yeast strain, and then, the yeast strains were cultured on the SD (-T/-L/) medium, SD (-T/-L/-H/-A) medium, and SD (-T/-L/-H/-A) medium added to X-gal.

Yeast three-hybrid assays were performed following the previously described protocol (Licitra and Liu, 1996; Lv et al., 2019). The MdCNR8 coding sequence was cloned into pGADT7 vector. The MdSIZ1-N and MdSCE1 genes were cloned into pBridge vector (MdSCE1 as bridge protein). The recombinant vectors were also transformed into Gold yeast strain, and then, the yeast strains were cultured on the SD (-Trp/-Leu) medium and SD (-Trp/-Leu/-His/-Met) medium. The pBridge-MdSIZ1-N and pGADT7 was used as the negative control.



Pull-Down Assays

The coding region of MdCNR8 was cloned into PET32a vector, and the coding region of MdSCE1 was cloned into PGEX 4X-1 vector. The recombinant vectors of MdCNR8-PET32a and MdSCE1-PGEX 4X-1 and empty vector of PGEX 4X-1 were transformed into Escherichia coli BL21 (TransGen, Beijing, China). To produce glutathione-S-transferase (GST) and His-fusion protein, we treated Escherichia coli BL21 with 0.1-mm isopropyl β-D-1-thiogalactopyranoside for 6 h at 37°C. Pull-down assays were carried out as previously described (Ma et al., 2019a). Finally, we detected the pellet fraction via immunoblotting with anti-His and anti-GST antibody (Abmart, Shanghai, China).



Bimolecular Fluorescence Complementation Assays

MdSCE1-YFPN and MdCNR8-YFPC recombinant vectors were constructed as described above and transformed into the Agrobacterium LBA4404 for the infiltration of tobacco leaves. The agrobacteria mixture of MdSCE1-YFPN and MdCNR8-YFPC, MdSCE1-YFPN and YFPC, and MdCNR8-YFPC and YFPN was injected tobacco epidermal cells for fluorescent imaging with a Zeiss confocal laser scanning microscope.



SUMOylation Assays

SUMOylation assay in vitro was performed in a 50-μl reaction system containing 50 mm Tris-HCl, 100 mm NaCl, 15% glycerol, 5 mm adenosine triphosphate (ATP), 10 mm MgCl2, pH 7.8, 5 μg SUMO1 protein (Abcam, Cambridge, United Kingdom), E1 (0.5 μg of human SAE1 full and 0.5 μg of SAE2/UBA2 peptide), E2 (2 μg of MdSCE1/2 μg of human UBE2/UBC9 peptide), 8 μg of MdSIZ1 protein, and purified MdCNR8-His protein. ATP was not added in this system as a negative control. After incubation for 6 h at 37°C, sumoylated His-MdCNR8 was detected using western blot by anti-His antibody and anti-SUMO1 antibody.

SUMOylation assay in vivo was performed using transgenic MdCNR8-FLAG, MdCNR8K39R-FLAG, MdCNR8-FLAG/MdSIZ1-GFP, and MdCNR8-FLAG/antiMdSIZ1-GFP apple calli. Proteins were extracted from these calli, and MdCNR8-FLAG and MdCNR8K39R-FLAG proteins were immunoprecipitated using a Pierce Classic IP Kit (Thermo, Shanghai, China) with an anti-FLAG antibody. Sumoylated MdCNR8-FLAG was detected by western blot with anti-FLAG antibody and anti-SUMO1 antibody. MdSIZ1-GFP was detected by western blot with anti-SIZ1 antibody (customized by Abmart). ACTIN was used as a sampling quantity control.



Confocal Microscopy Analysis

The green fluorescent protein (GFP), red fluorescent protein (RFP), and yellow fluorescent protein (YFP) were imaged under a Zeiss confocal laser scanning microscope. The process was carried out as previously described (Li et al., 2017a; Lv et al., 2019). Approximately 10 seedlings/images per experiment were examined, and at least three independent experiments were performed for the statistical significance analysis.



Protein Extractions

BestBio kits (BB-3169 and BB3152) were used to extract the proteins from cell nuclei, plasma membrane, and cytoplasm. Protein concentration was measured by the BCA method (Sangon C503061). Protein extracts were analyzed by immunoblotting with anti-Flag (Abmart, China), anti-APX3 (PhytoAB, United States), anti-Actin (Abcam, United Kingdom), and anti-Histone H3 (Abcam, United Kingdom) antibodies.




RESULTS


MdCNR8 Regulates Organ Size by Negatively Regulating the Cell Proliferation

To understand the genetic control of fruit size in apple, we have isolated a homolog of SlFW2.2, MdCNR8 from apple. The MdCNR8 has two introns and three exons, which shows 67.5% protein similarity to tomato SlFW2.2-like (SlCNR8). To examine tissue-specific expression of MdCNR8, its transcript levels were analyzed in the root, stem, young and mature leaf, axillary bud, floral bud, flower, petal, stamen, ovary, sepal, fruit, fruit skin, seed, and pulp using a quantitative reverse transcription polymerase chain reaction (qRT-PCR) assay. As shown in Supplementary Figure 1, MdCNR8 was predominantly expressed in fruit skin of developing fruit and young leaf, and the lowest level of MdCNR8 was observed in axillary bud, floral bud flower, unfertilized ovary, and sepal. To characterize its function, we next overexpressed MdCNR8-GFP in apple roots through Agrobacterium rhizogenes infection. The strong GFP fluorescence and GFP protein abundance in roots of three overexpression lines indicated that the fused MdCNR8-GFP gene was in-frame translated and functional in hairy roots (Supplementary Figures 2A,B). Interestingly, the root elongation was significantly decreased in MdCNR8 overexpression lines compared to the control line infected with empty vector (Figures 1A,B). To further examine the role of MdCNR8 in plant development, we generated transgenic Arabidopsis-overexpressing MdCNR8-GFP. Based on the MdCNR8 transcript level determined by qRT-PCR (Supplementary Figure 2C), three MdCNR8-GFP Arabidopsis overexpression lines such as OE-4, OE-9, and OE-14 were chosen for further analysis. In addition, a homozygous Arabidopsis T-DNA mutant cnr8 (SALK_042402) with undetectable endogenous CNR8 transcript was also included for comparisons (Supplementary Figure 2D). It was found that MdCNR8 overexpression can partially rescue the root length phenotype of atcnr8 by statistical analysis of WT, atcnr8 and MdCNR8/atcnr8 root length, which indicates that MdCNR8 and AtCNR8 have similar functions (Supplementary Figures 2E,F). Similar to MdCNR8 overexpression in apple roots, expression of MdCNR8 in Arabidopsis also caused a significant reduction in root growth, whereas root elongation was enhanced in the Arabidopsis cnr8 mutant (Figures 1C,D). These results suggested that MdCNR8 negatively regulates root growth. The previous results from other plant species may imply that MdCNR8 putatively plays a role in cell division, and thus, we examined the number of meristematic cells stained with FM4-64. The meristematic cell number of MdCNR8-overexpressed seedlings was less than WT, whereas the meristematic cell number of mutants was significantly more than WT (Figures 1E,F). These results indicated that MdCNR8 suppresses cell proliferation in the root meristematic zone.
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FIGURE 1. Phenotypes of MdCNR8 transgenic lines. (A) The 40-day-old seedlings of MdCNR8 overexpression lines (OE-1, OE-2, and OE-3) and the control line infected with empty vector. Bars = 1 cm. (B) Primary root length of 40-day-old apple seedlings of empty control, OE1, OE2, and OE3. Mean values were shown with their SD (n = 11 to 20). (C) Root phenotypes of the WT, MdCNR8 overexpression lines (OE-4, OE-9, and OE-14) and atcnr8 mutant (mut) grown for 7 days on 1/2 MS medium. Bars = 1 cm. (D) Primary root length of the 7-day-old Arabidopsis seedlings of WT, OE-4, OE-9, OE-14, and atcnr8 mutant. Mean values were shown with their SD (n = 11 to 20). (E) Confocal microscopy images of the FM4-64-stained Arabidopsis seedlings of WT, MdCNR8 overexpression lines (OE-4, OE-9, OE-14) and atcnr8 mutant (mut). Yellow arrows and horizontal lines indicate the approximate position of root meristem zone. Bars = 50 μm. (F) Meristem cell number of Arabidopsis seedlings of WT, OE-4, OE-9, OE-14, and atcnr8 mutant (mut). Cell number of 7-day-old roots was counted and shown as averages ± SD (n = 5 to 10). (G) Mature tomato fruit phenotypes of the WT and MdCNR8 overexpression lines (OE-2, OE-5, OE-14). Bars = 1 cm. (H) qRT-PCR of MdCNR8 in tomato plants. Data are the means ± SD of three biological repeats. SlACTIN was used as an internal control. (I–K) Quantification of vertical diameter, transverse diameter and fruit weight of the WT, OE-2, OE-5, and OE-14 in (G). Different letters on each bars denote significant differences (p < 0.01, ANOVA, Tukey’s correction).


To determine whether MdCNR8 functions in controlling fruit size, we generated transgenic tomato plants overexpressing MdCNR8-GFP in tomato [S.lycopersicum cv. Ailsa Craig (AC)]. Based on the MdCNR8 transcript level determined by qRT-PCR (Figure 1H), three MdCNR8-GFP tomato overexpression lines such as OE-2, OE-5, and OE-14 were chosen for further analysis. The fruit size of MdCNR8-overexpressing tomato was significantly smaller than WT (Figure 1G), which was further supported by the results of vertical diameter, transverse diameter, and fruit weight (Figures 1I–K). Collectively, all these results indicated that MdCNR8 regulates organ size through negatively mediating cell proliferation.



MdCNR8 Interacts With MdSCE1

Based on the computational prediction, MdCNR8 contains one transmembrane motif, which suggests that it might be a membrane-localized protein as FW2.2-like proteins in other plant species (Guo et al., 2010; De Franceschi et al., 2013; Qiao et al., 2017). Although the PfCNR1 protein in P. floridana has been proposed to interact with a PfAG2 protein to exert its repressive role in cell division (Li and He, 2015), the failure in detection of interaction between PfCNR1 and PfAG2 in vivo made it difficult to explain how PfCNR1 mediates cell division through affecting the function of PfAG2. In addition, it is still not clear whether a post-translational modification occurs to MdCNR8 for exerting its function. Therefore, we performed Y2H assay for screening whether any other MdCNR8-interacting proteins exist in apple. We used MdCNR8 as a bait to screen the apple cDNA library. As a result, several positive colonies were obtained, and one of them contained a part of cDNA fragment of MdSCE1, a SUMO-conjugating enzyme. The independent Y2H assays have confirmed the interaction of MdSCE1 and MdCNR8 (Figure 2A). SCE1 and SIZ1 (a SUMO E3 ligase) are the two essential components for protein SUMOylation and interacts with each other. We next examined whether MdSIZ1 also directly interacts with MdCNR8. The result from Figure 2A and Supplementary Figure 3 showed that there is no direct interaction between MdSIZ1 and MdCNR8.
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FIGURE 2. MdCNR8 interacts with MdSCE1. (A) Interaction of MdCNR8 with MdSCE1 as shown by Y2H assays. The full-length MdCNR8 was cloned into vector pGBT9 (BD-MdCNR8). The MdSCE1 or MdSIZ1 was cloned into pGAD424 (AD-MdSCE1/AD-MdSIZ1). Empty vector AD + BD-MdCNR8 was used as a negative control. SD/-T/-L indicates synthetically defined medium lacking Leu and Trp; SD/-T/-L/-H/-A indicates synthetically defined medium lacking Leu, Trp, His, and Ade. x-gal, 5-Bromo-4-chloro-3-indolyl β-D-galactopyranoside. (B) Y2H segmentation assays for the interaction between the C-terminus containing PLAC8 conservative motif of MdCNR8 and MdSCE1. MdCNR81–92 and MdCNR893–246 vectors were fused to pGBT9 vector. (C) Pull-down assays for the interaction of MdSCE1 with MdCNR8. Escherichia coli-expressed GST or MdSCE1-GST proteins were incubated with a cobalt chelate affinity resin containing the immobilized histidine-tagged MdCNR8 protein. The proteins were detected via immunoblotting with anti-His and anti-GST antibody. (D) Biomolecular fluorescence complementation assays for the interaction between MdSCE1 and MdCNR8 proteins in nuclei of epidermal cells of tobacco. DAPI (4′,6-diamidino-2-phenylindole) was used to stain the nuclei. YFP, yellow fluorescent protein; differential interference contrast (DIC), bright field. Bars = 20 μm.


MdCNR8 contains a PLAC8 domain (93-216aa) at its C-terminus. To examine whether the PLAC8 domain is required for the MdSCE1-MdCNR8 interaction, an N-terminal section without the PLAC8 domain and a C-terminal region containing the PLAC8 domain were used for examining their interactions with MdSCE1. As shown in Figure 2B, BD-MdSCE1 only interacted with the C-terminal not the N-terminal region (Figure 2B), which suggests that the PLAC8 domain is essential for MdSCE1-MdCNR8 interaction. The robust interaction between MdCNR8 and MdSCE1 was further confirmed by an in vitro pull-down assay. The His-tagged MdCNR8 could be cocaptured with a GST-tagged MdSCE1 as a protein complex when a GST bait protein was applied for a pull-down (Figure 2C), which further supports that MdCNR8 was able to interact with MdSCE1 in vitro. Furthermore, we performed a BiFC assay to examine whether this interaction also occurs in vivo. The fluorescent signal derived from the successful re-construction of YFP protein indicated that there was a strong interaction between MdCNR8-YFPC and YFPN-MdSCE1 (Figure 2D).



MdCNR8 Forms a Complex With MdSIZ1 and MdSCE1

MdCNR8 was able to directly interact with MdSCE1 but not MdSIZ1 motivated us to explore whether MdSIZ1 as a SUMO E3 ligase was involved in SUMOylation of MdCNR8 through a protein complex with MdSCE1. A yeast three-hybrid assay was then performed and revealed that only the transgenic yeast with pGADT7-MdCNR8/pBrige-MdSIZ1-N-MdSCE1 recombinant vector could normally grow on the SD-Trp/-Leu/-His/-Met medium, which indicates that MdSIZ1 and MdCNR8 could interact with each other when MdSCE1 was used as a bridge protein (Figure 3A); thus, we concluded that MdCNR8 may form a protein complex with MdSIZ1 and MdSCE1 in vitro.
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FIGURE 3. MdCNR8 forms a complex with MdSIZ1 and MdSCE1. (A) Yeast three-hybrid assay for the interaction of MdSIZ1, MdCNR8, and MdSCE1. The MdCNR8 was cloned into pGADT7 vector (pGADT7-MdCNR8). The MdSIZ1-N and MdSCE1 were cloned into pBridge vector (pBrige-MdSIZ1-N and pBrige-MdSIZ1-N-MdSCE1). pGADT7 + pBrige-MdSIZ1-N were used as a negative control. SD, synthetically defined medium. (B) Bimolecular fluorescence complementation assays for colocalization of MdSIZ1 and MdCNR8 in the nucleus of tobacco leaves cell with the participation of MdSCE1. DAPI was used to stain the nuclei. YFP, yellow fluorescent protein; RFP, Red fluorescent protein; DIC, bright field. Bars = 20 μm.


To examine whether this protein complex consisting of three proteins may exist in vivo, we performed another BiFC assay to verify the in vivo interaction of MdSIZ1, MdCNR8, and MdSCE1 in tobacco leaves. As the results shown in Figure 3B, a strong YFP signal was observed in the epidermal cells of tobacco leaves transformed with MdCNR8-YFPC, YFPN-MdSIZ1, and MdSCE1-RFP, but not leaves transformed with MdCNR8-YFPC and YFPN-MdSIZ1, which indicates that the MdSCE1 is required for a successful protein complex formation of these three proteins (Figure 3B).



MdCNR8 Can Be Sumoylated in vivo and in vitro and K39 Is Essential for SUMOylation of MdCNR8

Considering the function of MdSCE1 and MdSIZ1 in the process of protein SUMOylation (Zhou et al., 2017), and they can interact with MdCNR8, we hypothesize that the MdCNR8 protein could be sumoylated. An in vitro SUMOylation assay was subsequently carried out to validate our hypothesis. Recombinant His-MdCNR8 was incubated with SUMO-activating enzyme E1, SUMO-conjugating enzyme E2, SUMO1, and SIZ1, followed by immunoblot analysis using anti-SUMO1 antibody and anti-His antibody. SUMO1-MdCNR8 conjugates were not detectable with anti-SUMO1 antibody in the absence of ATP or MdCNR8, but were detectable when all components were present. The SUMOylation of MdCNR8 resulted in high molecular weight and a slow mobility shift compared to the non-sumoylated MdCNR8 (Figure 4A).
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FIGURE 4. MdCNR8 can be sumoylated in vivo and in vitro and Lysine 39 is an essential SUMOylation site. (A) Detection of SUMO1-MdCNR8 conjugates in vitro. SUMO1-MdCNR8 conjugates were detected in the presence (+) or absence (–) of ATP, MdCNR8 or MdCNR8K39R with anti-His and an anti-SUMO1 antibodies. (B) Detection of SUMO1-MdCNR8 conjugates in vivo. The proteins from WT, MdCNR8-FLAG, and MdCNR8K39R-FLAG calli were immunoprecipitated with anti-FLAG antibody. The proteins were detected with anti-FLAG antibody and anti-SUMO1 antibody. ACTIN was used as a control.


Subsequently, the putative SUMOylation site consensus sequence φ-K-X-E/D (φ represents a hydrophobic amino acid, K represents a lysine that is conjugated to SUMO, X represents any amino acid, and E/D represents an acidic residue) (Sampson et al., 2001) was identified in MdCNR8 using SUMOplot2 analysis (Lin et al., 2016). The lysine 39 (K39) of MdCNR8 was conserved among different plant species and predicted to be SUMOylation site. To validate this prediction, we performed in vitro SUMOylation assay of MdCNR8K39R. SUMO1-MdCNR8 conjugates could not be detected with anti-SUMO1 and anti-His antibody in the presence of MdCNR8K39R, which is different from the result with MdCNR8 (Figure 4A). These results indicated that the SUMOylation of MdCNR8 is dependent on the lysine 39. In addition, we also performed in vivo SUMOylation assay. Total proteins were extracted from apple calli transformed with either MdCNR8-FLAG or a mutated MdCNR8 with a conversion from lysine 39 to arginine (MdCNR8K39R-FLAG). Both MdCNR8-FLAG and MdCNR8K39R-FLAG proteins were detected from the total apple calli protein using an anti-FLAG antibody by immunoblotting, but the size of MdCNR8-FLAG protein was obviously larger than MdCNR8K39R-FLAG protein due to SUMOs attached to MdCNR8-FLAG but not the mutated MdCNR8K39R-FLAG protein (Figure 4B); the attached SUMOs of MdCNR8-FLAG were also confirmed by the immunoblotting with an anti-SUMO antibody (Figure 4B), which suggests that K39 is essential for SUMOylation of MdCNR8 in vivo. In addition, we found that SUMO1-MdCNR8 can also be detected with anti-SUMO1 antibody and anti-His antibody in transgenic MdCNR-FLAG/MdSIZ1-GFP calli but not in MdCNR-FLAG/antiMdSIZ1-GFP calli, which indicates that MdSIZ1 is necessary for the SUMOylation of MdCNR8 in plants (Supplementary Figure 4).



MdSIZ1-Mediated SUMOylation Increases Nuclear Localization of MdCNR8

Interestingly, the BiFC assay revealed that MdSIZ1 and MdCNR8 were colocalized within the nucleus with the participation of MdSCE1 (Figure 3B), which raised an intriguing question of whether an alteration in cellular localization of MdCNR8 occurs when it is sumoylated. The previous studies have also demonstrated that SUMOylation may cause localization transfer of a target protein to nuclei (Sehat et al., 2010; Lutz et al., 2012; Liu et al., 2018). To address whether SUMOylation promoted the nuclear recruitment of MdCNR8, we first analyzed the abundance of MdCNR8 or MdCNR8K39R in the context of the overabundance of MdSIZ1 using immunofluorescence staining and cell fractionation followed by a western blotting (Figure 5). We separated specific proteins from cell membrane, cytoplasm, and nucleus of apple calli transformed with MdCNR8-FLAG only or MdSIZ1 combined with either MdCNR8-FLAG or MdCNR8K39R-FLAG, respectively. The blotting results with antibodies against cytoplasm-specific protein ACTIN, nucleus-specific protein Histone H3, or membrane-specific protein APX3 confirmed that there was no cross-contamination between each specific protein isolate. In the apple calli transformed with MdCNR8-FLAG only, MdCNR8 is predominantly localized in the cell membrane compared with the proteins fractioned from cytoplasm and nuclei (Figure 5A). However, overexpression of MdSIZ1 increased the nuclear abundance of MdCNR8 relative to that in MdCNR8-FLAG-transformed cells, whereas the overexpression of MdSIZ1 failed to promote the nuclear recruitment of MdCNR8K39R, which suggests that the K39 is required for SUMOylation of MdCNR8 and essential for enhancing its nuclear translocation (Figure 5A). In addition, we analyzed the abundance of MdCNR8 or MdCNR8K39R in the absence of MdSIZ1. In the apple calli transformed with antiMdSIZ1 combined with MdCNR8-FLAG or MdCNR8K39R-FLAG, MdCNR8 or MdCNR8K39R is predominantly localized in the cell membrane compared with proteins fractioned from cytoplasm and nuclei (Figure 5B). These results indicated that SUMOylation of MdCNR8 is essential for its nuclear translocation and MdSIZ1 increases nuclear localization of MdCNR8.
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FIGURE 5. MdSIZ1 increases nuclear localization of MdCNR8. (A,B) The abundance of MdCNR8 or MdCNR8K39R separated from cell membrane, cytoplasm, and nuclei in the presence (A) or absence (B) of MdSIZ1-GFP. M, cell membrane; C, cytoplasm; N, cell nuclei. The red numbers indicate the quantification of the protein band brightness. (C) Fluorescent detection of MdCNR8 subcellular localization in tobacco leaves. MdCNR8-GFP only or MdSIZ1-RFP combined with either MdCNR8-GFP or MdCNR8K39R-GFP constructs were coexpressed transiently in tobacco leaves and visualized by fluorescence microscopy. DAPI was used to stain the nuclei. GFP, green fluorescent protein; RFP, red fluorescent protein; DIC, bright field. Bars = 20 μm.


To further confirm the biological function of MdCNR8 SUMOylation, MdCNR8-GFP or MdCNR8K39R-GFP was cotransformed with MdSIZ1-RFP into tobacco epidermal cells for subcellular localization analysis. The MdCNR8-GFP was mainly localized to cell membrane, and the expression of MdSIZ1-RFP greatly enhanced re-localization of MdCNR8-GFP into cell nuclei. The MdCNR8K39R-GFP was also mainly localized to cell membrane. However, cotransformation of MdSIZ1-RFP with MdCNR8K39R-GFP could not change its membrane-localization due to its SUMOylation site mutation (Figure 5C and Supplementary Figure 5). Collectively, these results suggested that SUMOylation could enhance nuclear localization of MdCNR8.



MdSIZ1 Positively Regulates Cell Proliferation in the Root Meristematic Zone and Root Growth

To determine whether MdSIZ1 functions in mediating organ size, we overexpressed MdSIZ1-GFP in apple root through Agrobacterium rhizogenes infection (Zhou et al., 2019). The strong fluorescent signal and gene expression analysis indicated that the transgene functioned well in apple roots (Supplementary Figure 6). We found that these plants overexpressing MdSIZ1 exhibited longer roots than the plant infected with empty vector (Figures 6A,B), which indicated that MdSIZ1 may promote root growth. Additionally, the overexpression of MdSIZ1 in Arabidopsis also resulted in increased root elongation compared to the wide type (Zhang et al., 2016; Zhang et al., 2019; Zhou et al., 2019); by contrast, the Arabidopsis siz1 mutant exhibited shorter roots than its WT (Figures 6C,D). To understand whether the enhanced root growth by MdSIZ1 was derived from the alteration of cell proliferation, we examined the cell number in root meristematic zone. The results showed that there were more cells in root meristematic zone of MdSIZ1 overexpression seedlings than the wide type, whereas the cell number in roots of the siz1 mutant was much fewer (Figures 6E,F). These results indicated that MdSIZ1 positively mediated root growth by regulating cell proliferation in the root meristematic zone.
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FIGURE 6. MdSIZ1 positively regulates cell proliferation in the root meristematic zone and root growth. (A) Phenotype of 40-day-old apple seedlings of MdSIZ1 overexpression lines (OE-1, OE-2, OE-3) and the control line infected with empty vector. Bars = 1 cm. (B) Primary root length of 40-day-old apple seedlings in (A). (C) Root phenotype of 7-day-old Arabidopsis seedlings of the WT, MdSIZ1 overexpression (OE-1, OE-2, OE-3) and atsiz1 mutant (mut). Bars = 1 cm. (D) Primary root length of the WT, OE-1, OE-2, OE-3, and mutant Arabidopsis seedlings in (C). (E) Confocal microscopy images of the FM4-64-stained WT, MdSIZ1 overexpression lines (OE-1, OE-2, OE-3) and atsiz1 mutant (mut) Arabidopsis seedlings. Yellow arrows and horizontal lines indicate the approximate position of root meristem zone. Bars = 50 μm. (F) Meristem cell number of the WT, OE-1, OE-2, OE-3, and mutant Arabidopsis seedlings. The cell number of 7-day-old roots was counted and shown as averages ± SD (n = 5 to 10). Data in B,D,F are the means (n = 5 to 20) ± SD. Different letters on each bar denote significant differences (p < 0.01, ANOVA, Tukey’s correction).




MdSIZ1-Mediated SUMOylation of MdCNR8 Regulates Cell Proliferation and Root Growth in ARABIDOPSIS

Overexpression of MdCNR8 in Arabidopsis resulted in elongated roots promoted us to question whether MdCNR8 could be interacted by AtSCE1 for SUMOylation to regulate cell division. A Y2H assay showed that MdCNR8 was able to directly interact with AtSCE1 (Supplementary Figure 7), which suggests that MdCNR8 may be sumoylated in Arabidopsis.

To further confirm that SUMOylation of MdCNR8 in Arabidopsis will be required for regulating cell division, we expressed MdCNR8 in WT and MdSIZ1 overexpression Arabidopsis. Based on the MdCNR8 and MdSIZ1 transcript level determined by qRT-PCR, three MdCNR8-GFP Arabidopsis overexpression lines, three MdSIZ1-GFP Arabidopsis overexpression lines, and MdCNR8-OE/MdSIZ1-OE Arabidopsis double expression line were chosen for further analysis (Supplementary Figure 8). Overexpression of MdCNR8 in WT Arabidopsis (MdCNR8 OE-4, OE-9, and OE-14) caused shorter roots than WT Arabidopsis, while the roots of MdSIZ1 overexpression lines (MdSIZ1 OE-1, OE-2, and OE-3) were longer than WT. However, the reduced root elongation by overexpression of MdCNR8 could be rescued by overexpression of MdSIZ1, which results in that roots of the MdCNR8-OE/MdSIZ1-OE Arabidopsis double expression line were similar to the WT (Figures 7A,B). The microscopic examination revealed that the meristematic cell number of MdSIZ1 and MdCNR8 double overexpression line was significantly more than MdCNR8 overexpression lines but less than MdSIZ1 overexpression lines (Figures 7C,D). These results indicated that MdCNR8-mediated cell proliferation and root growth in Arabidopsis are dependent on its SUMOylation by MdSIZ1.
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FIGURE 7. MdSIZ1-mediated SUMOylation of MdCNR8 regulates cell proliferation and root growth in Arabidopsis. (A) Root phenotype of 7-day-old Arabidopsis seedlings of the WT, MdCNR8 overexpression lines (MdCNR8 OE-4, MdCNR8 OE-9, MdCNR8 OE-14), MdSIZ1 overexpression lines (MdSIZ1 OE-1, MdSIZ1 OE-2, MdSIZ1 OE-3), and MdCNR8-OE/MdSIZ1-OE double overexpression line. Bars = 1 cm. (B) Primary root length of 7-day-old Arabidopsis seedlings of the WT, MdSIZ1 OE-1, MdSIZ1 OE-2, MdSIZ1 OE-3, MdCNR8 OE-4, MdCNR8 OE-9, MdCNR8 OE-14, and MdCNR8-OE/MdSIZ1-OE double overexpression line. Data are the means (n = 20) ± SD. Different letters on each bar denote significant differences (p < 0.05, ANOVA, Tukey’s correction). (C) Confocal microscopy images of the FM4-64-stained WT, MdCNR8 overexpression lines (MdCNR8 OE-4, MdCNR8 OE-9, MdCNR8 OE-14), MdSIZ1 overexpression lines (MdSIZ1 OE-1, MdSIZ1 OE-2, MdSIZ1 OE-3), and MdCNR8-OE/MdSIZ1-OE double overexpression Arabidopsis seedlings. Yellow arrows and horizontal lines indicate the approximate position of root meristem zone. Bars = 50 μm. (D) Meristem cell number of the WT, MdSIZ1 OE-1, MdSIZ1 OE-2, MdSIZ1 OE-3, MdCNR8 OE-4, MdCNR8 OE-9, MdCNR8 OE-14, and MdCNR8-OE/MdSIZ1-OE double overexpression Arabidopsis seedlings. Data are the means (n = 5) ± SD. Different letters on each bar denote significant differences (p < 0.01, ANOVA, Tukey’s correction).




MdSIZ1-Mediated SUMOylation of MdCNR8 Regulates Cell Proliferation and Organ Size in Apple

To explore the role of MdSIZ1-mediated SUMOylation of MdCNR8 in apple,MdCNR8, MdSIZ1, and MdSIZ1/MdCNR8 were expressed in apple calli. The overexpression of MdCNR8 caused less cell proliferation and weight than WT calli, while the cell number and weight of MdSIZ1 overexpression calli were more than WT apple calli (Supplementary Figure 9 and Figures 8A–C). However, the reduced cell numbers and fresh weight by overexpression of MdCNR8 could be rescued by the overexpression of MdSIZ1, which resulted in that cell number and fresh weight of the MdCNR8-OE/MdSIZ1-OE double expression apple calli were similar to the WT (Figures 8A–C). Moreover, silencing MdSIZ1 (anti-MdSIZ1) resulted in less cell proliferation and callus fresh weight compared to the WT control, whereas the calli of anti-MdCNR8 transgenic line exhibited higher fresh weight. As expected, the phenotype of anti-MdSIZ1 could be restored by simultaneously silencing MdCNR8 in anti-MdSIZ1/anti-MdCNR8 double silencing apple calli (Figures 8D–F). These results indicated that the regulation of cell proliferation by MdSIZ1 may be dependent on MdCNR8 in apple.
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FIGURE 8. MdSIZ1-mediated SUMOylation of MdCNR8 regulates cell proliferation and organ size in apple. (A–C) Phenotypes of the WT, MdCNR8 overexpression (MdCNR8), MdSIZ1 overexpression (MdSIZ1), and MdCNR8-OE/MdSIZ1-OE double overexpression (MdSIZ1/MdCNR8) apple calli. Bars = 1 cm. The weight of 0-day-old calli and 17-day-old calli was measured and shown as averages ± SD (n = 11 to 20). (D–F) Phenotypes of the WT, anti-MdCNR8, anti-MdSIZ1, anti-MdSIZ1/anti-MdCNR8 transgenic apple calli. Bars = 1 cm. The weight of 0-day-old calli and 17-day-old calli was measured and shown as averages ± SD (n = 11 to 20). Different letters on each bar denote significant differences (p < 0.01, ANOVA, Tukey’s correction).


Taken together, these results suggest that MdSIZ1-mediated SUMOylation of MdCNR8 regulates cell number, thereby affecting organ size in plants (Figure 9).
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FIGURE 9. Model depicting how SUMOylation of MdCNR8 regulates MdSIZ1-mediated cell number and organ size in plants (S, SUMO).





DISCUSSION

Organ size is one of the most important agronomic characteristics that have been long sought by plant breeders. It is generally believed that agricultural products with large organs (e.g., large fruits) are associated with high yield and high market value. Cell number and cell size are the two key determinants for plant organ size. In this study, we have identified and isolated a FW2.2-like gene from apple, MdCNR8, and demonstrated that it could regulate fruit size and root growth through controlling cell proliferation (Figure 1). Regardless of the organ type such as fruit, nodule, root, and grain, the previous studies have suggested that FW2.2-like genes across different plant species played a conservative role in negatively controlling organ size (Frary et al., 2000; Dahan et al., 2010; Guo et al., 2010; Guo and Simmons, 2011; De Franceschi et al., 2013; Xu et al., 2013; Qiao et al., 2017). Although intensive efforts were given to understand the mechanism of FW2.2-like protein in regulating cell proliferation, knowledge on how FW2.2-like genes exert their role in controlling cell proliferation remains fragmented. FW2.2 has been extensively demonstrated to be a plasma membrane-anchored protein that may facilitate transporting ions (Song et al., 2004; Nakagawa et al., 2007), but there is no molecular evidence on how ion transport meditates cell division. A number of two independent studies have, respectively, placed an AGAMOUS-like gene (AG2) or a CKII in association with FW2.2 to control cell division, but it remains controversial on how FW2.2 interacts with either AG2 or CKII to exert its function since no evidence supported their direct interaction in vivo, despite that an in vitro interaction was detected (Li and He, 2015). In addition, in this study, we have cloned a homolog of CKII kinase (MD04G1054100, MD07G1240200, MD02G1221400, MD06G1044800, and MD07G1094900) from apple and performed Y2H assay to verify the interaction between MdCNR8 and MdCKII, but we have not observed a direct interaction between MdCNR8 and MdCKII. These results indicated that the CKII-mediated cell division pathway might not be applied to MdCNR8 in apple.


SUMOylation Can Alter Cellular Localization of MdCNR8

In eukaryotes, protein function is determined by amino acids and also post-translational modifications such as SUMOylation and ubiquitination, which may impact function, activity, and cellular location of mature proteins. No study has been reported on whether any post-translational modification occurs to FW2.2-like proteins for exerting their roles in controlling organ size. In this study, we have observed that cellular localization of MdCNR8 can be altered by SUMOylation, which results in a translocation of this membrane-localized protein to the nucleus (Figures 5, 9).

SUMOylation and deSUMOylation are proposed to fine-tune the balance between nuclear, cytosolic, and membranous functions of targets through promoting shuttling of these targets into and out of the nucleus (Pichler and Melchior, 2002). The altered cellular localization due to SUMOylation has been widely reported in mammal cells. SUMOylation enabled mobilization of transmembrane fragment of a cell adhesion molecule L1 from plasma membrane to the nucleus for its function in the developing and adult nervous system (Lutz et al., 2012). Mutation of SUMOylation site at K1172 in L1 resulted in an abortion of this nuclear transport. Similarly, the membrane-associated insulin-like growth factor 1 receptor can be sumoylated at the three conserved lysine residues for its translocation to the nucleus to exert its roles in development and cancer biology (Sehat et al., 2010). In planta, the evidence from Arabidopsis and maize also suggested that SUMOylation may predominantly control nuclear event since the majority of canonical SUMOs and their conjugates are localized to the nucleus (Augustine and Vierstra, 2018). Accumulating evidence demonstrated the role of SUMOylation in altering cellular location in plants. Kim et al. (2018) showed that a nitrate reductase in Arabidopsis is mainly localized onto cytoplasmic membrane and that expression of AtSIZ1 affects subcellular localization of this protein, which results in its translocation to the nucleus (Kim et al., 2018). By contrast, the SUMOylation promotes cytoplasmic partitioning of NIb [RNA-dependent RNA polymerase of Turnip mosaic virus (TuMV)] and NPR1 (non-expressor of pathogenesis-related (PR) genes1), both of which are mainly localized in the nucleus prior to being sumoylated (Saleh et al., 2015; Cheng et al., 2017).

MdCNR8 lacks a nuclear localization sequence (NLS) and predominantly bound on the plasma membrane prior to SUMOylation as shown in Figure 5. Interaction with the NLS-containing SCE1/SIZ1 for its SUMOylation is essential for the nuclear translocation of MdCNR8 since the mutation of its SUMOylation site K39 caused the abortion of translocation that has been enhanced by expression of MdSIZ1 (Figure 5). It is still not clear how SUMOylation of MdCNR8 promotes this nuclear transport event and what roles the translocated MdCNR8 plays in the nucleus. It is speculative that the cytoplasmic-to-nuclear translocation may fulfill specific functions of MdCNR8 in the cell nucleus, for example, formation of a protein complex as a transcriptional modulator. This assumption may be consolidated by the results reported by Li et al. (2017a). An endoplasmic reticulum localized B-CELL LYMPHOMA 2-ASSOCIATED ATHANOGENE 7 (AtBAG7) protein in Arabidopsis is translocated into the nucleus only after being sumoylated under heat stress (Li et al., 2017b), and this translocated AtBAG7 could directly interact with a transcription factor WRKY29. Protein interaction with WRKY29 and heat tolerance were abolished when two SUMOylation residues K179 and K212 of AtBAG7 were both mutated, which suggests that SUMOylation and translocation are required for the AtBAG7-WRKY29 interaction and regulation of downstream target genes (Li et al., 2017b). Similarly, the SUMOylation of NPR1 is also required for its interacting with a TGA transcription activator for PR gene expression to tightly control plant immune responses, but the SUMOylation-deficient NPR1 mutant can only interact with another WRKY transcription repressor.



SIZ1 Controls Cell Growth and Organ Size

Genes required for post-translational modification have been widely reported to contribute to controlling of plant organ size by promoting cell proliferation or expansion. The ubiquitin-binding protein DA1 and the E3 ubiquitin-ligase BIG BROTHER (BB) in Arabidopsis are the two plant growth repressors that can control sizes of seed and other organs by limiting cell proliferation in early stage of organogenesis (Li et al., 2008). A recent report also showed that the Arabidopsis SUMO E3 Ligase AtMMS21 controls root growth by mediating cell proliferation via the E2Fa/DPa pathway (Huang et al., 2009; Liu et al., 2016). SUMOylation enhances the dissociation of the E2Fa/DPa transcription factor complex for cell cycle regulation. Similarly, the loss of function Arabidopsis mutant siz1 has a dwarf phenotype with decreased number and size of cells compared to the WT (Figure 6) (Catala et al., 2007; Miura et al., 2010). In addition, Miura et al. (2005) reported that SIZ1 is involved in the regulation of root growth in response to phosphate starvation (Miura et al., 2005). However, different mechanisms were previously proposed for SIZ1 to control plant growth. Catala et al. (2007) proposed that the dwarf phenotype of siz1-3 Arabidopsis mutant may be attributed to the reduced expression of genes involved in brassinosteroid biosynthesis and signaling since knockout of these genes caused a similar dwarf phenotype to siz1-3 (Catala et al., 2007). On the other hand, the increment in salicylic acid has been suggested to be linked with the dwarf phenotype of siz1-3 Arabidopsis mutant (Miura et al., 2010), while the inhibition of primary root growth in siz1-3 mutant in response to phosphate starvation was derived from alteration of auxin accumulation (Miura et al., 2011). All regulatory modules proposed in the previous studies involve different plant hormones which may participate in regulating various biological processes. In this study, we have demonstrated that MdSIZ1 may regulate organ size through a specific MdCNR8-dependent cell division pathway. Despite extensive studies on its conserved role in regulating organ size, our study demonstrated concrete evidence in how post-translational modification by SUMO process affects plant growth; these results may also bridge the knowledge gap in understanding the molecular mechanism by which how SUMOylation affects plant development in response to various stresses.
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The phytohormone salicylic acid (SA) not only is a well-known signal molecule mediating plant immunity, but also is involved in plant growth regulation. However, while its role in plant immunity has been well elucidated, its action on plant growth has not been clearly described to date. Recently, increasing evidence has shown that SA plays crucial roles in regulating cell division and cell expansion, the key processes that determines the final stature of plant. This review summarizes the current knowledge on the action and molecular mechanisms through which SA regulates plant growth via multiple pathways. It is here highlighted that SA mediates growth regulation by affecting cell division and expansion. In addition, the interactions of SA with other hormones and their role in plant growth determination were also discussed. Further understanding of the mechanism underlying SA-mediated growth will be instrumental for future crop improvement.
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INTRODUCTION

Salicylic acid (SA) is an important phytohormone that serves as a critical signal molecule mediating immunity and plant growth (Hayat et al., 2007; Vlot et al., 2009; Rivas-San Vicente and Plasencia, 2011). SA is synthesized from chorismate through two distinct pathways in plants, the isochorismate (IC) and the phenylalanine ammonia-lyase (PAL) pathways (Serino et al., 1995; Zhang and Li, 2019). In Arabidopsis, the majority (>90%) of SA is produced via the IC pathway, which contains two isochorismate synthase (ICS) enzymes (ICS1, also known as salicylic acid induction deficient 2, SID2, and ICS2) and two other enzymes, namely, avrPphB susceptible 3 and enhanced pseudomonas susceptibility 1 (Wildermuth et al., 2001; Zhang and Li, 2019). In contrast, in rice, the PAL pathway, which contains nine PAL enzymes and an abnormal inflorescence meristem 1 (AIM1) enzyme, may constitute the predominant pathway for SA synthesis (Silverman et al., 1995; Tonnessen et al., 2015). SA is perceived by the nonexpressor of pathogenesis-related gene 1 (NPR1) and its paralogues NPR3 and NPR4. It subsequently stimulates the downstream SA responsive genes and induces plant immune response (Fu et al., 2012; Wu et al., 2012; Ding et al., 2018). In addition to the canonical SA receptor NPRs (NPR1/NPR3/NPR4), there are many other SA-binding proteins (SABPs), such as SABP1 (Catalase), SABP2 (MeSA Esterase), and SABP3 (β carbonic anhydrase), which may act as potential SA receptors in plants and may be involved in SA signaling (Pokotylo et al., 2019). SA could be modified through glycosylation, methylation, and amino acid (AA) conjugation to render it inactive or fine-tune its accumulation, function, and/or mobility (Dempsey and Klessig, 2017; Ding and Ding, 2020), and thus affecting the regulation of SA on plant immunity and growth.

The final stature of plant growth is manifested by cell number and cell size, which are mainly controlled by the cell division and expansion processes, and these are determined by both genetic constraints and environmental signals (Mizukami, 2001; Weiss et al., 2005; Tsukaya, 2019). In the past two decades, increasing evidence has shown that SA plays essential roles in regulating plant growth by affecting cell division and cell expansion (Vanacker et al., 2001; Scott et al., 2004; Miura et al., 2010; Fujikura et al., 2020). However, the action of SA in the regulation of plant growth has not been comprehensively described yet in most reviews on this topic, compared to the role of other plant hormones, such as auxin and gibberellin (GA; Santner et al., 2009; Wolters and Jürgens, 2009; Depuydt and Hardtke, 2011; Vanstraelen and Benková, 2012; Ali et al., 2020). This mini-review mainly describes the versatile action and molecular mechanisms of SA regulating plant and organ growth. This knowledge of the SA-mediated growth regulation will contribute to the future crop improvement.



EFFECT OF SA ON PLANT GROWTH

The altered endogenous SA levels in plants can result in abnormal growth phenotypes (Rivas-San Vicente and Plasencia, 2011; Pokotylo et al., 2021). A high level of endogenous SA induces a stunted stature. Many Arabidopsis mutants with overaccumulating SA, such as accelerated cell death 6 (acd6), constitutive expresser of PR gene 5 (cpr5), and the SAP and MIZ domain protein gene 1 (siz1), present the dwarf plant phenotype with a shorter stem, smaller leaves, and/or floral organs compared to the wild type (WT; Bowling et al., 1997; Rate et al., 1999; Miura et al., 2010). On the contrary, the Arabidopsis SA-deficient mutant sid2 and SA-depleted NahG transgenic line show increased leaf biomass compared to WT (Scott et al., 2004; Abreu and Munné-Bosch, 2009). It is worth noting that SA may have divergent effects in different plant species or organs. For example, the aim1 rice mutant with reduced endogenous SA levels has shorter seedling and adventitious roots compared to the wild type (Xu et al., 2017).

The effect of exogenous SA on growth depends on its concentration and on the plant species. Different SA concentrations have either promoting or inhibiting effects on plant and organ growth in different plant species (Table 1). Studies have shown that a 0.01 mm SA treatment increased rosette diameter and the number of leaves and flower buds in African violet (Jabbarzadeh et al., 2009), while 0.05 mm SA stimulated the growth of wheat seedlings and the formation of larger ears (Shakirova et al., 2003). In finger millet, 0.1 mm SA stimulated flowering and grain set (Appu and Muthukrishnan, 2014) and, in strawberry, 0.25 mm SA caused a significant increase in leaf area and weight of primary fruits (Kazemi, 2013). In addition, 0.5 mm SA enhanced dry weight of root, shoot and nodule, and the number of flower and pods in chickpea (Kaur et al., 2022), and it also significantly increased photosynthesis and growth in wheat and mungbean (Khan et al., 2013, 2014). However, in Arabidopsis, exogenous SA (0.02–0.03 mm) reduced pollen tube length by about 25% (Rong et al., 2016), and SA treatments (0.1 and 1 mm) also decreased trichome density and number (Traw and Bergelson, 2003). In tobacco, 0.1 mm SA reduced shoot growth and leaf epidermal cell size (Dat et al., 2000). Pancheya et al. (1996) observed that SA concentrations between 0.1 and 1 mm inhibited the growth of leaves and roots of barley seedlings in a dosage-dependent manner. Generally, for a plant species, lower concentrations of exogenous SA seem to have a growth-promoting effect while higher ones may negatively regulate growth (Table 1). For example, 0.05 mm SA significantly stimulated the growth of rosette leaves and roots of chamomilla by 32 and 65%, respectively, while 0.25 mm SA decreased it by 40 and 43%, respectively (Kovácik et al., 2009). In Arabidopsis, low-concentration SA (<0.05 mm) promoted adventitious roots, whereas high-concentration SA (>0.05 mm) inhibited all growth processes in the root (Pasternak et al., 2019). The discrepant performances of different concentration SA on growth were also reported in wheat and pepper (Hayat et al., 2005; Canakci, 2011). It should be mentioned that the threshold SA concentration between growth promotion and growth inhibition may vary with plant species. These contrasting effects due to different concentrations of exogenous SA indicate that this compound has a complex role in plant growth.



TABLE 1. Effect of exogenous SA on growth in different plant species.
[image: Table1]



SA-INDUCED REGULATION OF CELL DIVISION AND EXPANSION

SA can regulate plant growth by modulating cell division and expansion, either in a negative or positive way. In Arabidopsis leaves, some evidence has shown that SA has a negative effect on the two cellular processes. For instance, SA-deficient NahG transgenic plants displayed a higher growth rate compared to WT and they presented a 1.7-fold increase in leaf rosette biomass at the early stage of reproduction (Abreu and Munné-Bosch, 2009). This increased growth effect on NahG transgenic plants was more obvious at low temperatures, and it resulted from enhanced cell expansion of rosette leaves (Scott et al., 2004; Xia et al., 2009). Further investigations have demonstrated that, compared with WT, NahG transgenic plants at 4°C presented an elevated expression of the cell cycle G1/S transition regulator cyclin D 3 (CYCD3) and enhanced endoreduplication levels, which led to larger cells (Xia et al., 2009). This evidence indicated that SA suppresses cell expansion by regulating the expression of the cyclin genes. In addition, the SA-accumulating mutant siz1 showed a dwarf phenotype characterized by a decreased leaf cell volume and number. The cell division and expansion defects caused by siz1 can be suppressed through the overexpression of NahG (Miura et al., 2010), further demonstrating that SA inhibits these two cellular processes. However, SA accumulation in a different context may exhibit a discrepant action on cell growth control. Vanacker et al. (2001) found that SA activates cell division and expansion in acd6-1 leaves with a very high SA level. Additionally, the positive effect of SA on cell division was also found in the roots. For example, the aim1 rice mutant, whose SA biosynthesis was deficient, showed a reduced root meristem activity and a significantly lower expression of the cell cycle G2/M phase transition regulator cyclin B1;1 (CYCB1;1) compared to WT, indicating that SA has a positive role in root cell division (Xu et al., 2017). Moreover, the SA-overaccumulating Arabidopsis mutant known as constitutively activated cell death 1 (cad1) increased cell division in the quiescent center (QC) in the root apical meristem, which was observed in the SA-treated WT (Wang et al., 2021). In summary, the SA-induced regulation of cell division and expansion is complicated and may depend on plant organs and the context in which signaling occurs.



SA-INDUCED REGULATION OF PLANT GROWTH VIA MULTIPLE SIGNALING PATHWAYS

SA signaling during plant immune responses has been well explored, and NPR1 was identified as a key component of this process. NPR1 is also important for SA-mediated growth regulation through the control of cell division and expansion (Vanacker et al., 2001; Fujikura et al., 2020; Wang et al., 2021). The Arabidopsis npr1-1 mutant leaves had fewer cells and higher DNA content, indicating that NPR1 promotes cell division and represses endoreduplication in leaves (Vanacker et al., 2001). Fujikura et al. (2020) found that the xs2 mutant accumulated high SA contents and impaired cell expansion, producing smaller cells compared to those observed in WT. Interestingly, the significant defect in cell size observed in the xs2 mutant was restored in the xs2 npr1 double mutant. These results indicate that the suppression of cell expansion in xs2 was mediated through an NPR1-dependent signaling pathway. Additionally, the SA-overaccumulating Arabidopsis mutant cad1 increased cell division in the QC, which was rescued through the mutation of SID2 or NPR1, indicating that the QC cell division in the cad1 mutant is promoted in an NPR1-dependent SA signaling pathway (Wang et al., 2021). Further investigation found that SA accumulation in the cad1 mutant promotes QC cell division through the accumulation of reactive oxygen species and downregulation of the transcription factor genes Plethora 1 (PLT1), PLT2, and WUSCHEL-related homeobox5 (WOX5) involved in QC maintenance (Wang et al., 2021). NPR1 may also have a negative effect on cell division in some specific developmental contexts, such as the SA-Ethylene (ET)-mediated apical hook development (Raz and Koornneef, 2001; Huang et al., 2020). The above examples support the hypothesis that SA could regulate cell division, cell expansion, and then plant growth in an NPR1-dependent manner.

Besides the NPR family proteins, other SABPs also play essential roles in SA-mediated plant growth regulation (Pokotylo et al., 2019). Tan et al. (2020) found that SA directly binds to A subunits of protein phosphatase 2A (PP2A) to suppress the dephosphorylation of PIN-formed (PIN) auxin efflux carriers and inhibit root development (including root elongation, gravity response, and lateral root formation) in an NPR-independent manner. Additionally, the inhibiting effect of SA on pollen tube growth in Arabidopsis is also independent of NPRs because the npr1, npr3, npr4, and npr3 npr4 mutants exhibited responses that were identical to that of 20 mm SA in WT (Rong et al., 2016). Further investigations revealed that SA and methylated SA (MeSA) antagonistically regulate pollen tube growth by affecting clathrin-mediated endocytosis (CME) and the apical activation of a key pollen tip growth regulator, known as Rho-type GTPase 1 (ROP1), with SA and MeSA having inhibitory and stimulatory effects, respectively. Interestingly, the methylesterase and methyltransferase enzymes, which catalyze the interconversion between SA and MeSA, are both localized on the tip of pollen tubes, indicating that the tip-localized production of the two compounds plays an important role in the regulation of polar cell growth (Rong et al., 2016). However, it remains to be determined which SABP is responsible for the SA/MeSA-mediated regulation of pollen tube growth.

Other SA pathways regulating plant growth have also been reported. The Arabidopsis cpr5 containing an elevated SA level was shown to reduce primary root length and lateral root number, and these could be restored in the cpr5/sid2 double mutant (Bowling et al., 1997). Additional research demonstrated that CPR5 can repress the accumulation of SA and favor growth through the inhibition of the SA-dependent inositol-requiring protein-1 (IRE1)-basic leucine zipper 60 (bZIP60) arm-induced plant unfolded protein response (UPR), which antagonizes organ growth (Meng et al., 2017), indicating that CPR5 regulates root growth through the SA-dependent IRE1-bZIP60 signaling pathway. Moreover, SA also regulates plant growth by affecting the expression of genes involved in cell expansion. In the siz1 mutant mentioned above, SA accumulation negatively regulates the expression of the xyloglucan endotransglycosylase/hydrolase (XTH) genes, XTH8 and XTH31, which facilitate cell wall loosening and cell expansion in leaves (Miura et al., 2010). Nevertheless, the SABPs involved in these pathways have not been explored yet.

The above-mentioned studies show that the action of SA on organ and plant growth is mediated by different receptors, and it occurs through multiple pathways, supporting the hypothesis that SA plays a complex role in plant growth regulation.



ROLE OF SA CROSSTALK WITH OTHER HORMONES IN THE REGULATION OF PLANT GROWTH

SA also interacts with other hormones involved in the regulation of cell division and expansion, such as auxin, GA, and ethylene (ET), to modulate plant and organ growth (Ari et al., 2020; Emamverdian et al., 2020; Mazzoni-Putman et al., 2021; Pokotylo et al., 2021).

Auxin is a major growth hormone that controls these cellular processes, especially in roots (Perrot-Rechenmann, 2010; Barbeza et al., 2017; Huang et al., 2019; Seo et al., 2021), and SA can influence root development by affecting the accumulation and transport of auxin. Pasternak et al. (2019) proved that exogenous SA affects the root tip meristem in Arabidopsis in a concentration-dependent manner. A low level of SA (below 0.05 mM) induces auxin accumulation by activating the expression of the auxin biosynthetic enzyme TRP aminotransferase of Arabidopsis 1 (TAA1) and the auxin efflux protein PIN1, and by repressing PIN2 and PIN7. Then, it increases the number of periclinal and tangential cells in the roots’ outer layers through a cyclin D6;1 (CYCD6;1)-dependent mechanism. In contrast, a high dosage of SA (above 0.05 mM) induces auxin depletion in the root meristem by repressing the expression of PIN1, PIN2, and PIN7, and then inhibiting the cell cycle and growth processes in the roots (Pasternak et al., 2019). SA can also lead to the hyperphosphorylation of PIN2 by directly binding to the PP2A to repress its dephosphorylation activity toward PIN2, thereby reducing PIN activity, which results in a decrease in auxin export and attenuation of root growth (Tan et al., 2020). Furthermore, SA can induce PIN2 hyperclustering through a remorin (REM)-dependent lipid nanodomain organization to hamper auxin accumulation and impair the auxin-mediated root gravitropic response (Ke et al., 2021).

GA promotes plant growth by increasing cell division and expansion (Achard et al., 2009; Sprangers et al., 2020; Vercruysse et al., 2020). The application of exogenous GA increases SA biosynthesis in wild Arabidopsis plants or promotes seed germination and seedling growth in the sid2 under adverse conditions, suggesting a synergistic interplay between SA and GA (Alonso-Ramírez et al., 2009). However, SA can also antagonize GA in growth regulation. In barley, SA treatments were shown to inhibit the GA-induced alpha-amylase expression in the aleurone layers and to influence seed germination and subsequent growth (Xie et al., 2007). In Arabidopsis, GA increases trichome number, while this effect is suppressed by SA (Traw and Bergelson, 2003). Moreover, the hydroxycinnamoyl CoA: shikimate hydroxycinnamoyl transferase (HCT)-RNAi lines of Arabidopsis characterized by overaccumulating SA reduced the expression of GA marker genes and caused severe dwarfism in the plant. The defects of HCT RNAi lines in GA signaling and growth could be restored by mutating SID2 or overexpressing NahG (Gallego-Giraldo et al., 2011). It is therefore inferred that SA negatively regulates cell division, cell expansion, and overall plant growth, by antagonizing GA.

ET is also an endogenous regulator of cell division and expansion in vegetative growth (Dubois et al., 2018). It participates to the stimulation of cell division during the early development of apical hooks (Raz and Koornneef, 2001). SA can inhibit ET biogenesis and signaling (Leslie and Romani, 1988; Huang et al., 2020) and, in Arabidopsis, it was shown to reduce the apical hook angle of etiolated seedlings by antagonizing ET signaling. The SA-activated NPR1 directly interacts with ethylene insensitive 3 (EIN3), the core transcription factor of ET, and disrupts the binding of EIN3 to its target gene promoters, such as the promoter of HOOKLESS 1 which is essential for apical hook development, thus reducing the hook angle (Huang et al., 2020). Therefore, SA may have a negative effect on cell division by antagonizing ET.



CONCLUSION AND PERSPECTIVES

Over past decades, numerous studies have focused on the role and mode of action of SA in plant immunity (Zhang and Li, 2019; Ding and Ding, 2020). A few studies have identified some molecular connections between SA and cell division, cell expansion, and growth. The uncovered pathways shown in this mini-review, such as SA-dependent plant UPR pathways, SA-regulated expression of cell cycle genes, and SA-auxin crosstalk, were species-, organ-, or context-dependent. The universal and key connections of SA modulating cell division and expansion are still vague and remain to be identified. Based on the current available evidence, a simple model describing SA-induced regulation of cell division and expansion with effects on plant growth was here proposed (Figure 1). It suggests that NPRs or other SABPs bind to SA to modulate the transcription of key genes (such as those associated with the cell cycle and cell wall loosening) or crosstalk with other hormones (such as auxin, GA, and ET) in either positive or negative way, and then regulate cell division or expansion, ultimately modifying plant growth.
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FIGURE 1. Schematic diagram illustrating a possible mode of SA-induced regulation of cell division and expansion with effects on plant growth. SA positively or negatively modulates cell division and expansion by regulating the transcription of key genes (such as cell cycle related- and cell wall loosening genes XTHs), and through hormone crosstalk in NPR1-dependent or other SABP-dependent manners. XTHs, xyloglucan endotransglycosylase/hydrolase genes; NPR1, nonexpressor of pathogenesis-related gene 1; and SABP, SA-binding protein. Black arrows and red T bars indicate positive (+) and negative (−) regulation, respectively.


It must be noted the higher accumulation of endogenous SA enhances plant immunity but generally suppresses growth (Van Butselaar and Van den Ackerveken, 2020). Nevertheless, SA separately regulates plant growth and immunity through different receptors or pathways in some cases. Therefore, it seems feasible to disrupt the growth-immunity tradeoff to promote defense on the premise of maintaining plant growth, or simultaneously enhance plant growth and defense via targeted gene editing. In summary, this mini-review on the action and mechanism of SA-induced growth regulation will provide helpful information for future crop improvement.
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INTRODUCTION

Modern single-celled, long, and spinnable cotton fibers are the result of allopolyploidy between A- and D-genome diploid species of cotton and millennia of selective breeding under domestication (Figure 1). Gossypium hirsutum is one of the domesticated allopolyploid lineages and is prevalent in cotton crop fields worldwide (Wendel and Cronn, 2003). Generally, cotton fibers are elongated and thickened epidermal cells of developing ovules, which undergo four tightly regulated stages during their development, namely, initiation, elongation/extension, secondary cell wall synthesis, and maturation (Haigler et al., 2012). The comparative transcriptome sequencing of wild and domesticated species reveals that the development of fiber initiation and elongation is an extraordinarily dynamic and complex process in which more than half of the genome is expressed in any particular stage of fiber development (Yoo and Wendel, 2014). Evidently, the morpho-evolution of fiber cells in domesticated cotton species is characterized by large transcriptomic biases, mostly in response to hormone signaling genes, antioxidant genes, and cell wall-modifying (CWM) genes (Chaudhary et al., 2008). The latter class of genes is responsible for (de)-polymerization of actin during fiber initiation and elongation, which is mediated by transcriptionally hyperactive CWM profilin (PRF) genes (Bao et al., 2011). PRFs are extremely conserved and ancient proteins present in viruses, flagellated prokaryotes, cyanobacteria, bacteria, and animalia and plantae kingdoms (Pandey and Chaudhary, 2017). Apparently, the GhACT1 gene responsible for constructing the actin cytoskeleton network is abundantly expressed in developing fiber cells, in particular during fiber elongation (Li et al., 2005). Mutation in the GhACT1 gene leads to formation of disrupted F-actin filaments and disordered cytoskeleton in elongating fiber cells (Thyssen et al., 2017). Additionally, the transcriptional dynamics and functional attributes of different CWM genes have also been investigated, which includes Ca2+dependent phospholipid-binding annexin genes (GhAnn2, AnxGb6, and GhFAnnxA) regulating the rate of Ca2+ flux and signaling mechanisms, rate of fiber cell polar extension and secondary cell wall synthesis through its interaction with actin filaments (Wang et al., 2010; Zhou et al., 2011; Tang et al., 2014; Zhang et al., 2016); β-tubulin gene (GhTub1) involved in the synthesis and rearrangement of microtubules required for cytoskeletal dynamicity during fiber formation (Li et al., 2003; Chen et al., 2021); expansin (GhEXPA8) gene stimulating cell wall loosening and extension during fiber cell elongation (Bajwa et al., 2015; Lv et al., 2020); and Fasciclin-Like Arabinogalactan (GhFLA1) protein responsible for the activation of primary cell wall biosynthesis genes in fiber initiation and elongation processes (Huang G. Q. et al., 2013). As a result of transcriptional loss of the domestication-driven CWM-associated profilin structural gene (GhPRF1), the cotton plant experiences severe developmental abnormalities in floral organs, predominantly due to disruption of coordinated gene expression profiles of CWM-gene clusters (triads) in the cellular milieu rather than single target gene silencing (Pandey and Chaudhary, 2021). This article presents a novel perspective on the synchronized gene expression evolution of CWM genes during floral, fiber, and boll development in cotton.
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FIGURE 1. Summarized representation of cell wall-modifying (CMW) gene expression evolution accompanying the evolutionary trajectory of genomic merger and allopolyploid formation in cotton. RNAi of the GhPRF1 gene showed abnormal floral shapes and reduced fiber development in mature bolls. Relative temporal expression of the “GhPRF–GhAnnex–GhAct” and “Tub-Exp-FLA1” geneic-triads at the 5-, 10-, and 20-dpa stages of fiber development in the Coker 310 cultivar exhibits synchronous expression patterns and highlights their fine-scale coordination during floral and fiber development.




EXPRESSION EVOLUTION OF CELL WALL-MODIFYING-ASSOCIATED “profilin” GENES DURING FIBER DEVELOPMENT

Under cotton domestication, the selection of superior fiber traits in domesticated forms have led to the development of long and spinnable fiber phenotypes from the inferior wild short fuzz. Comparative temporal genomics of fiber development in wild and domesticated diploid and allopolyploid cotton species has identified CWM-associated cytoskeletal profilin (PRF) gene family members that are preferentially expressed (>400-fold) during emergence and extension of domesticated fiber initials (Bao et al., 2011). The functional characterization of PRF genes has demonstrated its direct role in the intricate process of fiber development and the regulation of floral development by activating various signaling pathways (Pandey and Chaudhary, 2016, 2021). The spatiotemporal expression analysis of PRF genes among vegetative, floral, and various stages of fiber development has identified PRF transcript abundance in developing fibers, particularly in fiber elongation stage (10 days post anthesis, dpa). Interestingly, increased PRF transcription exhibits proportional polymerization of F-actin levels in 10-dpa fiber tissues of different cotton cultivars, followed by 5- and 20-dpa fibers (Pandey and Chaudhary, 2019). This is attributed to the strong PRF genes’ expression-mediated F-actin polymerization and bundling during fiber elongation. Similarly to PRF genes, annexin, tubulin, and FLA genes are also expressed in developing fiber cells and are critical for fiber extension, secondary cell wall formation, and actin filament rearrangement (Huang Y. et al., 2013; Zhang et al., 2016). Hence, cell wall structural proteins, together with several glycoproteins and enzymes, form a rigid matrix of cellulose (Keegstra, 2010), and CWM genes contribute to maintaining a dynamic cell wall structure during fiber development.



RNAi OF PRF GENES EXHIBITS ANOMALOUS FLORAL ORGAN SHAPE AND REDUCED FIBER ELONGATION

The constitutive reduction in the transcription of domestication-driven PRF1 gene in cotton (GhPRF1) shows up to 40% less secondary branches and floral buds per transgenic plant compared to untransformed plants (Pandey and Chaudhary, 2021). Independent GhPRF1-RNAi lines exhibit floral organ abnormalities and shorter fiber lengths. Anthers are disoriented with shortened staminal tube, disorganized style protrusions, aberrant stigma tips, inadequate staminal tube growth, reduced pollen viability, and delayed and decreased fiber synthesis on the ovular surface. Most flowers fail to form seeds, and only a few produces underdeveloped bolls with stunted ovules and seeds. On the contrary, fiber-specific silencing of the GhPRF1 gene shows normal floral organ development but reduced emergence of fiber initials on the ovule surface. Together, the constitutive- and fiber-specific RNAi of PRF genes in cotton modulates the expression of actin and annexin genes, which also significantly influence the morpho-appearance of floral organs and fibers (Pandey and Chaudhary, 2019, 2021; Figure 1). These observations suggest that abnormal floral shapes among constitutive RNAi lines are precisely the effect of reduced PRF transcript levels and not a consequence of transgenesis. Moreover, the transcriptional loss of PRF gene(s) interfered with the synchronization of gene expression ratios in the “profilin–annexin–actin” (GhPRF1: Accession No. EF143832; GhAnnex3:Accession No. JX897059; and GhAct1: Accession No. AY305723) and “tubulin–expansin–FLA1” (GhTub1: Accession No. AF484959; GhExp1: Accession No. DQ204495; and GhFLA1: Accession No. EF672627) geneic triads, which may account for the observed phenotypic anomalies. Future experiments in this area would provide important insights into the strategic utilization of co-expressed CWM genes for enhanced agronomically important fiber-associated traits.



SYNCHRONIZED TRANSCRIPTIONAL DYNAMICS OF CELL WALL-MODIFYING GENEIC TRIADS REGULATES FLORAL ORGAN SHAPE AND FIBER ARCHITECTURE

Previously, temporal transcriptional biases in CWM-associated genes during vegetative and fiber development were investigated among diverse cotton cultivars, and interestingly, synchronous expression dynamicity and coordinated expression patterns were prominent among CWM-associated “profilin–annexin–actin” and “tubulin–expansin–FLA1” geneic-triads (Pandey and Chaudhary, 2019). Regardless of the cultivar’s genetic background, synchronous expression profiles of the GhPRF–GhAnnex–GhAct triad have been observed in root tissues, hypocotyl, cotyledons, cotyledonary callus, and leaf tissues. Simultaneously, transcriptional comparisons between GhPRFs-associated CWM-GhAnnex and -GhACT genes in developing fibers also demonstrate a highly significant association (correlation coefficient r = 0.95–1) across geneic comparisons. Similarly, fold-expression variations in actin-polymerizing GhPRFs in different stages of fiber development are correlated with GhACT bundle formation. In addition, RNAi-mediated constitutive suppression of domestication-driven GhPRF1 gene expression in cotton transgenics results in significant changes in CWM-GhAnnex and -GhACT gene expression profiles. At protein level, yeast two hybridization and BiFC based analyses indicate that the AnxGb6 homodimer interacts strongly with ACT protein resulting in enhanced F-actin accumulation in fibers and regulate fiber elongation process in cotton (Huang Y. et al., 2013). The transcriptional silencing of cotton PRF genes reveals a strong expression correlation among these genes, which has a direct impact on cotton organ development. In response to GhPRF1 expression reduction in transgenic cotton, GhAnnex3 and GhACT1 expression significantly increases. Such synchronized expression patterns are prominent in floral and fiber tissues. Notably, the GhAnnex3 and GhAct1 genes are significantly downregulated in deformed stamen tissues of GhPRF1-RNAi lines (Pandey and Chaudhary, 2019). Thus, GhPRF–GhAnnex–GhAct triad gene expression profiles are observed to be highly coordinated in their temporal patterns with intriguing interactions in various cellular contexts and cell types. Furthermore, the synchronized patterns of GhPRF–GhAnnex–GhAct triads coincide with the “tubulin (Tub)-expansin (Exp)-Fasciclin-Like Arabinogalactan-Protein (FLA1)” structural geneic triad during the emergence of cotton fibers. This triad mainly includes the Tub gene, which is responsible for enhanced and precise assembly of microtubules (Whittaker and Triplett, 1999; Mujahid et al., 2016); the Exp1 gene is responsible for fiber cell wall relaxation (effector) (Cosgrove, 2015); the FLA1 gene is responsible for cell wall integrity (Huang G. Q. et al., 2013). Hence, fine-scale and synchronized transcription of CWM geneic triads is essential for maintaining floral organ shapes and fiber development in cotton.



CONCLUSION

Modern forms of elongated and spinnable cotton fibers originated through the genomic hybridization between A- and D-genome progenitor cotton species, followed by the formation of allopolyploids and independent domestication of two polyploidy species. For such morphological transformation of wild fuzz into modern elongated fiber cells, various genes, and transcription factors, including CWM genes, have been recruited. Both diploid and polyploid species exhibit several hundred-fold expression evolution in actin (de)-polymerizing cytoskeletal profilin genes; and the RNAi of the PRF genes has profound effects on the appearance of floral organs as well as fiber architecture. A remarkable feature of the temporal expression profiles of the CWM-associated “profilin–annexin–actin” and “tubulin–expansin–FLA1” geneic triads in cotton is their coordination, with an array of fascinating interplay across a variety of cellular contexts and cell types. Both floral and fiber tissues demonstrate significant expression modulation of actin and annexin genes as a result of transcriptional loss of PRF genes. As a result, the concurrent transcriptional dynamics of cytoskeleton-associated structural genes in modern cotton fibers are very useful in understanding the evolutionary recruitment of CWM gene clusters for shaping the floral organs and determining fiber length (Figure 1).
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Stable culm variants are valuable and important material for the study of culm development in bamboo plants. However, to date, there are few reports on the mechanism of variation of these bamboo variants. Phyllostachys nidularia f. farcta (Shidu bamboo) is a bamboo variant with stable phenotypes such as a dwarf culm with a thickened wall. In this study, we systematically investigated the cytological characteristics and underlying mechanism of morphological variation in culms of this variant using anatomical, mathematical statistical, physiological, and genomic methods. The anatomical observation and statistical results showed that the lateral increase of ground tissue in the inner layer of culm wall and the enlargement of vascular bundles are the anatomical essence of the wall thickening of Shidu bamboo; the limited elongation of fiber cells and the decrease in the number of parenchyma cells longitudinally are probably the main causes of the shortening of its internodes. A number of genes involved in the gibberellin synthesis pathway and in the synthesis of cell wall components are differentially expressed between the variant and its prototype, Ph. nidularia, and may play an important role in determining the phenotype of internode shortening in Shidu bamboo. The decrease in gibberellin content and the content of the major chemical components of the cell wall of Shidu bamboo confirmed the results of the above transcriptome. In addition, the variation in culm morphology in Shidu bamboo had little effect on the volume of the culm wall of individual internodes, suggesting that the decrease in the total number of internodes and the decrease in dry matter content (lignin, cellulose, etc.) may be the main factor for the sharp decline in culm biomass of Shidu bamboo.

Keywords: wall thickness, internode length, fiber cell, parenchyma cell, transverse morphology, elongation growth, biomass


INTRODUCTION

Woody bamboo is unique among plants because it has both the tissue morphology of herbaceous plants and the material properties of woody plants. In addition, the woody properties of bamboo culm and its rapid growth cycle give it great economic and ecological value (Gao et al., 2022). Therefore, the study of biological processes related to bamboo culm morphogenesis and underlying regulatory mechanisms have traditionally been a research focus of researchers in related fields.

The morphological development of the bamboo culm proceeds mainly in two typical stages. The first stage is the primary thickening growth of the shoot bud under the ground, which mainly driven by shoot apical meristem (SAM) (Wei et al., 2017, 2018; Wang et al., 2019); the second stage is the rapid growth of the young bamboo, which is driven by the intercalary meristem (Wei et al., 2019). Efforts have long been made to explore the regulatory mechanism, especially the molecular mechanism of bamboo culm in the above morphological development process (Peng et al., 2013a; Gamuyao et al., 2017; Li et al., 2018; Jin et al., 2021). However, a number of obstacles, such as the complex genomic background of bamboo plants and the long and uncertain sexual reproductive cycle (Peng et al., 2013b; Guo et al., 2019; Zheng et al., 2020, 2022), makes it difficult to deepen the relevant research. Fortunately, several bamboo variants have attracted people's attention in the recent years (Wei et al., 2017, 2018; Wang et al., 2018; Hu et al., 2020). Systematic analysis of the phenotypes of these bamboo variants, combined with comparative transcriptome analysis and other biological study methods, people can further investigate the genes responsible for regulating key traits, and also provides a new avenue to further explore the molecular basis and regulatory mechanism associated with bamboo morphogenesis. Currently, a number of researchers have made important breakthroughs in this way. For example, Wei et al. (2017) have found a set of genes that play an important regulatory role in the primary thickening growth process of bamboo by studying a thickened wall variant with abnormal development (Phyllostachys edulis, “Pachyloen”). Similar ideas were also used to find the main candidate genes regulating the fast growth of bamboo, and a bamboo variant with a slow-growing trait (Pseudosasa japonica var. tsutsumiana) played a key role (Wei et al., 2018). Therefore, the stable variants of bamboo can be used as an effective tool to better understand the process of culm morphogenesis. This research also makes us aware of the importance of discovering and further studying these valuable bamboo variants.

Shidu bamboo (Ph. nidularia f. farcta) is a stable variant with walls of varying thickness (Wang et al., 2019). It is an ideal material to study the formation of the transverse morphology of the culm wall. However, research on this bamboo species is currently very limited. In our previous study, we observed the tissue morphology of its shoot bud in the early developmental process (the primary thickening growth process), and identified the main factor affecting the morphological development and the underlying molecular basis in advance (Wang et al., 2019). However, the pattern of culm wall thickening in Ph. nidularia f. farcta is still unclear. In addition, a number of other morphological changes in the culm, such as the reduced culm diameter, shortened internode length, reduced total number of internodes, and significantly reduced fresh weight, suggest that there are other obstacles to the morphological development of the culm of Ph. nidularia f. farcta, that require further study to confirm and explain.

To address these questions, in this study, we systematically analyzed the tissue structure of the culm wall of Ph. nidularia f. farcta, as well as the cytological causes of the shortened internode and the underlying mechanism. We also investigated the main factors affecting the decline of biomass in the culm of Ph. nidularia f. farcta by using statistical analysis method and histochemical evidence.



MATERIALS AND METHODS


Plant Materials

The bamboo culm samples of the variant (Ph. nidularia f. farcta) and primitive type (Ph. nidularia) involved in this study were collected in Libo city, Guizhou province, China (25°29′N, 107°51′E). The bamboo forests of the above two bamboo species were adjacent to each other, had which were primitive distribution and have the same growing conditions. The collection site was located in a humid monsoon climate in the middle subtropical zone. The average altitude of the bamboo forest area was 941 m and the mean annual air temperature was 18.3°C and the rainfall was 4,000 mm. To determine the standard bamboo, we first measured the diameter at breast height (DBH) of 30 bamboo culm of each species randomly, and calculated the average DBH. Then, 10 1-year-old bamboo culms of each bamboo species, with average DBH, were selected and cut from the base as standard samples to conduct the following experiments.



Morphological Analysis and Determination of Biomass of Bamboo Culms

The length and diameter of the internodes, the thickness of the culm wall, and the total number of internodes of standard bamboo were measured. Then, the culm wall area in cross-section and the culm wall volume of each internode were calculated based on the above measured data. We also calculated the ratio of wall thickness and cavity diameter (wall-cavity ratio) of internodes from each part of the above two types of bamboo and the formula was as follows:

[image: image]

Where R was the wall cavity ratio, WT was the wall thickness of bamboo culm (mm), and D was the internode diameter (mm).

To measure the biomass of bamboo culms, we first measured the total fresh weight of each standard bamboo after removing the branches and leaves and then separated an internode from the top, middle, and bottom of each standard bamboo culm. After marking the internodes, 400 g of fresh culm samples were collected from each internode were and brought back to the laboratory. These samples were dried in an oven at 130°C to a constant weight, then the dry weight of each sample was weighed and the moisture content and dry weight of each standard culm were calculated. SPSS statistics version 17.0 was used for difference analysis of the data.



Microscopic Observation of the Culm Wall

To observe the tissue morphology of the culm wall in cross section. The samples were first separated from the different positions of the standard bamboo culm, and then further cut into smaller bamboo strips with a size of about 3 × 1 × 1 cm. At least 3 samples were collected from each culm position of the two bamboo species, representing at least 3 biological replicates. These samples were fixed with the FAA solution (70% ethanol, formalin, and acetic acid, 18:1:1, v/v/v) for 3 days and then softened in 70% alcohol-glycerin (1:1, v/v) for 2 weeks. After embedding in PEG2000, the samples were cut into 20-micrometre cross sections using a Microtome 860 (American Optical Corporation, New York, USA). These sections were stained with Safranin O and aqueous Alcian Blue and then observed under a Leica DM2500 light microscope (Leica, Wetzlar, Germany) (Wang et al., 2016).

Based on these cross-sectional photographs of the bamboo culm, we measured the density of the vascular bundles, the size, and the area ratio of the individual wall tissue components of the two bamboo species using ImageJ version 1.48 software.

For the analysis of the longitudinal tissue morphology of the culm wall, samples from different culm positions of standard bamboo were divided into pieces of approximately 1.5 cm3. After a series of pre-treatments, including fixation of the samples (with FAA solution), and softening (70% alcohol and glycerin), which was similar to that of the pervious section. The longitudinal section of the samples was smoothed with a sharp blade. After dehydration and drying, these samples were sprayed with gold and observed under the JEOL JSM-6300 scanning electron microscope (JEOL, Tokyo, Japan). A detailed protocol can be found in a study by Wang et al. (2019).



Analysis of Cell Morphology

To observe the morphological characteristics of the fiber cells, the samples from different culm positions were cut into small sticks of about 2 cm in length. Then, these samples were immersed in Jeffrey solution (10% aqueous nitric acid/10% aqueous chromic acid, 1:1), and heated at 60°C for 9 hours. After being washed with distilled water, the samples were placed in 75% alcohol and examined by tablet compression. At least 150 fiber cells of each sample were observed with the light microscope (Leica DM2500) and the cell morphological indices, including fiber length, width, lumen diameter, and cell wall thickness, were immediately measured using Leica QWin version 3 software.

From the scanning electron micrographs of the longitudinal section of the culm wall, we observed the morphology of the parenchyma cells and measured the length and width of the parenchyma cells using ImageJ version 1.48 software.

Statistics and difference analysis of the data were performed using the Microsoft Office Excel 2013.



Re-analysis of the Transcriptome Data

Based on the transcriptome data of shoot buds of Ph. nidularia f. farcta and its primitive type Ph. nidularia, whose data were measured and published in 2019 (Wang et al., 2019) (Accession Number SRR7796323–SRR7796330). We reanalyzed and screened the differentially expressed genes (DEGs) related to gibberellin synthesis pathway and cell wall components using MapMan visual analysis software (version 3.5.1 R2). A detailed method for data processing was described in a study by Wang et al. (2019).



Ribonucleic Acid Extraction and Quantitative Real-Time PCR

Five bamboo shoots of Ph. nidularia f. farcta and its primitive type in the fast growth phase with a height of 15 cm were collected and the shoot sheath was removed. Total RNA extraction, purification, and the complementary DNA (cDNA) synthesis, as well as the quantitative PCR (qPCR) were performed as described in a study by Jin et al. (2020). The relative abundance of the target gene was calculated from the 2−ΔCq value between itself and the reference gene [tonoplast intrinsic protein 41 (TIP41)] (Fan et al., 2013). The specific primers used for qPCR were designed by Primer Premier 5 and listed in Supplementary Table S1.



Quantification of Gibberellins

For the detection of the gibberellins (GAs), ~9 bamboo shoots of each species were collected at 15 cm height during the fast growth phase. Mix 3 shoots at a time to form a sample. A total of three biological replicates of the two bamboo species were used to determine the content of four GAs (GA1, GA3, GA4, and GA7). These samples were ground into powder in liquid nitrogen, and 200 mg of powder for subsequent determination. The endogenous hormones were extracted in isopropanol-water-hydrochloric acid solution. Subsequently, the hormone content in the sample was determined by high-performance liquid chromatography (Agilent 1290) and tandem mass spectrometry (AB Sciex QTRAP 6500), with internal standard substances added during extraction to correct the detection results.



Determination of Cell Wall Composition

The culm samples for chemical composition determination were divided and mixed from the top, middle, and bottom parts of the standard bamboo culm. A total of 20 g culm samples from each position were uniformly mixed, dried, and grounded into powder to determine the basic chemical constituents. The cellulose content was measured using a referenced method (Wang, 2006). The sample was first weighed to the nearest 100 mg, and then heated and hydrolyzed under acidic conditions. The cellulose content was finally determined and calculated by anthrone-sulfuric acid colorimetry. The content of hemicellulose was determined by 3,5-Dinitrosalicylic acid (DNS) reducing sugar method. The detailed detection steps were described by Chen (2002). For the detection of lignin content, following the method described in a study by Pochinok et al. (1981), 72% concentrated sulfuric acid was first used to remove cellulose and then the lignin content was calculated indirectly by an oxidation reaction.




RESULTS


Morphological Characteristics of the Culm of Shidu Bamboo

Compared to the prototype plant, the culm of Shidu bamboo (Ph. nidularia f. farcta) was much shorter and smaller but straighter (Figure 1A). The internal morphology of the culm showed that its straight appearance was related to the thickened culm wall (Figures 1B–E). Based on the cross-section and longitudinal-section of the culm wall, we obviously found that the culm wall in Shidu bamboo (Figure 1B) was significantly thicker than that in the prototype plant (Figure 1A), while its diameter of pith cavity was narrower than that in the primary type (Figures 1A,B). Further quantitative results showed that the wall thickness of each part of the variant was significantly greater than that of the prototype plant, especially in the lower part of the culm, and whose thickness reached twice that of the prototype plant (Figure 1C). Furthermore, the ratio of the wall thickness to the diameter of the pith cavity of the variant was two to five times greater than that of the prototype plant (Figure 1D).
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FIGURE 1. Morphological characteristics of the culm of Shidu bamboo (the variant plant) and the prototype plant (PT). (A) Appearance of the culm of the variant and the PT. (B) Iternal morphology of the culm in the PT plant and (C) the variant. CW, the culm wall; PC, the pith cavity. (D) Culm wall thickness of the variant and the PT plant at different culm positions. (E) The ratio of wall thickness and cavity diameter of the variant and the PT plant at different culm positions. **P < 0.01.




Anatomical Characteristics of the Culm Wall in Shidu Bamboo and Its Prototype Plant

The outer and middle layers of the culm wall both the Shidu bamboo (Figure 2A) and its prototype plant (Figure 2B), had a similar anatomical structure, which was a typical transverse anatomical feature of the bamboo culm, i.e., the outer layer of the bamboo culm consisted of epidermis and cortex, while the middle side of the culm had, vascular tissue scattered in the ground tissue. In the inner layer of the culm wall, the wall tissues of the prototype plant consisted entirely of multiple layers of parenchyma cells (~12 layers of parenchyma cells could be counted in longitudinal section) (Figures 2E,F). An area named “transition layer” could be observed, consisting of several rows of cells with mostly radially and axially shortened cells. This was also a typical morphology of the culm wall structure in common bamboo plants. However, the typical characteristics of the transition layer were not evident on the culm of Shidu bamboo (Figure 2D). Furthermore, greatly enlarged parenchyma cell layers were observed in this area, resulting in this area being more than twice as thick as its prototype plant (Figures 2C,E). Besides, the long and short cells belonging to the ground tissue of bamboo plants were found in these enlarged parenchyma cells (Figure 2D). The area proportion of the epidermis, cortex, and vascular bundle, and ground tissue in the cross-section of the culm wall was further analyzed (Figure 2G). Consistent with the anatomical observation, the area of ground tissue in the Shidu culm reached 57%, which was much larger than that of the prototype (48%). In contrast, the proportion of vascular tissue in the Shidu culm (41%) was relatively smaller than that of the prototype plant (50%), whereas the proportion of epidermis and cortex was similar in both.


[image: Figure 2]
FIGURE 2. Anatomical characteristics of the culm wall and the ratio of wall components in cross-section in Shidu (the variant) and its prototype plant (PT). The anatomical morphology in cross-section of the culm wall of the variant plant (A) and its PT plant (B). OL and ML, the outer layer and the middle layer of the culm wall, respectively corresponding to the direction and boundary indicated by the yellow double arrow; IL, the inner layer of the culm wall, corresponding to the direction and area indicated by the red arrow. (C) Anatomical morphology in vertical section of the culm wall of the variant plant. The yellow dotted box shows the thickening of the tissue in the inner layer of the culm, further magnified in (D). The long cell indicated by blue arrows and the short cell indicated by white arrows indicate that these thickening tissue belongs to the ground tissue in the wall component. (E) Anatomical morphology in vertical section of plant culm wall of the PT. The yellow dotted box shows the normal anatomical morphology in the inner layer of the bamboo culm and the enlarged view was shown in (F). (G) The proportion of the tissue of the wall components in cross-section of the culm in these two bamboo species.




Morphological Comparison of Vascular Tissue Between Shidu Bamboo and Its Prototype Plant

The anatomical analysis revealed that the transversely enlarged parenchyma cell layer in the inner layer of the culm mainly contributed to the thickening of the culm wall of Shidu bamboo. On the other hand, the relative proportion of vascular tissue, which may result in masking the contribution of vascular tissue. To verify whether the vascular tissue in Shidu bamboo contributes to the thickening of the culm wall, the size and density of vascular bundles in the cross-section of the culm wall of Shidu bamboo and the prototype plant were measured and compared (Figures 3A–E). The results showed that the size of the vascular bundle of Shidu bamboo was significantly larger than that of the prototype plant in terms of both radial length and tangential diameter, and the ratio between length and diameter (Figures 3A–C), while no significant difference was found in the diameter of the metaxylem vessels in the vascular bundle between the two plants (Figure 3D). However, the density of the vascular bundle of Shidu bamboo was significantly lower than that of the prototype plant (Figure 3E).


[image: Figure 3]
FIGURE 3. Comparative analysis of the morphology and density of vascular bundles between Shidu bamboo (variant) and its prototype plant (PT). (A–D) Morphological parameters of the vascular bundles of the variant and the PT plant, including (A) radial length, (B) tangential diameter, (C) the ratio of length and diameter, and (D) the diameter of metaxylem vessels in the vascular bundle. (E) The density of vascular bundle in culm wall of the variant and its PT plant. *P < 0.05, **P < 0.01.




Morphological Analysis of Cells in the Culm Wall

In addition to the thickening of the culm wall, we also observed that the culm of Shidu bamboo was dwarfed (Figure 1A), so we hypothesized that its internodes were restricted in their elongation growth. To verify this conjecture, the morphology and the size of fibrous cells and parenchyma cells in the culm wall of Shidu bamboo and the prototype plant were analyzed and compared (Tables 1, 2). The comparative analysis showed that the fiber cells in the culm of Shidu bamboo were significantly shorter in length but wider in width than those of the prototype plant, resulting in a significant decrease in the length-to-width ratio of fiber cells in Shidu bamboo (Table 1). Furthermore, the lumen diameter of the fiber cell in Shidu bamboo was significantly larger than in the prototype plant, but the thickness of the cell wall was smaller (the difference did not reach a significant level), resulting in a significant larger ratio of cell wall thickness to lumen diameter of the fiber cell in Shidu bamboo (Table 1). In contrast to the difference in fiber cell characteristics, the parenchyma cell in the inner layer of Shidu culm was significantly longer but narrower in width when compared with the same position of the prototype culm, resulting in a significantly higher length–to-width ratio of the parenchyma cell in Shidu bamboo than that of its prototype plant (Table 2).


Table 1. Fiber characteristics of the wall thickness variant and its prototype plant.
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Table 2. Size of the parenchyma cell of the wall thickness variant and prototype plant.
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Alterations of Gibberellin and Cell Wall Components and the Underlying Molecular Evidence

Gibberellin plays an important role in promoting internode elongation of gramineae. In our previous study, we sequenced and analyzed the transcriptome of the shoot bud of Shidu bamboo and its prototype plant during the primary thickening growth and found 844 differentially expressed genes (DEGs). Among them, two genes related to gibberellin synthesis pathway were downregulated in Shidu bamboo (Wang et al., 2019). By further visualizing the relative data, we found that these two DEGs all encode a protein with ent-kaurene synthase B activity and play an important role in the synthesis of ent-kaurene, which is an early intermediate in the synthesis pathway of gibberellin (Figure 4A; Supplementary Table S2). We performed a qRT-PCR assay to check the expression level of this gene in the shoot during the fast growth phase. The result was consistent with the result of our previous transcriptome analysis (Figure 4B). Subsequently, we also determined the levels of four gibberellins, namely, GA1, GA2, GA4, and GA7 in the young shoot at the fast growth stage. The results showed that the contents of the above four gibberellins were significantly lower in the young shoots of Shidu than in the young shoots of the prototype (Figures 4C–F).


[image: Figure 4]
FIGURE 4. Decreased expression of the GA2 gene in Shidu bamboo (the variant) might result in a decrease in the content of at least four gibberellins. (A) Transcriptome analysis showed that the GA2 gene, which encodes an enzyme that plays a key role in the production of an early intermediate (ent-kaurene) in gibberellin (GA) biosynthetic pathways, was significantly downregulated in the variant. (B) Quantitative real-time PCR (qRT-PCR) analysis of the GA2 gene of the variant plant at the fast growth stage. Data are means ± SD. (C–F) Content of four gibberellins: (C) GA1, (D) GA3, (E) GA4, and (F) GA7 of the variant plant (variant) and the prototype plant (PT) at the fast growth stage. **P < 0.01.


In addition, based on the measurement results of cell wall thickness of fiber cells in Shidu culm, we found that a number of genes related to the biosynthesis of cell wall components, including C3H and HCT involved in lignin biosynthesis and other involved in the synthesis and regulation of cellulose, hemicellulose, or related precursors, were differentially expressed in Shidu bamboo. These DEGs could also affect normal cellular activities in the internode elongation process (Figure 5A; Supplementary Figure S1; Supplementary Table S3). To verify this result, we determined and compared the contents of lignin, cellulose, and hemicellulose in the culm of Shidu bamboo and its prototype plants. The quantitative results showed that the content of the above three chemical components was significantly lower in the culm wall of Shidu than in the prototype plant (Figures 5B–D).


[image: Figure 5]
FIGURE 5. Differentially expressed genes (DEGs) related to the synthesis of cell wall components affected the content of major chemical components in the culm wall of Shidu bamboo. (A) Expression level of DEGs. (B–D) Comparison of the content of the content of major chemical components, including lignin (B), cellulose (C), and hemicellulose (D) in the culm wall between Shidu bamboo (variant) and its prototype plant (PT). **P < 0.01.




Comparative Analysis of Internode Morphology, Culm Wall Volume, and Culm Biomass Between Shidu Bamboo and the Prototype

To investigate the effects of these morphological variations on the internode wall volume and culm biomass of Shidu bamboo, we first analyzed the morphological indices of the internode. As shown in Table 3, the internode of Shidu bamboo were significantly shorter and thinner compared to the prototype plant. Nevertheless, the thickened culm wall (up to twice the wall thickness of the prototype) considerably increases the culm wall area in the cross-section of Shidu bamboo, which compensates for in loss of wall volume caused by the reduction in internode length and diameter and finally results in the wall volume of the internode of Shidu being even larger than that of the prototype, although the difference was not significant. However, the total number of internode and the biomass of the culm of Shidu bamboo (the dry weight) were significantly lower than those of the prototype, especially the culm biomass (the dry weight of the culm of Shidu bamboo was less than half that of the prototype).


Table 3. Overall morphological index of internodes and culm biomass of Shidu bamboo and its prototype plant.
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DISCUSSION

Variations with thick-walled features have attracted more attention in bamboo plants because they contribute to the utilization of bamboo material. However, in this type of bamboo variation, the thickening of the culm wall was often accompanied by a reduction in the overall size of the culm, such as in Ph. edulis “Pachyloen” and Ph. heteroclada f. solida (Wei et al., 2017; Yue et al., 2017; Hu et al., 2020). In addition, comprehensive study on the anatomical characteristics and variation mechanism of culm variation of these valuable bamboo variants was still limited. As a member of thick-walled bamboo variants in thick wall type, Ph. nidularia f. farcta (Shidu bamboo) has higher scientific study value due to its stable variant phenotype and distinct origin (Figures 1A,B). We studied the morphology of its shoot apical meristem, the developmental process of its shoot bud, and its transcriptome in our previous study (Wang et al., 2019). In this study, we systematically analyzed the anatomical essence of Shidu bamboo wall thickening, and focused on the cytological reasons and potential mechanisms underlying the limited internode elongation. We also examined the effects of these morphological variations on internode wall volume and culm biomass of Shidu bamboo.


The Thickening of Culm Wall of Ph. nidularia f. farcta Was Mainly Due to the Increase of Ground Tissue in the Inner Layer of the Culm

The tissue component of the culm all usually showed a certain distribution pattern in the cross-section of the bamboo culm. The outermost of culm consisted of epidermis and cortex; the middle layer consisted of ground tissue and the vascular tissue (Liese, 1985, 1998); the innermost part consisted of parenchyma cells, only including a few layers of ground tissue and a transition layer that extended into the pith cavity (Liese and Schmitt, 2006). The middle layer was the main part of the bamboo culm, determining the thickness of the culm wall. From the cross-section of the culm wall, it could be seen that the culm wall components of Shidu bamboo and its prototype were consistent with the distribution pattern described above (Figures 2A,B). Interestingly, although the size of the vascular bundles was significantly larger in Shidu compared to its prototype, the thickness of the middle layer of the culm did not obviously increase (Figures 2C, 3A–C). The decrease in the density of the vascular bundles also indicates that the vascular tissue in the culm walls of Shidu bamboo did not increase (Figure 3E). On the contrary, a large number of proliferative parenchyma tissues were observed in the inner wall layer of Shidu bamboo, making the thickness of this part more than several times that of the corresponding part of the prototype plant (Figures 2C,E). Furthermore, two types of parenchyma cells (the long parenchyma cells and the short parenchyma cells) were found in the tissues, indicating that the proliferative parenchyma tissue belongs to the ground tissue of the bamboo culm (He et al., 2002). Therefore, from the above results, it can be inferred that the increase in the wall thickness of the variant was mainly caused by the proliferation of the ground tissue in the inner layer of the culm wall. The statistical results of the area percentage of the ground tissue (57%) also confirmed this ratio (Figure 2G). According to the statistics of Liese (1985), the ground tissue and vascular tissue each account for about 50% of the bamboo culm, which is consistent with the statistical results of the prototype plant culm in this study.



Limited Elongation of Fiber Cells and the Decrease in the Number of Parenchyma Cells Longitudinally Result in the Shortening of the Internodes of Shidu Bamboo

The elongation of culm internode was caused by the synergistic growth of vascular tissue and parenchyma in bamboo plants. At the cellular level, we found that the length and cell wall thickness of fiber cells of Shidu bamboo were all shorter and thinner than those of the prototype plant (Table 1), indicating that the elongation process of these fiber cells was inhibited. Similar morphological characteristics of the fiber cells were also observed in another dwarf bamboo variant (Wei et al., 2018). Interestingly, the parenchyma cells in the culm of Shidu bamboo became significantly longer and narrower than those of the prototype plant, which were completely opposite variation characteristics to the fiber cells in the culm of Shidu bamboo (Table 2). Combined with the features of shortening internode length in Shidu bamboo, it could be concluded that the number of parenchyma cells in the internodes of the variant was actually reduced in the axial direction compared with the internodes of its prototype plant. The longitudinal proliferation of parenchyma cells in the internode resulted from cell division of the intercalary meristem, which is located at the base of internode during elongation growth of the internode (Wei et al., 2019). It could also be concluded that the division ability of the meristem of Shidu bamboo was inhibited during the process of internode elongation. The above results also explain the phenomenon of internode shortening in Shidu bamboo at the cellular level.



The Decrease in Gibberellins Content and Major Chemical Constituents of the Cell Wall of Shidu Bamboo May Have Affected the Elongation of Fiber Cells and the Activity of the Intercalary Meristem

Numerous of studies have shown the that metabolic pathways of endogenous plant hormones, including gibberellin, auxin, brassinosteroid, strigolactone, etc., as well as the metabolic pathways related to cell wall development, are closely associated with internode growth (Thomas and Sun, 2004; Lao et al., 2013; Tong et al., 2014; Han et al., 2016; Nagai et al., 2020; Zeng et al., 2022). Transcriptome results from our previous studies showed that genes involved in the gibberellin synthesis pathway that were differentially expressed in Shidu bamboo shoot buds. Further analysis showed that the GA2 (GA requiring 2) that plays an important role in the early stage of gibberellin synthesis (Figure 4A), was significantly down-regulated in the Shidu bamboo shoot at the fast growth stage (Figure 4B), suggesting that the changes in the expression pattern of the GA2 gene might affect the elongation growth of internodes of Shidu bamboo. Furthermore, the levels of four gibberellins (GA1, GA3, GA4, and GA7) were all significantly lower in Shidu bamboo than in the prototype plant (Figures 4C–F), further confirming the molecular cause of the limited elongation growth in Shidu internodes. The vascular tissue (fiber cells, xylem cells, and phloem cells) has already differentiated from the shoot apical meristem in the primary growth stage of bamboo shoot. Therefore, during the process of internode elongation, the cells of the vascular tissue mainly are proceeding elongation rather than division, whereas the parenchyma cells, due to their shorter length, must divide in sufficient numbers from the intercalary meristem to cooperate with the elongation of the vascular tissue (Wei et al., 2019). Therefore, we speculated that the reduced content of gibberellins should initially affect the elongation growth of the vascular tissue and the division ability of intermediate meristem in the internode elongation process of Shidu bamboo. The regulatory effect of gibberellin on the activity of the stem intercalary meristem of gramineae was also confirmed (Nagai et al., 2020). The cytological observation results of this study also support the above speculation. Therefore, we further speculated that the significant increase in the length of parenchyma cells in Ph. nidularia f. farcta was more of a passive result, i.e., the insufficient number of parenchyma cells can only be elongated with the rapidly elongated vascular tissue.

The changes in cell wall structure and components were another important factor affecting cell elongation (Scheible and Pauly, 2004; Coomey et al., 2021; Li et al., 2021; Wang et al., 2021). In Shidu bamboo, corresponding signs, such as the thinning of its fiber cell wall and the decrease in lignin, cellulose, and hemicellulose content in the culm wall compared with the prototype plant (Table 1; Figures 5B–D), indicate that its cell wall exhibits abnormal development. Some genes reported to play important roles in cellulose synthesis, such as the GHMP kinase family (GHMP) gene (Bar-Peled and O'Neill, 2011), or genes regulating lignin synthesis, such as Coumarate-3-hydroxylase (C3H) (Xu et al., 2009), as well as other genes related to the regulation of cell wall precursors, were significantly down-regulated in the variant (Figure 5A; Supplementary Table S3); this could lead to an abnormal development of cell wall in Shidu bamboo. For example, the C3H encodes a key enzyme, that plays an important role in the early stage of lignin synthesis, especially in the synthesis pathway of S and G monolignols (responsible for catalyzing p-coumaroyl CoA to caffeoyl-CoA) (Barros et al., 2019). Down regulation of its expression level leads to a maximal reduction of lignin content in Medicago (Chen and Dixon, 2007). In addition, another gene associated with lignin synthesis, shikimate hydroxycinnamoyl transferase (HCT) gene, which has been reported to play an important role in a parallel metabolic pathway with the C3H gene, was significantly upregulating in the variant. This result suggests that there may be a compensatory effect between the two parallel metabolic pathways mentioned above. It also reported that the expression of C3H gene was negatively correlated with the related genes in its parallel pathway in Panicum virgatum cells (Rao et al., 2017).



Internode Morphological Variation of Shidu Bamboo Increased Its Internode Wall Volume, but Did Not Promote Its Culm Biomass

The increase in wall thickness and the decrease in culm size (the dwarf of the culm and the decrease in culm diameter) have opposite effects on culm wall volume and biomass. In the case of Shidu bamboo, the above variations have complementary effects on the culm wall volume of its individual internodes, so that its internode wall volume shows no significant difference compared to the prototype and even exceeds the prototype in mean value (Table 3). However, culm biomass showed a large difference between the variant and prototype plants (the culm dry weight of the variant was less than half that of the prototype plant). The reduction in the total number of internodes is likely to be one of the important factors leading to this result. Another important factor for the decrease in culm biomass might be related to the significant decrease in cellulose and lignin content in the culm wall of Shidu bamboo (Figures 5B–D). This is because the content of these chemical components accounts for over 90% of the total mass of bamboo culm (Li et al., 2007). Furthermore, some studies have shown that downregulation of C3H or HCT can significantly reduce plant biomass, with a maximum decrease of 40% (Reddy et al., 2005; Chen and Dixon, 2007), providing a molecular clue to the reason for the decrease in culm biomass of Shidu bamboo.

In summary, culm wall thickening in Shidu bamboo occurs mainly in the inner layer of the culm, resulting in transverse proliferation of the ground tissue, and is associated with a change in the proportion of each culm wall component in the cross-section of culm wall. In conjunction with our previous study results, it shows that this morphological change occurred mainly in the primary thickening growth process, which was mainly due to the abnormal cell division and differentiation of the shoot apical meristem; at the fast growth stage, the lower gibberellin level and abnormal cell wall development maight affect the elongation activity of cells in the internodes of Shidu bamboo, while the reduction in the division ability of the intercalary meristem further restricted the elongation of the internode and eventually led to the shortening of its internode length. A number of genes involved in the gibberellin synthesis pathway and the cell wall component synthesis pathway, such as GA2, C3H, and HCT, were differently expressed between Shidu bamboo and the prototype plant, which possibly leading to the limited elongation of the internode of Shidu bamboo. Variation in internode morphology had little effect on the average culm wall volume of Shidu bamboo internodes. The reduction in the total number of internodes and the content of the major chemical components of the culm wall could be the main causes for the significant decrease in culm biomass of Shidu bamboo.
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The hull (palea and lemma) is the specific organ of grass florets. Although many genes related to the hull development have been cloned, the genetic mechanisms behind the development are still unclear, and the evolutionary relationship has different explanations and heated arguments between the palea and lemma. In this study, we found a specific mr1 mutant with a reduced palea, showing an enlarged mrp and degraded bop. Phenotype observations and molecular evidences showed that the bop was converted to the mrp-like organ. Our findings first reveal that the bop and mrp are homologous structures, and the palea and lemma are the same whorl floral organs. MR1 may prevent the transformation of the bop into mrp by regulating the expressions of hull identity genes. Meantime, the mr1 mutant showed altered grain size and grain quality, with defective physical and chemical contents. MR1 was controlled by a single recessive gene and was finally located on chromosome 1, with a physical distance of 70 kb. More work will be needed for confirming the target gene of MR1, which would contribute to our understanding of grain formation and the origin between the lemma, bop, and mrp.

Keywords: rice (Oryza sativa L.), mr1 mutant, palea, organ origin, grain size and quality


INTRODUCTION

The rice hull, such as palea and lemma, is the unique floral organ of the outer whorls in grass (Xu et al., 2021). They are located in the outer layer of floret structure, which can provide photosynthetic products for internal organs in the early stage, and protect seeds from diseases and insect pests after ripening. The hull size is also one of the determinants of seed size. Therefore, the hull development is very important for the formation of rice yield and quality.

The flowers of typical eudicots are composed of sepals, petals, stamens, and pistils. According to the genetic and molecular analyses of Arabidopsis thaliana and Antirrhinum majus, Coen and Meyerowitz proposed an ABC model of floral organ characteristics in the early 1990s (Coen and Meyerowitz, 1991; Weigel and Meyerowitz, 1994). The classical ABC model suggests that there are three kinds of genes A, B, and C to control the development of four whorls floral organs, the same class of genes control the two adjacent whorls. That is to say, the sepals, petals, stamens, and pistils of four floral organs are determined by A, AB, BC, and C genes, respectively (Yanofsky et al., 1990; Mandel et al., 1992; Goto and Meyerowitz, 1994). Gradually, due to the identification of class D genes that regulate ovule development and the class E genes that regulate the development of internal three whorls of floral organs, ABC model is further extended to ABCDE model (Colombo et al., 1995; Pelaz et al., 2000; Theissen and Saedler, 2001). With our deep-going understanding of the flower development of monocots, we found that in monocots such as rice, the shape and function of the stamens and pistils of the inner whorls are similar to those of eudicots, and the ABCDE model is also applicable to them; however, the shape and function of the hull and lodicules of the outer whorls are quite different from those of eudicots.

In Arabidopsis, the development of the outer whorls of floral organs is mainly regulated by class A and E genes (Coen and Meyerowitz, 1991; Angenent et al., 1995; Pelaz et al., 2000). Class A genes include APETALA1 (AP1) and APETALA2 (AP2), they specifically regulate the development of sepals and petals in the outer two whorls of floral organs. Mutations in the class A genes will lead to the homeotic transformation from sepals and petals to pistils and stamens (Angenent et al., 1995). There are four class E genes in Arabidopsis, SEPALLATA1/2/3/4 (SEP1/2/3/4). At first, it is found that SEP1/2/3 redundantly regulates the characteristics of three inner whorls, and later it is found that SEP1/2/3 also redundantly regulates the development of sepals together with SEP4 (Pelaz et al., 2000).

In rice, there are class A and E genes homologous to Arabidopsis. OsMADS14/15/18/20 are the orthologous genes of AP1 in Arabidopsis. OsMADS14 is mainly expressed in the inflorescence and developing seeds (Pelucchi et al., 2002), the overexpression of OsMADS14 can lead to a significant advance in rice flowering. The degenerative palea (dep) mutant is caused by a single nucleotide mutation of OsMADS15 gene, which shows that the lemma is elongated and the body of palea (bop) is degenerated, leaving only two marginal regions of palea (mrp), which indicates that OsMADS15 is necessary to maintain the bop and the development of the lemma (Wang et al., 2010). The overexpression of OsMADS18 leads to the early flowering and the early initiation of axillary meristem, which indicates that OsMADS18 can initiate differentiation of branches and leaves (Fornara et al., 2004). OsMADS20 is only expressed in the stems and developing seeds, and it is significantly different from the expression pattern of class A genes in Arabidopsis. Class E genes include two main types: SEP1/2/4 (LOFSEP) and SEP3 (Malcomber and Kellogg, 2005). SEP1/2/4 genes include OsMADS1/LHS1, OsMADS5, and OsMADS34, and SEP3 genes include OsMADS7/OsMADS45 and OsMADS8/OsMADS24. OsMADS1 plays a key role in the late developmental stages of floral organs, and it first expressed in the meristem of spikelet (Chung et al., 1994; Prasad et al., 2001). Among several mutants of OsMADS1 gene, the palea and lemma elongated in varying degrees, indicating that OsMADS1 plays an important role in the development of palea and lemma (Jeon et al., 2000). The complete loss of OsMADS1 function resulted in the complete homeotic transformation of the three inner organs (lodicules, stamens, and pistils) into the palea and lemma-like structures (Agrawal et al., 2005). The sterile lemma of osmads34 mutant was elongated, while the palea and lemma were normal, but in the osmads34 and osmads1 double mutant, the palea and lemma were more elongated and leafed than the osmads1 single mutant, which indicated that OsMADS34 and OsMADS1 redundantly regulate the development of palea and lemma (Gao et al., 2010). The overexpression of OsMADS5 promoted the early flowering phenotype, but did not affect the morphology of flower (Jeon et al., 2000). OsMADS7 and OsMADS8 can interact with other proteins such as OsMADS13, OsMADS16, and OsMADS18 (Favaro et al., 2003; Kater et al., 2006). And OsMADS7 and OsMADS8 have similar interaction patterns with OsMADS1. But it is still not clear whether the genes OsMADS5/7/8 play a role in the regulation of palea and lemma development.

In this study, we identified a mutant with abnormal palea development, named marginal region 1 (mr1). The mr1 mutant showed a defective fusion palea with an enlarged mrp and a degraded bop, first revealing that the bop and mrp are homologous organs. The mr1 mutant also showed altered grain size and quality, with defectively physical and chemical contents. Further, we performed genetic analysis and fine mapping of the mr1 mutant traits, which tried to detect the MR1 gene and its function. The present and future work will contribute to our understanding of grain formation and organ origin.



MATERIALS AND METHODS


Plant Materials

The mr1 mutant was identified in the ethyl methanesulfonate (EMS) mutant population of Shuangkezao (SKZ) (cv. indica), and the mutant character was inherited stably after multiple generations of self-bred and selection. The mr1 mutant was crossed with Nipponbare to construct a mapping population. The resulting F1 grains were sown and self-crossed to construct the F2 population, which used for gene mapping and genetic analysis. All these materials were planted under natural conditions in the paddy fields of China National Rice Research Institute.



Morphological and Histological Analysis

In the flowering stage, we selected the fresh spikelets of wild-type and mr1 mutant and dissected them with tweezers, then analyzed the phenotypic characteristics of them by NIKON SMZ1500 stereoscope.

Paraffin sections were used for histological analysis, according to the method of Ren et al., 2019b. We selected the spikelets of wild-type and mr1 mutant at the heading stage and fixed them in mixed solution (50% absolute ethanol, 0.9 mol/L acetic acid, and 3.7% formaldehyde) at 4°C for more than 16 h, and dehydrated them with different concentrations of ethanol. These materials were then infiltrated with xylene and embedded in paraffin. A rotary microtome was used to cut the paraffin into 8 μm thick pieces and the slides were put at 42°C for several days. We chose some perfect slides to stain with safranine and fast green, and then dehydrated them with different concentrations of ethanol. These stained slides were infiltrated with xylene and covered with neutral resins. At last, we observed these slides under an optical microscope.



Scanning Electron Microscopy

According to the method described by Mizukami and Ma, 1992, the scanning electron microscopy (SEM) analysis was performed. We selected the young spikelets of wild-type and mr1 at the stage of floral organ differentiation and fixed them in 3% glutaraldehyde solution at 4°C for about 24 h. Then the materials were dehydrated with different concentrations of ethanol, and incubated in the mixture of ethanol and isoamyl acetate for 1 h. The materials were dried and wrapped with gold powder. These coated samples were finally observed under a HITACHI S-3500 SEM with a −30°C cooled stage.



Fine Mapping of the Mutant Gene

Among the progenies from the cross between the mr1 mutant and Nipponbare, we selected a total of 558 F2 plants which were showed the mutant phenotype for mapping of the MR1 gene (Supplementary Table 1). The simple sequence repeat (SSR) markers we used were obtained from the GRAMENE website.1 And for fine mapping, we developed more new in/del primers by comparing the sequences of the indica 93-11 and japonica Nipponbare. Primer sequences used are listed in Supplementary Table 2.



RNA Extraction and Gene Expression Analysis

The roots, culms, leaves, internodes, inflorescences at various developmental stages, and all floral organs (pistils, stamens, lodicules, paleae, and lemmas) of the wild-type and mr1 mutant were collected, the total RNA was extracted from these tissues or organs using the RNeasy Plant Mini Kit (Axygen). The 2 μg total RNA was reverse transcribed to cDNA by using the Reverse Transcriptase Kit (Invitrogen) with genomic DNA eraser (Takara) in a 20 μl reaction volume. For the quantitative reverse transcription-PCR (qRT-PCR) analysis, the cDNA samples were used as templates after being diluted 10-fold. The qRT-PCR was carried out on a StepOne-Plus System (Applied Biosystems) using the SYBR Green PCR Mix Kit (Applied Biosystems) (Ren et al., 2019b). At least three biological replicates were carried out, and the relative expression levels were quantified using a relative quantitation method. Primer sequences used for qRT-PCR are listed in Supplementary Table 2.



In situ Hybridization

Healthy young panicles from the wild-type and mr1 mutant were put in 70% mixed solution (50% absolute ethanol, 0.9 mol/L acetic acid, and 3.7% formaldehyde), then dehydrated in gradient concentrations of ethanol and xylene, and finally embedded in paraffin. Hybridization and immunological detection of these samples were performed as previous description (Ren et al., 2018). The probes were prepared and labeled by a DIG RNA Labeling Kit from Roche according to the manufacturer’s recommendations. Primer sequences used for in situ hybridization are listed in Supplementary Table 2.



Analysis of Grain Quality

The mature grains were air-dried at room temperature and then were crushed to rice powder for physicochemical properties analysis. The total starch content was examined by using a starch assay kit (Megazyme) (Cai et al., 2018). The amylose content measurement was performed according to the description by Liu et al. (2009), and the total protein content measurement was performed according to the description by Kang et al. (2005). To analyze the gelatinization temperature of the samples, we used a differential scanning calorimeter (DSC1). First, we put 5 mg rice powder into an aluminum cup and fixed it with 10 μl distilled water. Then we used a machine to seal the cup. At last, we put the cup into the DSC1, and it run under the 10°C min–1 heating rate and in the temperature range of 35–100°C. According to the method described by Cai et al. (2018), we examined the swelling and gelatinization characteristics of endosperm starch in urea solutions. All measurements contained three biological replications. Analysis of variance (ANOVA) was used to test whether there are significant differences between these samples.




RESULTS


Phenotype of the mr1 Mutant

In the wild-type, the floret includes a lemma, a palea, two lodicules, six stamens, and a pistil from outer to inner (Figures 1A–C). At the seedling and vegetative stage, the phenotype of the mr1 mutant was normal, and the flowering period was also not different from that of wild-type. However, the mr1 mutant appeared abnormal after heading stage. Compared to the wild-type, the mr1 mutant showed reduced paleae, and it was prone to splitting (Figures 1A,B,D,E), but the lemma was not altered (Figures 1A,B,D,E). Meantime, the stamens of mr1 mutant were reduced and no differences were found between the wild-type and mr1 mutant in the other floral organs (Figures 1C,F). According to our measurements and statistics, the palea, bop and mrp of mr1 mutant were narrower than that of wild-type, and the lemma had no significant changes (Figures 1G–I).
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FIGURE 1. Phenotypes of wild-type and mr1 florets. (A) Wild-type floret. (B) Wild-type floret without lemma. (C) Wild-type floret without lemma and palea. (D) mr1 floret. (E) mr1 floret without lemma. (F) mr1 floret without lemma and palea. (G) Lemma width. (H) Bop width. (I) mrp width. le, lemma; pa, palea; sl, sterile lemma; lo, lodicule; st, stamen; pi, pistil. Asterisk indicates the stamen. Bars, 2 mm in (A–F). **Significant difference at p < 0.01 compared with the wild-type by Student’s t-test. Error bars indicate SD.


For histological analysis, we further carried out scanning electron microscopy (SEM) and paraffin sections for the florets of wild-type and mr1 mutant (Figure 2). We found that in the normal floret, there were five vascular bundles in the lemma, and there were three in the palea (Figures 2A–E,K). And the palea comprised of two mrps and a body of palea (bop), which was different from the lemma (Figures 2B–E,K). As the outer whorls of floral organs, palea and lemma had their distinctive cellular morphology (Figures 2A–E). They both comprised of silicified cells (sc), non-silicified cells (nsc), fibrous sclerenchyma (fs), and spongy parenchymatous cells (spc) (Figures 2D,E,K). In addition, the mrp differed from the bop, showing a distinctive smooth epidermis but lacking silicified thickening epicuticular cells (Figures 2B–E,K). Because of this unique mrp, the lemma and palea appeared a well-interlocked structure (Figures 2B–E,K).
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FIGURE 2. Histological analysis of hull in the wild-type and the mr1 mutant. (A) Epiderm of the wild-type lemma. (B) Epiderm of the wild-type palea. (C) Enlarged palea in the wild-type. (D) Transverse section of wild-type floret. (E) Interlocked structure of wild-type hull. (F) Epiderm of the mr1 lemma. (G) Epiderm of the mr1 palea. (H) Enlarged palea in the mr1 mutant. (I) Transverse section of mr1 floret. (J) Interlocked structure of mr1 hull. (K) Diagram of wild-type spikelet. (L) Diagram of mr1 spikelet. le, lemma; pa, palea; lo, lodicule; st, stamen; pi, pistil; bop, body of palea; mrp, marginal region of palea; sl, sterile lemma; vb, vascular bundle. Black asterisks indicate the vascular bundles. Red lines indicate the mrp. Bars, 100 μm in (A,E,F,J); 1 mm in (B,G); 200 μm in (C,D,H,I).


In the mr1 mutant, the mrp was enlarged, and the bop was reduced compared with the wild-type (Figures 2F–J,L). However, the number of vascular bundles was not altered in the mr1 palea, and the mr1 lemma appeared normal vascular bundles (Figure 2I). And the reduced palea resulted in the poor interlocked between the mrp and lemma, so the hull was prone to splitting (Figures 2I,J,L). These results indicated that in the mr1 mutant, the lemma kept normal phenotype, while the palea was significantly reduced due to the decrease of bop and increase of mrp. In addition, no obvious histocytological defects were observed for three inner whorls of floral organs except stamen number in the wild-type and mr1 mutant (Figures 2B–D,I,J,L).



Analysis of Floral Organ Development at the Early Stage

The development of early differentiation stages of wild-type and mr1 mutant florets was observed by SEM, the division of developmental stages we used refers to Ikeda et al. (2004). At the Sp4 stage, the primordia of lemma and palea of the wild-type floret began to develop, the primordia of lemma developed earlier, with a bulge on the top; and the lemma and palea were semicircular, and the marginal tissues were interconnected to form a circular structure, which held the floral meristem inside (Figure 3A). At this stage, no obvious differences were found between the wild-type and mr1 mutant (Figure 3E). During the Sp5 to Sp6 stages, the stamen primordia of the wild-type florets began to differentiate, and the visible spherical stamen primordia were formed synchronously except the stamen adjacent to the lemma (Figure 3B). The primordia of lemma and palea further differentiated, and their marginal tissues began to interlock (Figure 3B). We also observed that the mr1 palea was smaller than the wild-type in these stages (Figure 3F). At the Sp7 stage, the primordia of lemma and palea of the wild-type developed normally and presented a semi-closed state, wrapping the primordia of inner floral organs (Figure 3C). At Sp8, the primordia of lemma and palea of the wild-type was completely closed, and the inner whorls organs were completely wrapped (Figure 3D). Whereas, during the Sp7 and Sp8 stages, the mr1 florets showed significantly smaller palea than that of the wild-type (Figures 3G,H). These results suggested that the mr1 palea decreased from the early stage of floral organ development.
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FIGURE 3. Florets at early developmental stages in the wild-type and the mr1 mutant. (A–D) Wild-type floret. (A) Sp4. (B) Sp5-6. (C) Sp7. (D) Sp8. (E–H) mr1 floret. (E) Sp4. (F) Sp5-6. (G) Sp7. (H) Sp8. fm, floral meristem; sl, sterile lemma; le, lemma; pa, palea; pi, pistil. Asterisk indicates the stamen. Bars, 50 μm.




Expression of Marker Genes in the Floret

To further examine whether the identity of palea has changed, we used qRT-PCR to investigate the expression levels of several marker genes, such as the hull (palea and lemma) marker genes OsMADS1, OsMADS14, and OsMADS15, the lemma marker gene DROOPING LEAF (DL), and the mrp marker gene OsMADS6 in the palea and lemma of the wild-type and mr1 mutant. The results exhibited that the OsMADS14 expression showed no significant difference between the wild-type and mr1 mutant (Figure 4A). The expression patterns of OsMADS1 and OsMADS15 in the mr1 lemmas were consistent with that of wild-type lemmas, respectively, while the expression levels of OsMADS1 and OsMADS15 in the mr1 paleae were obviously reduced than that of wild-type paleae, respectively (Figure 4A). DL showed no expression difference in the wild-type and mr1 mutant, while an increase expression of OsMADS6 was found in the mr1 mutant (Figure 4A). And, we detailedly detected the expression of OsMADS6 in the bop and mrp. Compared with the wild-type, the OsMADS6 transcript was increased in the bop of mr1 mutant, whereas its expression was not obviously altered in the mrp of mr1 mutant (Figure 4B). The lower expressions of OsMADS1 and OsMADS15 in the mr1 paleae may be caused by the small bop, while the higher expression of OsMADS6 in the mr1 paleae was due to the enlarged mrp.
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FIGURE 4. Expression of floral organ genes in the wild-type and the mr1 mutant. (A) Relative expression f genes in the wild-type and the mr1 floral organs. (B) Relative expression f genes in the bop and mrp of wild-type and the mr1 mutant. (C,D) DL expression in the wild-type floret. (E,F) OsMADS6 expression in the wild-type floret. (G,H) DL expression in the mr1 floret. (I,J) OsMADS6 expression in the mr1 floret. le, lemma; pa, palea; mrp, marginal region of palea; bop, body of palea. Bars, 50 μm.


Next, we further investigate the temporal and spatial expression patterns of the DL and OsMADS6 gene in the wild-type and mr1 mutant florets by in situ hybridization.

In the wild-type, DL expression was found in the lemma and pistil at stage SP7, then DL mRNAs were found in the lemma at stage Sp8 (Figures 4C,D,G,H). In contrast, we observed no obvious differences of DL expression between the wild-type and mr1 mutant at similar stages (Figures 4C,D,G,H). At stages Sp7 and Sp8, in flowers of the wild-type, OsMADS6 showed similar expression patterns with the mr1 mutant; its signals were present in the mrp and pistil (Figures 4E,F,I,J). In general, these results indicated that the identity of mrp was not disturbed in the mr1 mutant, and the lemma had the similar identity in the wild-type and mr1 mutant.



Genetic Analysis

The mr1 mutant was crossed with Nipponbare, all F1 plants appeared the wild-type phenotype, showing that this mutation was a recessive trait. The phenotype of mr1 was separated in F2 population. The total number of F2 population was 2,367, including 1,809 normal plants and 558 mutant plants (Supplementary Table 1). The separation ratio was 3.242:1. By the chi-square test, the separation ratio was consistent with the theoretical ratio of 3:1 (Supplementary Table 1). Thus, we reached a conclusion that the trait of mr1 mutant was controlled by a single recessive gene.



Mapping of MR1

In order to identify the MR1 gene, we performed a map-based cloning method. A total of 558 mutant plants in F2 population of mr1/Nipponbare cross were used for gene mapping. A total of 240 pairs of SSR markers with an average distribution of 12 chromosomes were selected for polymorphism analysis, 112 of which showed polymorphisms between two parents, SKZ and Nipponbare. Using these 112 pairs of SSR markers for linkage analysis, we found that the marker B1-15 on chromosome 1 was obviously linked to the mr1 phenotype. Then 558 mutant plants in the F2 population were investigated with this marker, and 32 recombinants were found. Other 20 SSR markers, which were located near the B1-15, were examined with the same approach. Then, the MR1 gene was initially located between the two polymorphic markers, B1-15 and B1-16, and they had 32 and 25 recombinants, respectively (Figure 5A). To further determine the location of the MR1 gene, 16 new in/del primers were developed based on the sequences downloaded from the rice genomic databases (Nipponbare for japonica and 93-11 for indica), and eight of them exhibited the polymorphisms. All 558 mutants were screened with these eight pairs of primers, and the recombinants were 17, 11, 8, 4, 1, 1, 3, and 12, respectively (Figure 5B). Finally, the MR1 gene was located in about 70 kb region between the markers ID8 and ID6 (Figure 5B). In this region, eight open frames were shown, and no known genes were reported (Figure 5C and Supplementary Table 3). ORF1 encoded a protein phosphatase 2C. ORF2 encoded a ZOS1-11-C2H2 zinc finger protein. ORF3, ORF4, and ORF8 encoded expression proteins. ORF5 and ORF7 encoded translation initiation factors. ORF6 encoded an OsFBX16-F-box domain protein. We next sequenced the nucleotide sequences of all genes. Unfortunately, we examined the DNA sequence, and failed to identify the nucleotide changes between wild-type and mr1 mutant.
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FIGURE 5. Fine mapping of the MR1 gene. (A) Genetic linkage map for the primary location of the MR1 gene using 94 F2 recessive plants. (B) Fine physical map of the MR1 gene using 558 F2 recessive plants. (C) ORFs in the target region. ORFs indicate open reading frames.




The Expression Regulation of Genes Involved in Palea Development

In consideration of the mr1 mutant displayed defects in palea development, we detected whether MR1 regulates the expression levels of known genes related to palea development in rice. We examined MADS-box genes comprising class A gene (DEP/OsMADS15) and class E gene (MFO1/OsMADS6), and other palea-related genes (MFS1, CFO1, CCP1, DP1, REP1, OPB, AH2, and FON4). We used qRT-PCR to analyze the expression levels of these genes in the wild-type and the mr1 mutant young panicles less than 2 cm (Figure 6). Most tested genes displayed significant changes in the mr1 mutant except REP1 and CCP1 (Figure 6). These results indicated that the reduced palea in the mr1 mutant may be associated with the changes of expression levels of these palea development-related genes, and MR1 determined the palea fate by possibly promoting MFO1 and CFO1, or suppressing DEP, MFS1, DP1, OPB, AH2, and FON4.
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FIGURE 6. Expression analysis of palea identity-associated genes by qRT-PCR. **Significant difference at p < 0.01 compared with the wild-type by Student’s t-test. Error bars indicate SD.




mr1 Changed Grain Size and Quality

The length and 1,000-grain weight of grains in the mr1 mutant were significantly decreased, but the grain width was not changed than that of the wild-type, respectively (Figures 7A–G). However, the length, width, and 1,000-grain weight of brown rice in the mr1 mutant were significantly reduced than that of wild-type, respectively (Figures 7E–J). We examined several genes that determined grain size by modulating cell proliferation and expansion (Yu et al., 2020; Hao et al., 2021). Compared with the wild-type, the transcript levels of BIG1, BIG2, GW2, GS3, GL3, GIF1, and BSG1, were significantly altered in the dls1 mutant (Supplementary Figure 1), implying that the mutated MR1 disturbed the expressions of grain size-related genes.
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FIGURE 7. Grains of the wild-type and the mr1 mutant. (A) Grains of the wild-type and mr1 mutant. (B) Brown rice of the wild-type and mr1 mutant. (C–D) Grains of the wild-type and mr1 mutant. (E–J) Length, width, and weight of grains and brown rice in the wild-type and mr1 mutant. Scale bar, 2 mm in (A,B); 5 mm in (C,D). **Significant difference at p < 0.01 compared with the wild-type by Student’s t-test. Error bars indicate SD.


We also investigated several physicochemical properties of starch (Figures 8A–K). In the mr1 mutant, the amylose content was increased, and the soluble sugar content was decreased that of the wild-type, respectively (Figures 8H,I). And, the total starch and total protein contents of mr1 grains were not influenced than that of the wild-type, respectively (Figures 8G,J). The starch solubility in urea solutions was also measured to examine the gelatinization properties. The powered rice samples were mixed with various concentrations (0–9 mol L–1) of urea solutions. The results exhibited that there are obvious differences in (3–9) mol L–1 urea between the wild-type and mr1 starch, and the mr1 starch was more difficult to gelatinize than the wild-type starch (Figure 8K). We could conclude that the physicochemical properties of starch were obviously different between the wild-type and mr1 endosperm, indicating that MR1 could affect grain quality.
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FIGURE 8. Characteristics of grain and starch in the wild-type and mr1 mutant. (A–F) SEM analysis of transverse sections of brown rice in the wild-type and mr1 mutant. (A–C) Brown rice of the wild-type. (D–F) Brown rice of the mr1 mutant. (G–J) Total starch, amylose, soluble sugar, and protein content in the wild-type and mr1 mutant. (K) Gelatinization characteristics of starch in urea solutions (1–9 M). Asterisks indicate the starch of mr1 endosperm is more difficult to gelatinize in 3–9 M urea solution than that of WT. The most significant difference was observed for 3 M urea (right). Bars, 500 μm in (A,D); 100 μm in (B,E); 20 μm in (C,F). *Significant difference at p < 0.05 compared with the wild-type by Student’s t-test. **Significant difference at p < 0.01 compared with the wild-type by Student’s t-test. Error bars indicate SD.





DISCUSSION


MR1 Regulates Palea Development

As an indispensable part of developmental biology, flower development has been widely studied, and the ABCDE model, which successfully interprets the formation of four whorls in flower, has also been widely accepted. Nevertheless, grasses have highly specialized flowers and inflorescence structures, which makes it hard to explain the process of flower development with the knowledge of other model plants. In this study, the palea of mr1 mutant was reduced while all the other floral organs (pistil, lodicule, and lemma) were still normal except stamen number. Polymorphic markers were used to locate the gene related to the mutation on the long arm of chromosome 1, and there is no report about the related genes of mutation character is located near this position. Therefore, we suggested that MR1 may be a new gene related to the development of palea in rice.

The origin and identity of the palea and lemma remain a topic of heated discussion. There are some genes that affect the development of both palea and lemma. For example, DEGENERATED HULL1 (DH1) encodes a protein with a LOB domain. In the dh1 mutant, about most florets could not develop normal lemma and palea, but degenerated into membranous or fibrous organs, and with the loss of lodicules, stamens, and pistils (Li et al., 2008). TRIANGULAR HULL1 (TH1) gene encodes a DUF640 domain transcription factor, the development of palea and lemma was affected both in transverse and longitudinal direction, and they became smaller and thicker in the th1-1 mutant (Li et al., 2012). Oryza sativa JAGGED (OsJAG) encodes a C2H2 zinc finger domain transcription factor, the loss of function leads to the malformation of all floral organs, such as lemma and palea degenerated and bent inward, lodicules elongated, pistils deformed, and all stamens became pistil-like organs (Duan et al., 2010). In our study, the mr1 mutant specially affected palea development, but the lemma development is not influenced, so we speculate that although these two organs have some similarities in morphology, they have different identities and may be regulated by different genetic pathways. Firstly, the palea was usually considered to be a prophyll, and the flower occurs in the axil of it (Ren et al., 2013), and the lemma was widely considered to be a true bract surrounding the spikelet (Luo et al., 2005; Zheng et al., 2015). Secondly, they were different in structure and size. The palea had three vascular bundles, while the lemma had five, so the palea was smaller than the lemma. And the palea was composed of bop and mrp, while the lemma had only one component. In addition, there were several genes, such as OsMADS15, MFO1, DP1, and CFO1, showing that there are lots of genes which only affected the development of palea, but not that of lemma. All these facts are consistent with our idea.

Furthermore, in a barley mutant called leafy lemma, its lemma was completely transformed into a vegetative leaf with ligule, blade, and sheath, while the palea and other floral organs did not change at all, suggesting that the lemma in grass may not be part of the floret perianth (Pozzi et al., 2000). And in the same barley mutant, the palea and lemma exhibited different phenotypes, indicating that palea and lemma are not homologous in barley. In rice, there is a floral organ identity gene SUPERWOMAN1 (SPW1), it belongs to class B genes and is homologous to APETALA3 in Arabidopsis. The lodicules of spw1 mutant transformed into palea-like organs instead of lemma (Nagasawa et al., 2003), which indicating that the palea of rice may be equivalent to the sepal of eudicot in evolution. Here, in the mr1 florets, the palea was reduced, while the lemma maintained its identity, which seemed to confirm the view that the palea and lemma have different origins. However, some other researchers believed that the palea, and even the lemma, should be equivalent to the sepals of eudicot (Ambrose et al., 2000; Goto et al., 2001). Now, there is not corresponding mutants to support such a hypothesis, so it is still not confirmed.

There are various bop or mrp defective mutants in previous studies. MOSAIC FLORAL ORGANS1 (MFO1) and CHIMERIC FLORAL ORGANS1 (CFO1) both belong to the MADS-box genes, their mutants showed enlarged and silicified mrp, which makes the mutant palea look like bop or lemma-like organ (Ohmori et al., 2009; Sang et al., 2012). RETARDED PALEA1 (REP1) belongs to TCP gene family, in the rep1 mutant, the bop was decreased and the development of it was delayed, but in the REP1 overexpression plants, the mrp overgrew (Yuan et al., 2009). DEPRESSED PALEA1 (DP1) encodes an AT-hook DNA-binding protein, MULTI-FLORET SPIKELET1 (MFS1) encodes an AP2/ERF protein, both the bop of dp1 and mfs1 mutant was completely lost, and only two marginal regions were preserved (Jin et al., 2011; Ren et al., 2013). In recent studies, ABNORMAL HULL2 (AH2) and FLORAL ORGAN NUMBER4 (FON4) were proved to be able to identify the bop (Ren et al., 2019a,b). In the ah2 and fon4 mutants, the bop size was changed, while the mrp was not altered. In our study, detailed observations revealed that the mr1 mutant bore an enlarged mrp and a reduced bop, which suggests that the bop was partly converted to mrp, and MR1was required for bop and mrp identity. Molecular evidences also showed that the small bop of mr1 mutant indeed had the mrp identity. These findings suggested that the bop and mrp were homologous organs and a fused organ. Together, more mutants will be needed to further confirming the relationship of the lemma, bop, and mrp.

In this study, the MR1 gene was fine mapped on chromosome 1 with a physical distance of 70 kb. In this region, there were eight genes, and none of them had been cloned to be related to palea development. But according to the results of sequencing and alignment of these ORF genes between the SKZ and mr1 mutant, we failed to identify the MR1 gene. So we speculated that the mr1 mutant phenotypes might be caused by the intergenic enhancer or repressor and the alteration of promoter sequence or gene expression in the target region. Obviously, this hypothesis needed more experimental evidences to be verified. For instance, we can sequence and compare the promoter regions or 5′ and 3′ UTR sequences, and detect the expression levels of candidate genes. We believe that the further cloning and functional analysis of the MR1 gene would be helpful to enrich the molecular mechanism of rice palea development, and provide abundant evidences to reveal the relationship between its hull (palea and lemma) and the floral organs of eudicots, as well as the evolutionary relationship between the bop, mrp, and lemma.



MR1 Affects Grain Size and Quality

We also observed the mr1 mutant produced smaller defective grains compared with the wild-type. Several known genes that control grain size by modulating cell proliferation and expansion have been reported. BIG1, BIG2, GW2, GS3, GL3, GIF1, and BSG1 transcripts were changed in the mr1 mutant than in the wild-type. In addition, we found that the mr1 grains had low SSC, and high AC and the mr1 starch was more difficult to gelatinize than that of the wild-type. These findings revealed that the mutation of MR1 reduced the grain size and quality, which may be caused by defective paleae. Taken together, these results suggested that MR1 had a possible effort to improve the grain yield and quality.
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The establishment of lateral organs and subsequent plant architecture involves factors intrinsic to the stem apical meristem (SAM) from which they are derived. KNOTTED1-LIKE HOMEOBOX (KNOX) genes are a family of plant-specific homeobox transcription factors that especially act in determining stem cell fate in SAM. Although KNOXs have been studied in many land plants for decades, there is a dearth of knowledge on KNOX’s role in Orchidaceae, the largest and most diverse lineage of flowering plants. In this study, a total of 32 putative KNOX genes were identified in the genomes of five orchid species and further designated into two classes (Class I and Class II) based on phylogenetic relationships. Sequence analysis showed that most orchid KNOX proteins retain four conserved domains (KNOX1, KNOX2, ELK, and Homeobox_KN). Comparative analysis of gene structure showed that the exon–intron structure is conserved in the same clade but most orchids exhibited longer intron, which may be a unique feature of Orchidaceae. Cis-elements identified in the promoter region of orchid KNOXs were found mostly enriched in a function of light responsiveness, followed by MeJA and ABA responsiveness, indicative of their roles in modulating light and phytohormones. Collinear analysis unraveled a one-to-one correspondence among KNOXs in orchids, and all KNOX genes experienced strong purifying selection, indicating the conservation of this gene family has been reinforced across the Orchidaceae lineage. Expression profiles based on transcriptomic data and real-time reverse transcription–quantitative PCR (RT-qPCR) revealed a stem-specific expression of KNOX Class I genes and a broader expression pattern of Class II genes. Taken together, our results provided a comprehensive analysis to uncover the underlying function of KNOX genes in Orchidaceae.

Keywords: Orchidaceae, KNOX gene family, stem apical meristem, organ shape, expression pattern


INTRODUCTION

Homeoproteins identified in almost all eukaryotic lineages are categorized into two superclasses, Three Amino Acid Length Extension (TALE) and non-TALE (Lee et al., 2008). KNOTTED1-like homeobox (KNOX) genes are one of the TALE superclasses in plants, encoding transcription factors that regulate stem-cell specification, particularly at shoot apical meristem (SAM). KNOX proteins are characterized by four conserved domains: TALE-type homeodomain (Homeobox_KN) at C-terminal; MEINOX domain includes KNOX1 and KNOX2 at N-terminal; and an ELK domain located upstream of homeodomain (Meng et al., 2020). KNOX1 and KNOX2 domains have been previously shown to participate in protein–protein interactions (Reiser et al., 2000). The ELK domain could act as a nuclear localization signal for transcriptional repression, and the homeodomain may function in the recognition of promoter sequences in downstream genes (Bueno et al., 2020). On the basis of the homeodomain similarity, intron, expression patterns, and phylogeny, this small gene family is split into three classes: Class I, Class II, and a newly discovered Class M (Magnani and Hake, 2008). Representatives of Class I and Class II genes are present in bryophytes and all flowering plants, which exhibit conserved but opposing roles (Frangedakis et al., 2017).

Recent studies have shed new light on the function of KNOX genes in several plants including gymnosperms such as Pinus pinaster (Bueno et al., 2020), monocots such as rice (Chen et al., 2021) and Lilium tsingtauense (Zhou et al., 2022), dicots such as Malus pumila (Jia et al., 2021a), while extensive research has only been done in Arabidopsis thaliana (Furumizu et al., 2015; Qin et al., 2020). In A. thaliana, Class I subfamily consists of four members, SHOOT MERISTEMLESS (STM), KNAT1, KNAT2, and KNAT6 (Hake et al., 2004). These genes are specifically expressed in SAM, which harbors pluripotent stem cells to maintain an indeterminate state but switched off in determinate lateral organs. STM functions in shoot apical meristem, maintaining floral meristem and carpel formation with stm mutants fail to specify and maintain a SAM (Scofield et al., 2007). KNAT1, KNAT2, and KNAT6 act redundantly with STM in concert to regulate stem cell maintenance, carpel formation, and embryonic SAM boundaries, respectively (Hay and Tsiantis, 2009). The loss of function of these genes results in irregular floral structure, shortened internodes, and reduced apical dominance (Venglat et al., 2002). Class II KNOX genes include KNAT3, KNAT4, KNAT5, and KNAT7, by contrast, have a broader expression in differentiating and mature tissues. Genetic analyses demonstrate that Class II KNOX genes promote differentiation of all aerial organs whilst suppressing meristematic capability, suggesting that they act antagonistically with Class I genes, but their functions remain largely unknown due to the paucity of studies and extensive genetic redundancy (Furumizu et al., 2015; Wang et al., 2020). KNATM, the only member of Class M found in some eudicots (Jie et al., 2015), is featured by the absence of ELK–homeodomain region and has a function in leaf proximal–distal patterning (Magnani and Hake, 2008).

Organ initiation from meristems under differing regulating mechanisms could give rise to dramatically distinct morphologies and KNOX genes, with no doubt having essential roles in these processes (Hay and Tsiantis, 2010; Sluis and Hake, 2015). With approximately 750 genera and 28,000 species, Orchidaceae represents one of the largest, most widespread, and species-rich families of angiosperm lineages (Chase et al., 2015). Orchids are also one of the most prestigious, horticulturally significant plants owing to their unique morphology and diversity. Despite extensive studies of KNOX genes that have been done within model plants, little is known about the features of KNOX genes in Orchidaceae. As high-quality, chromosomal-level orchid genomes have emerged recently, the opportunity arises to conduct the systematic study of the orchid KNOX family and investigate its expression in meristems during development and its association with plant architecture. In this study, we perform genome-wide identification, comparative and expression analyses of KNOX genes in five orchids, Apostasia shenzhenica (Apostasioideae, the primitive subfamily of Orchidaceae), Phalaenopsis equestris, Cymbidium ensifolium, Cymbidium goeringii, and Dendrobium chrysotoxum (Epidendroideae, the advanced subfamily with most diverse species) to illustrate the characteristics of KNOX genes during the evolution of orchids. The results could provide novel insights into the fundamental mechanisms underlying the organ morphology evolution and diversification of orchids and other flowering plants.



MATERIALS AND METHODS


Data Sources

Genome sequences, annotation files, and raw data of transcriptome from different tissues of A. shenzhenica (accession number: PRJNA310678), P. equestris (accession number: PRJNA53913), C. goeringii (accession number: PRJNA749652), and D. chrysotoxum (accession number: PRJNA664445) were downloaded from the National Center for Biotechnology Information (NCBI), and data for C. ensifolium (accession number: PRJCA005355) was downloaded from the National Genomics Data Center (NGDC).1 KNOX proteins of A. thaliana and Oryza sativa were retrieved from TAIR2 and Phytozome,3 respectively.



Identification and Physicochemical Properties of KNOX Genes

A local BLASTp search was conducted using A. thaliana KNOX proteins as the query. Four conserved domains of KNOX: PF05920 (Homeobox KN domain), PF03790 (KNOX1 domain), PF03791 (KNOX2 domain), and PF03789 (ELK domain) were downloaded from the online database4 (Finn et al., 2010) to perform HMMER search (default parameters). Truncated and redundant proteins were manually removed after combining the BLASTp and HMMER results. NCBI Batch CD Search Tool5 was used for verifying the presence of the KNOX domain in candidate orchid KNOXs. The completed protein sequences of orchid KNOXs can be found in Supplementary Data Sheet. The physicochemical properties of KNOX genes were predicted by ExPASy database (Artimo et al., 2012). Subcellular localization was predicted by Plant-mPloc (Chou and Shen, 2010).



Phylogenetic Analysis

The KNOX protein sequences of A. thaliana, O. sativa, A. shenzhenica, P. equestris, C. ensifolium, C. goeringii, and D. chrysotoxum were aligned with MAFFT (Rozewicki et al., 2019). The maximum likelihood (ML) method was adopted for constructing a phylogenetic tree using RAxML on the CIPRES Science Gateway web server (RAxML-HPC2 on XSEDE; Miller et al., 2015) under the Protein CAT model and GTR matrix with 1,000 bootstrap iterations. The output phylogenetic tree file was polished using Evolview (He et al., 2016).



Motif and Gene Structure Analysis

GSDS6 (Hu et al., 2015) was used for analyzing KNOX gene structure. Conserved motifs in KNOX sequences were identified using MEME online tool7 (Bailey et al., 2009) with default parameters. Motif and gene structure of KNOX genes were visualized by TBtools (Chen et al., 2020).



Protein Tertiary Structure Prediction

Protein tertiary structure prediction of orchid KNOXs was performed and visualized by SWISS-MODEL (Schwede et al., 2003).8 The tertiary structure was colored by rainbow order representing N to C terminus. The secondary structure was predicted by the SOPMA program9 (Geourjon and Deléage, 1995).



Prediction of Cis-Acting Elements

A total of 2,000 bp upstream of all orchid KNOXs were extracted by TBtools (Chen et al., 2020). The online software PlantCARE (Lescot et al., 2002)10 was employed to identify and annotate the cis-acting elements found in the promoter regions. Cis-acting element numbers and responsive functions were visualized using TBtools (Chen et al., 2020).



Collinearity and Selective Pressure

Given the chromosome-level genome assembly of C. ensifolium, C. goeringii, and D. chrysotoxum, genomic fasta files were merged pairwise to construct a database and query for BLASTp. The merged blast files and modified gff3 files of three species were examined using MCscanX (Wang et al., 2012) to identify the collinear blocks of KNOX genes between D. chrysotoxum and C. goeringii, C. goeringii and C. ensifolium. Dual_synteny_plotter tool of MCscanX (JCVI kit) was used to visualize the collinearity results. To assess the selection pressure of orchid KNOXs, gene pairs with similarities greater than 60% were identified by multiple sequence alignment using DNAman (Lynnon Corporation, Canada) with default parameters. Tbtools (Chen et al., 2020) was further used to calculate Ka (non-synonymous substitutions per site), Ks (synonymous substitutions per site), and Ka/Ks (evolutionary constraint) values.



Expression Analysis

For transcriptomic analysis, RSEM (Li and Dewey, 2011) was used for transcript quantification and calculating the fragment per kilobase of transcript per million mapped reads (FPKM) value for each gene. Heatmaps using FPKM matrix were generated using tbtools (Chen et al., 2020).

To verify the expression pattern of KNOX genes, tender leaves, fully opened flowers, and mature pseudobulbs (stems) were sampled from P. equestris, C. ensifolium, C. goeringii, and D. chrysotoxum that were planted in Fujian Agriculture and Forestry University for RT-PCR analysis. Each tissue type was sampled in three replicates. Total RNA of these tissues was extracted using the RNAsimple Plant Kit. The RNA concentration for each tissue was in a range of 93–456 ng/μl with A260/280 value range from 1.92 to 2.15, indicating the extracted RNA is of high quality. Primer3Plus online tool11 was used to design specific PCR primers. Gene-specific primers for four selected genes and their corresponding internal reference genes are listed in Supplementary Table 1. Vazyme/R223 and Yeasen/11202ES03 kits were used for cDNA synthesis and qPCR, respectively. RT-qPCR was performed to verify the specific expression of Class I genes in the stem using STM homologs in orchids (JL001208, GL17614, Peq022474, Maker101342). All experiments were performed in three biological replicates with three technical replicates. The relative gene expression was calculated using the 2–ΔΔCT method.



Gene Ontology Analysis of Orchid KNOXs

EggNOG-mapper v212 was used to search against the eggNOG5.0 database (Huerta-Cepas et al., 2019) for gene ontology (GO) functional annotation. Orthology was predicted by sequence alignment, and bit-score or E-value setting was used to filter the low quality of orthology assignments; and functional classification was obtained based on the GO annotation terms associated with the proteins involved in known biological processes.




RESULTS


Identification and Protein Features of Orchid KNOXs

A total of 32 putative KNOX genes (five in A. shenzhenica, six in P. equestris, five in C. ensifolium, nine in C. goeringii, and seven in D. chrysotoxum) were identified concerning four conserved domains characteristic of KNOX proteins, as previously detailed in the “Materials and Methods” section. These KNOX sequences varied considerably in the number of amino acids (aa), ranging from 85 to 928 with the molecular weight (MW) of which within a range of 9.81 to 102.35 kDa (Table 1). In addition, the deduced grand average of hydrophilic (GRAVY) values was all negative in five orchids’ KNOX proteins, suggestive of strong hydrophilicity. Except for four genes (C. goeringii (GL09754), P. equestris (Peq027115), A. shenzhenica (Ash015432 and Ash008116)) that exhibited isoelectric points (pI) higher than eight, all other members were weakly acidic (ranging from 4.87 to 7.09). Most of them have the instability index (II) over 40, indicating that these proteins are unstable (Gasteiger et al., 2005). The results from subcellular location predictions showed that all KNOX proteins were located in nucleus, implying they may function on nucleus similar to most transcription factors (Table 1).


TABLE 1. Physicochemical properties and subcellular location of KNOX genes.
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Phylogeny and Classification of KNOX Genes

The phylogenetic tree constructed by A. thaliana, O. sativa, A. shenzhenica, P. equestris, C. ensifolium, C. goeringii, and D. chrysotoxum has divided the KNOX genes into three clades, Class I, Class II, and Class III (Class M) (Figure 1), which is consistent with the studies have been done in Arabidopsis, rice, and Populus (Xiong et al., 2018). Among which, Class I was further divided into three subclades, designated as IA, IB, and IC, having eight, five, and 12 members in orchids, respectively. Class II comprises two subclades: IIA and IIB, including five and two members in orchids, respectively. No member of Class M (KNATM) was found in orchids, in accordance with a recent study that KNATM was exclusively found in eudicots (Jie et al., 2015).


[image: image]

FIGURE 1. Phylogenetic tree of KNOX genes based on the KNOX protein sequences of seven plant species. The KNOX gene family was classified into three classes: Class I, Class II, and Class M with Class I divided into three subclades: IA, IB, and IC, and two subclades, IIA and IIB in Class II. KNOX protein sequences of all species are available in Supplementary Data Sheet.




Collinearity and Evolutionary Analysis

The collinear relationship among the KNOX genes of D. chrysotoxum, C. goeringii, and C. ensifolium was examined to find the potential events during KNOXs evolution in orchids. The collinear analysis demonstrated a one-to-one correspondence among all KNOX genes in three orchids, suggesting less reshuffling of KNOX orthologous and substantial genomic rearrangements after the lineages of Dendrobium and Cymbidium diverged (Figure 2). In addition, we examined the gene location on the chromosome for C. goeringii which contained the highest number of KNOX genes to look for the potential duplication event. The result showed that a small-scale tandem duplication might lead to the increasing members of KNOXs in C. goeringii (Supplementary Figure 1).
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FIGURE 2. The collinearity of KNOX genes between D. chrysotoxum and C. goeringii, C. goeringii and C. ensifolium. The collinear analysis demonstrated a one-to-one correspondence among all KNOX genes in three orchids.


For selection pressure analysis, 38 gene pairs were selected based on sequence similarity for calculating the ratio of the number of non-synonymous substitutions per non-synonymous site (Ka) to the number of synonymous substitutions per synonymous site (Ks). The results showed that the Ka/Ks ratios of all KNOX genes were less than one, of which most values were below 0.4, indicating that all orchid KNOXs experienced strong purifying selection (Supplementary Table 2; Zhang et al., 2006).



Motif and Gene Structure Analysis

Motifs of KNOX proteins in A. thaliana, rice, and five orchids were examined using the online analysis tool MEME, and 20 motifs were set as upper bound (Figure 3A). The number of KNOX motifs ranged from three (AtKNATM) to 14 (GL13304). Motif 4, motif 2, motif 5, and motif 1 encoded the KNOX1, KNOX2, ELK, and Homeobox domains, respectively. Although most orchid KNOX proteins contained these four conserved protein domains (Figures 3B,D), motif structure differs in each subclade. For instance, motifs 9, 14, and 17 were only present in Class II. Motif 19 was specifically distributed in C. goeringii and D. chrysotoxum and motif 20 was only present in D. chrysotoxum, C. goeringii, and C. ensifolium.
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FIGURE 3. Gene structure, conserved motifs, conserved domains of KNOX genes. (A) Predicted motifs with the phylogenetic tree of orchid KNOXs. (B) Conserved KNOX domains. (C) Gene structure of KNOXs, with green blocks, yellow blocks, and gray lines representing upstream or downstream-untranslated regions (UTR), exons, and introns, respectively. (D) Sequence logo of Motif 4, motif 2, motif 5, and motif 1, which encoded the KNOX1, KNOX2, ELK, and Homeobox domains, respectively.


To further explore the characteristics of KNOX genes in orchids, intron–exon structure was analyzed (Figure 3C). The results showed that the orchid KNOX family is composed of 1–9 exons and 1–4 introns. Although the similarity in gene structure was found in each subclade, orchid KNOX genes have a high degree of variance in intron length and exon numbers in comparison with A. thaliana and rice. In general, most Class I genes exhibited longer intron length than Class II genes. Notably, in Class IB, orchid KNOX genes displayed a significant shortening intron length than AtSTM, whereas in other clades, most orchid KNOXs have longer intron than A. thaliana and rice (Figure 3C), which might be a unique feature of Orchidaceae.



Protein Tertiary Structure Prediction

The tertiary structures of most KNOXs in orchids were highly conserved, characterized by three helices, among which helices I and II were connected by a loop structure, helices II and helices III formed a helix–turn–helix motif (Figure 4). With the exception, GL14512 (Class IIA) showed a merged helix without loop or turn, and the other two helices GL17195 (Class IA) and JL017655 (Class IC) had four helices, and Maker50091 (Class IC) exhibited very short three helices. The secondary structure prediction indicated that all orchid KNOX proteins composed of α-helix (Hh), random coils (Cc), extended strands (Ed), and β-turns (Tt), the mean of which account for 48.00%, 7.02%, 4.98%, and 40.00% of the protein structure, respectively (Supplementary Table 3).
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FIGURE 4. Protein tertiary structure of KNOX genes. (A) C. goeringii. (B) P. equestris. (C) D. chrysotoxum. (D) C. ensifolium. (E) A. shenzhenica. The tertiary structures were colored by rainbow order, representing N to C terminus.




Cis-Acting Regulatory Elements Analysis

To investigate the regulatory functions of KNOXs, the 2,000 bp promoter regions of orchid KNOX genes were retrieved for the identification of putative cis-elements. A total of 797 cis-acting elements attributing to 25 types and 15 responsive functions were identified (Figure 5 and Supplementary Table 4). Among these elements, TATA-box made up the most common elements (62.62%), followed by CAAT-box (15.04%) (Supplementary Table 5). Cis-element functions included phytohormone responsiveness for gibberellin, auxin, methyl jasmonate (MeJA), salicylic acid, and abscisic acid (ABA); stress responsiveness such as drought, anoxic, anaerobic, low-temperature; and growth and development elements as light response and circadian control (Figure 5). Each KNOX gene contained multiple types of elements with light responsiveness as the most occurring element function, supporting the key roles of light that mediate KNOX function during plant development (Figure 5). MeJA-responsive element, followed by ABA-responsiveness, constituting the second and third most abundant type (Supplementary Table 4), respectively, were also widely distributed in most orchid KNOXs, implying they may exert function in modulating these two phytohormones. In particular, we also found 14 elements that are related to meristem expression and meristem-specific activation, which is consistent with the instrumental roles of KNOX in the maintenance of meristem homeostasis.
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FIGURE 5. Cis-acting elements in the promoter regions of KNOX genes. Elements with similar regulatory functions are displayed in the same color. Numbers of each type of element are shown on the right side.




Expression Analysis

Expression analysis was conducted based on five orchids’ transcriptome data of various tissues including different flower segments, leaves, pseudobulbs (stem), root, and seed. The expression profile showed that Class II KNOX genes were expressed broadly in differentiating tissues and mature organs, while the expression of Class I genes was more confined to less differentiated tissues with SAM-like pseudobulbs (stem) (Figure 6). For instance, in C. goeringii, Class I genes such as GL21378, GL33439, GL17614, and GL17195 exhibited an exclusive expression in the stem (Figure 6A). In addition, Ash017164, JL001208, and Peq022474, which were homologs to STM have high expression levels in stem, inflorescence, pedicels, and seeds that bear numerous meristematic regions, indicating the Class I KNOX genes’ function in meristem maintenance.
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FIGURE 6. The expression profile of KNOX genes among different tissues in five orchids. (A) C. goeringii. (B) D. chrysotoxum. In_flower, initial opened flower; BI_flower, fully opened flower; Wi_flower, withered flower. (C) A. shenzhenica. (D) C. ensifolium. Flower bud1, flower bud at an early stage; Flower bud2, flower bud at the middle stage; Flower bud3, flower bud at a late stage. (E) P. equestris. Seed 4D, 4 day’s seed; Seed 7D, 7 day’s seed; Seed 12D, 12 day’s seed.


Whereas Class II genes such as JL019263 and Peq008060 were highly expressed in almost all vegetative and reproductive tissues (Figures 6B–E), demonstrating a widespread expression and their possible role in promoting tissue differentiation. STM has an early origin compared to other members of Class I (Furumizu et al., 2015; Frangedakis et al., 2017), and has been shown to positively regulate KNAT1 and KNAT2, with KNAT6 performing redundant function with STM in SAM maintenance (Scofield et al., 2014; Bueno et al., 2020). To further investigate the specific roles of Class I KNOX genes, gene expression of STM homologs in C. goeringii, P. equestris, C. ensifolium, and D. chrysotoxum was analyzed in their leaves, flowers, and stems by RT-qPCR (Figure 7 and Supplementary Table 1). In all examined orchids, the STM homologs showed extremely high expression in stems but were barely detected in flowers and leaves, further verifying that Class I genes have a tissue-specific expression in the stem. As an early diverging Class I KNOX member, the high expression of STM could also explain the concomitant elevated expression of other Class I members in the stem (Figure 6). A critical next step will be the functional analysis of these two classes to unravel the underlying roles of KNOXs in orchids.


[image: image]

FIGURE 7. Expression profiles of different tissues of STM homologs in four orchids by RT-qPCR. (A) C. goeringii. (B) D. chrysotoxum. (C) C. ensifolium. (D) P. equestris. ANOVA multiple comparisons were performed with star marks *, ***, and **** representing adjusted p < 0.05, p < 0.001, and p < 0.0001, respectively (Supplementary Table 6).




Gene Ontology Analysis of Orchid KNOXs

Gene ontology analysis was performed to delineate gene functional classifications of orchid KNOXs and investigate the important biological processes they might be involved in. As a result, GO terms “regulation of transcription,” “nucleus,” and “DNA binding” constitute the greatest number of genes for GO ontologies “Biological Process,” “Cellular Component,” and “Molecular Function,” respectively (Figure 8 and Supplementary Table 7). The results match the fact that KNOX is a premier regulator that is associated with numerous downstream transcriptional networks and functions mostly in the nucleus (Table 1). Several other terms such as “regulation of secondary cell wall biogenesis” and “hormone activity” are also consistent with the KNOX’s function reported in previous studies (Tabata et al., 2010; Wang et al., 2020).
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FIGURE 8. Gene ontology (GO) terms of orchid KNOX genes. Annotation details for each gene are listed in Supplementary Table 7.





DISCUSSION

The primary architecture of plants derives from the SAM, producing leaves, internodes, and axillary buds. As the key regulator functioning in the maintenance of meristematic potentials, KNOX gene family is closely linked to lateral organ morphogenesis. In this study, we identified 32 KNOX genes in five orchids and classified them into two classes: Class I and Class II based on phylogenetic relationship, with no Class M member has been identified, owning to this clade is exclusive to some eudicot species (Jie et al., 2015; Bueno et al., 2020). Class IC, represented by Arabidopsis genes KNAT1, has the greatest number of orchid KNOX homologs, in which D. chrysotoxum, C. ensifolium, and C. goeringii contained more than one member (Figure 1). Evolutionary novelty is thought to be driven by gene duplication, which is rife in angiosperms (Van de Peer et al., 2017). A study based on 48 species revealed that the number of KNOX genes among angiosperms spanning from four to 28, while the duplicated homologs to KNAT1 clade were only observed in Gmax glyma (dicots) and O. sativa (monocots) (Jie et al., 2015). Orchids exhibited a small number of KNOX genes (5–9), the genus-specific duplication in Class IC, therefore, may underlie the possible neo-functionalization of their roles in contributing to important innovations of plant architecture in Orchidaceae.

Variation in the gene structure of a gene family among different species has been largely uncovered thanks to the development of whole-genome sequencing. Given the conserved nature of gene structure within the same clade, we found that orchid KNOXs have a similar exon–intron structure compared to A. thaliana and O. sativa, except that most orchids exhibited longer intron length (Figure 3C). Long intron has been reported in almost all sequenced orchid species (Cai et al., 2014; Zhang et al., 2016, 2017; Yuan et al., 2018; Ai et al., 2021), which might be a unique feature of Orchidaceae. Longer introns are favored in the course of gene evolution because they promote the efficiency of natural selection by increasing the recombination between two adjacent exons (Jo and Choi, 2015), which may account for the marvelous richness of orchids.

Gene expression at the promoter region is primarily regulated by the cis-acting elements situated upstream of the transcriptional start site (Hernandez-Garcia and Finer, 2014). In this study, we identified diverse function types of regulatory elements in orchid KNOXs’ promoter regions, which were further categorized as phytohormone responsive, stress-responsive, and growth and development elements (Figure 5). Our results showed that a large proportion of cis-elements are acting in light responsiveness, indicative of environmental cues such as light could exert an impact on KNOX’s function. In addition, many elements are responsive to JA, GA, ABA, and auxin. Indeed, KNOXs have important functions in modulating these phytohormones. It has been reported that auxin response factor genes positively regulate JA biosynthesis in floral organs via the suppression of Class 1 KNOX genes (Tabata et al., 2010). In leaf, KNOX genes are repressed to maintain a low cytokinin (CK) to high gibberellin (GA) ratio, thus switching SAM from an indeterminate state to leaf-specific growth (Ichihashi and Tsukaya, 2015). Meanwhile, Class II KNOX genes play a crucial role in regulating ABA signaling during organ development (Jia et al., 2021b). The diverse functions of cis-elements reflect the multiple roles of KNOX genes involved in plant growth and development.

Intra-genomic comparisons between D. chrysotoxum, C. goeringii, and C. ensifolium’s chromosomes showed that their KNOX genes were in a one-to-one correspondence, supporting no duplication events have occurred in orchid KNOXs (Figure 2). Moreover, C. goeringii and C. ensifolium have a nearly one-to-one syntenic relationship between their chromosomes, demonstrating there were no obvious inter-chromosomal structure variations after the two species diverged. The Ka/Ks value indicated that all orchid KNOXs undergo strong purifying selection (Supplementary Table 2), which is critical to eliminating newly arising deleterious mutations thus maintaining biological function (Cvijović et al., 2018), indicating the conservation of this gene family has been reinforced across the Orchidaceae lineage.

Neo-functionalization of transcription factors can be achieved through changes in expression pattern or function alteration (Furumizu et al., 2015). In angiosperms, Class I and II KNOX genes play contrary roles in plant growth and development, with Class I and Class II members functioning in meristems maintenance and differentiation of all aerial organs, respectively. It is clear from our study that Class II KNOX genes have a widespread expression in differentiated tissues, while the expression of Class I genes was more restricted to the stem that contains many meristematic regions (Figures 6, 7). It is suggested that the diversified expression pattern of Class II genes may be due to the neofunctionalization during the gene duplication event of an ancestral KNOX gene (Furumizu et al., 2015). The opposing activities between Class I and Class II KNOX genes may underlie the molecular mechanism of key innovations and modification of plant architecture via elaboration of transcriptional networks. Characterization of the loss/gain-of-function mutants and physiological experiments on overexpressed phenotypes may illuminate more undetected roles of Class II KNOX genes.



CONCLUSION

Members of the KNOX gene family are versatile effectors regulating SAM maintenance and hormonal signaling thus influencing many facets of plant growth and development. A total of 32 orchid KNOX genes were identified and assigned to two subclasses by phylogenetic analysis with more members found in Class I. Motif, gene structure, and protein tertiary prediction suggested that orchid KNOXs were conserved among different species and a small scale tandem duplication gave rise to more members in C. goeringii. We showed that the specific functions of cis-element in meristem expression and activation are acting in concert with the pivotal role of KNOXs in SAM. In addition, the expression patterns generated by transcriptomic and RT-qPCR data supported a tissue-specific expression of Class I genes in the stem where a pool of pluripotent stem cells was generated. Our study presents a comprehensive analysis for uncovering the function and expression pattern of KNOX genes in Orchidaceae. These results build a foundation for further understanding of how KNOX genes have been co-opted in regulating various forms of lateral organs and shed light on the plasticity of plant architecture. A critical next step will be the functional analysis of KNOX in non-model plants to characterize the additional role of KNOX in the context of land plant evolution.
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Agronomic traits such as plant height (PH), leaf number (LN), leaf length (LL), and leaf width (LW), which are closely related to yield and quality, are important in tobacco (Nicotiana tabacum L.). To identify quantitative trait loci (QTLs) associated with agronomic traits in tobacco, 209 recombinant inbred lines (RILs) and 537 multiparent advanced generation intercross (MAGIC) lines were developed. The biparental RIL and MAGIC lines were genotyped using a 430 K single-nucleotide polymorphism (SNP) chip assay, and their agronomic traits were repeatedly evaluated under different conditions. A total of 43 QTLs associated with agronomic traits were identified through a combination of linkage mapping (LM) and association mapping (AM) methods. Among these 43 QTLs, three major QTLs, namely qPH13-3, qPH17-1, and qLW20-1, were repeatedly identified by the use of various genetically diverse populations across different environments. The candidate genes for these major QTLs were subsequently predicted. Validation and utilization of the major QTL qLW20-1 for the improvement of LW in tobacco were investigated. These results could be applied to molecular marker-assisted selection (MAS) for breeding important agronomic traits in tobacco.

Keywords: agronomic traits, QTL, MAGIC population, RIL population, tobacco


INTRODUCTION

Tobacco (Nicotiana tabacum L.) is an economically important species, and it is widely planted worldwide (Xiang et al., 2016). Tobacco leaves are made into various kinds of tobacco products for human consumption. Leaf-related traits such as plant height (PH), leaf number (LN), leaf length (LL), and leaf width (LW) determine not only tobacco yield but also the quality and marketability of tobacco products (White et al., 1979; Xu et al., 2000). Improvements to these important agronomic traits are the primary targets of tobacco breeders.

These important agronomic traits are considered typical quantitative traits regulated by multiple genes, and they are affected by numerous environmental factors (Xu et al., 2000; Xiao et al., 2006). To improve these traits, the use of quantitative trait locus (QTL) mapping together with molecular marker-assisted selection (MAS) is a good strategy (Mohan et al., 1997; Wang and Guo, 2010). The development of molecular markers that are tightly linked to these important traits greatly increase the efficiency of breeding ideal cultivars. For a long time, QTL mapping and the development of markers in tobacco were mainly performed on the basis of simple sequence repeat (SSR) markers (Gholizadeh et al., 2012; Tong et al., 2016). Several QTL mapping studies of tobacco have been reported, including studies on resistance to diseases (e.g., black shank, brown spot, and powdery mildew) (Stavely et al., 1984; Shah et al., 2018; Sun et al., 2018; Zhang et al., 2018) as well as to the yield and quality of tobacco (e.g., agronomic traits and chemical components) (Julio et al., 2006; Vijay et al., 2010; Tan et al., 2012; Cheng et al., 2015). However, to date, only a few studies involving QTL mapping of important agronomic traits of tobacco have been reported. Using SSR markers based on a recombinant inbred line (RIL) population, Tong et al. (2012) performed QTL mapping of seven agronomic traits. A total of three dynamic QTLs related to the number of leaves and leaf area were identified during the three developmental stages by the F2 population (Song et al., 2019).

Traditional genetically different populations for QTL mapping are constructed via two parents exhibiting different target traits and include F2, backcross (BC), doubled haploid (DH), and RIL populations. However, these populations based on biparental populations have several limitations. First, only two alleles between two parents can be compared, while the diversity of target trait alleles with the germplasm is ignored. Second, because recombination is based on F1 meiosis, and most progenies harbor large fragment recombination, the accuracy of QTL detection is limited (Kearsey and Farquhar, 1998).

Compared with biparental populations, multiparent advanced generation intercross (MAGIC) populations offer significant advantages in terms of analyzing multiple alleles and providing increased recombination and mapping resolution (Cavanagh et al., 2008; Holland, 2015). To date, MAGIC populations have been widely used in QTL mapping in crop species (Bandillo et al., 2013; Li et al., 2013; Meng et al., 2016; Bossa-Castro et al., 2018; Ogawa et al., 2018). The first application of the MAGIC population on plants was reported in 2009 for Arabidopsis thaliana when a QTL associated with flowering time was detected using a 19-way MAGIC population (Kover et al., 2009). In rice, different types of MAGIC populations were constructed to assess QTLs for important traits such as biotic/abiotic stress, yield, and quality traits (Bandillo et al., 2013; Meng et al., 2016). In Solanaceae crop species, two eight-way MAGIC populations were constructed, and QTLs related to agronomic traits and resistance to biotic stress were identified (Pascual et al., 2014; Campanelli et al., 2019). However, the construction and utilization of MAGIC populations in tobacco have not been reported.

In this study, the biparental population and the first eight-way MAGIC population of tobacco were produced. The QTLs associated with PH, LN, LL, and LW were identified by the use of the biparental RIL population and the eight-way MAGIC population across different environments. Using a BC population and 211 tobacco accessions, we further verified the genomic location of the major QTL. These results add to the knowledge concerning the genetic basis of different agronomic traits and offer an opportunity to improve target traits via MAS in tobacco.



MATERIALS AND METHODS


Plant Material

The cigar line Beinhart1000-1 (hereafter referred to as BH) from the USA and the flue-cured tobacco variety Xiaohuangjin1025 (hereafter referred to as XHJ) from China were used as parental lines for a biparental population. Two hundred and nine F8 RILs were developed by the single-seed descent method. Eight different types of tobacco accessions were used to construct an eight-way MAGIC population. BH and Florida301 are cigar-type tobacco varieties. Vam is a burley type tobacco. Basma and Samsun are oriental-type tobacco varieties. Xiaohuaqing (hereafter referred to as XHQ) and Tangpeng (hereafter referred to as TP) are sun-cured tobacco varieties from China. Honghuadajinyuan (hereafter referred to as HD) is a flue-cured tobacco variety. The eight parents were crossed pairwise to produce four two-way hybrids, and these four two-way hybrids were intercrossed in pairs to obtain six four-way crosses. One hundred and thirty-two eight-way crosses were developed by intercrossing between the six 4-way crosses. The progeny derived from the eight-way crosses was mated at random for two generations. In each generation, a minimum of 200 crosses were made between 400 different individuals. Furthermore, three individual progenies per eight-way cross were maintained. Finally, more than eight hundred eight-way MAGIC homozygous lines were generated by the single-seed descent method.



Phenotyping

The two parents and 209 biparental RILs were planted in three different environments in accordance with a randomized complete block design with two replications. A single trial was carried out at the Xichang Experimental Station, Tobacco Research Institute, Chinese Academy of Agricultural Sciences, Xichang (27.8°N, 101.5°E, 1,500.0m elevation), Sichuan, China in 2017; the other trials were conducted at the Zhucheng Experimental Station, Tobacco Research Institute, Chinese Academy of Agricultural Sciences, Zhucheng (36.4°N, 119.1°E, 19.3m elevation), Shandong, China in 2017 and 2018. The eight parents and 537 MAGIC lines were planted in Zhucheng (36.4°N, 119.1°E, 19.3m elevation), Shandong, China, in 2019 and Longshan (28.5°N, 109.3°E, 600.2m elevation), Hunan, China in 2019 and 2020 in accordance with a randomized complete block design with two replications. In all the trials, one replication of each line consisted of two 10-plants rows with a row length of 10m, a row space of 1.2m, and a plant distance of 0.5 m.

At the flowering stage, five plants in the middle of each plot were randomly sampled for phenotypic evaluation, and the average value of five plants per plot was used for analysis. Four important agronomic traits were measured, including PH (calculated as the height of the stem from the soil surface to stem apex), LN, LL, and LW. Pearson correlation coefficients between the traits were calculated using R/4.05 software. The analysis of variance (ANOVA) functionality in QTL IciMapping version 4.1 (Meng et al., 2015) was used for ANOVA on the phenotypic traits and estimation of heritability.



Genotyping and Construction of a High-Density Genetic Linkage map

At the Zhengzhou Tobacco Research institute, a 430 K tobacco single-nucleotide polymorphism (SNP) array composed of 432,362 markers was used to genotype the different materials (which included nine parents, 209 RIL, and 537 MAGIC lines) at the Zhengzhou Tobacco Research Institute. The SNP genotyping procedure was performed as described by Zhang et al. (2017). The genotypes for one SSR marker (PT30174) were identified using the PCR method according to the results reported by Bindler et al. (2011). To construct a high-density SNP genetic linkage map, SNPs exhibiting polymorphism between BH and XHJ were selected. SNP markers showing significant segregation distortion (X2 test, P < 0.01, df = 1), distortion with poor quality, or distortion with more than 10% of missing data were excluded from the map construction. IciMapping 4.1 software was used to group and order the markers. The nnTwoOpt algorithm was used to determine the preliminary order and positions of linked markers. The Rippling algorithm (with a window size of five markers) was used to adjust the linkage map. The Kosambi centimorgan function was ultimately used to calculate map distances.



QTL Analysis

For linkage mapping (LM), inclusive composite interval mapping was implemented using IciMapping 4.1 software for QTL mapping. An empirical logarithm of odds (LOD) threshold of 3.40 was used for declaring significant QTLs based on 1,000 runs and a type I error of 5% (Meng et al., 2015). The genetic maps and QTLs were drawn using MapChart 2.0 software (Voorrips, 2002).

For association mapping (AM), a quality check was carried out according to several standards: First, the genetic positions of the markers were clearly mapped onto linkage groups (LG) via LM. Second, all the markers with a minor allele frequency of <5% were removed. Finally, SNP markers with more than 10% missing data were excluded. A total of 3,282 SNP markers were selected for the genome-wide association study (GWAS). The genotypic data from those markers and the phenotypic data across the three environments were analyzed via a mixed linear model (MLM) analysis by TASSEL 5.0 software (Bradbury et al., 2007). According to the adjusted Bonferroni method, a p-value of 1.52 × 10−5 (P = 0.05/Ne, Ne = 3,282) was determined to be the threshold for declaring a significant association (Li C. et al., 2019).



Expression Levels of Candidate Genes via RNA-seq Analysis

To analyze the expression levels of candidate genes, plants of tobacco varieties, BH and XHJ, were grown in 12 cm-diameter plastic pots in an artificial climate chamber with a 12/12 h light/dark photoperiod at 25°C with 70–85% relative humidity. There were three repetitions, each with five plants in one replication. Leaves of the same five plants from each replication were collected for RNA-seq analysis during the flowering stage. Total RNA was isolated from the leaves using the TRIzol reagent (Life Technologies, USA) according to the manufacturer's instructions. Transcriptome sequencing was carried out by Novogene (Beijing, China) on an Illumina NovaSeq platform using the 150 bp paired-end read mode. The expression quantity was calculated as fragments per kilobase of exon per million fragments.



Resequencing of the Different Parental Lines

To compare the difference in coding sequence regions of candidate genes, we randomly broke the genomic DNA of 9 parental lines (XHJ, BH, Florida301, Vam, Basma, Samsun, TP, XHQ, and HD) at 350 bp and used them to construct library using the TruSeq Library Construction Kit. The constructed library was sequenced on the Illumina platform by Novogene (Beijing, China), and 150 bp paired-end reads were generated. The raw sequencing data were filtered using Trimmomatic. After data filtering, we used the clean data for subsequent analyses. A total of 20-fold mean genome coverage for each sample was achieved. Furthermore, SNPs in the encoding sequence regions of the candidate genes between different parental lines were analyzed based on the resequencing results.



Validation and Utilization of the Major QTL

A total of 211 tobacco accessions were collected and genotyped based on the marker bin20-185. The phenotypic values were measured at the Zhucheng (Shandong Province) and Xichang (Sichuan Province) sites between 2014 and 2015. The same designs as previously mentioned were used.

One hundred thirty-three BC4F3 introgression lines (ILs) derived from the flue-cured tobacco K326 (recurrent parent, GG genotype) and the oriental tobacco Samsun (donor parent, AA genotype) were generated. The phenotype of each BC4F3 line was measured at the Xishuangbanna Experimental Station, Xishuangbanna (22.1°N, 101.3°E, 1000.8m elevation), Yunnan, China. The same designs as those discussed previously were used. The BC4F3 ILs with the major QTL qLW20-1 were selected based on genotypes at the locus bin20-185 via PCR.




RESULTS


Phenotypic Analysis of the Parents and Populations

The phenotypic frequency distributions of four agronomic traits across different environments are shown in Figure 1. In the biparental RIL population, the two parental lines, Beinhart1000-1 (BH) and Xiaohuangjin1025 (XHJ), exhibited significantly different agronomic trait phenotypes in different environments. While the difference between the two parents varied according to the environment, XHJ had consistently greater LL, while BH had greater PH, LW, and LN in all the environments. Transgressive segregations of the four traits were observed in the RIL population, and their distributions were approximately normal. For the MAGIC population, the eight parental lines—Vam, XHQ, BH, Basma, Samsun, Florida301, TP, and HD—exhibited significantly different agronomic trait phenotypes in different environments. Basma and TP had lower PH values than the other six parents in the different environments. Moreover, compared with the other seven parents, Vam presented higher LNs in the different environments. The different parents showed different variations in LL and LW in the different environments. The MAGIC population showed large phenotypic variances across different environments for the four agronomic traits, with ranges of 55.83–235.00 cm for PH, 6.17–36.67 for LN, 27.08–67.50 cm for LL, and 8.17–39.50 cm for LW.


[image: Figure 1]
FIGURE 1. The frequency distributions of the four important agronomic traits in tobacco.


In addition, significant correlations were found between PH and the other traits in the RIL population (Supplementary Figure 1). However, the correlation between LL and LW was not significant, suggesting that the leaf shape (indicated by the LL/LW ratio) varied greatly within this population. As shown in Table 1, the variations in the four traits were all determined by genotype and environment. According to the plot, all traits had a moderate heritability of ~50%. These results indicated that the four agronomic traits were all quantitatively inherited in tobacco.


Table 1. Variance components and heritability for the four traits in the tobacco biparental population and MAGIC population in different environments.
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Construction of a High-Density Linkage map

Of the 56,693 polymorphic SNP markers, 17,788 SNP markers with <10% missing data were used to construct a linkage map. A total of 3,934 SNP markers were ultimately mapped onto the 24 high-density genetic LGs of tobacco (Supplementary Figure 2 and Supplementary Table 1). The total length of the LGs was 3920.43 cm, with a mean distance of 1.01 cm between adjacent markers. The LG length ranged from 100.09 cm to 255.58 cm. The most saturated LG was LG14, which had an intermarker distance of 0.81 cm, whereas LG18 had the largest distance of 1.34 cm between adjacent markers. The largest LG, LG01, harbored 252 markers, with a mean intermarker distance of 1.01 cm. The smallest LG, LG23, contained 91 markers, with a mean distance of 1.32 cm between adjacent markers (Supplementary Table 2).



QTL Analysis
 
LM With a Biparental RIL Population

A total of 35 QTLs associated with the four agronomic traits were mapped onto 16 LGs in three different environments (Table 2). Among them, nine, nine, nine, and eight QTLs were found to be associated with PH, LL, LW, and LN, respectively. For PH, a total of nine QTLs (qPH2-1, qPH4-1, qPH8-1, qPH11-1, qPH13-1, qPH13-2, qPH17-1, qPH18-1, and qPH19-1) were identified under different conditions. They were distributed across LGs 2, 4, 8, 11, 13, 17, 18, and 19 and explained 3.49% to 47.04% of the total phenotypic variance. The BH alleles at all loci except qPH4-1, qPH13-1, and qPH18-1 increased the trait values. One major QTL, qPH17-1, was repeatedly detected under different conditions and accounted for 7.06%−47.04% of the phenotypic variance. Nine QTLs (qLL2-1, qLL4-1, qLL8-1, qLL12-1, qLL16-1, qLL17-1, qLL18-1, qLL20-1, and qLL22-1) were detected for LL under different conditions, which were distributed across LGs 2, 4, 8, 12, 16, 17, 18, 20, and 22 and explained 5.39% to 19.81% of the total phenotypic variance. The BH alleles at all loci except qLL2-1, qLL4-1, qLL18-1, and qLL20-1 increased the trait values. Another major QTL, qLL17-1, was repeatedly detected under different conditions and accounted for 5.67%−19.81% of the phenotypic variance. For LW, a total of nine QTLs (qLW2-1, qLW4-1, qLW9-1, qLW11-1, qLW13-1, qLW17-1, qLW20-1, qLW21-2, and qLW23-1) were identified under different conditions. They were distributed across LGs 2, 4, 9, 11, 13, 17, 20, 21, and 23 and explained 2.78% to 31.47% of the total phenotypic variance. The BH alleles at all loci, except qLW11-1, qLW13-1, qLW17-1, and qLW20-1, reduced the trait values. Another major QTL, qLW20-1, was repeatedly detected under different conditions and accounted for 19.24–31.47% of the total phenotypic variance. For LN, a total of eight QTLs (qLN1-1, qLN4-1, qLN12-1, qLN12-2, qLN13-1, qLN17-1, qLN18-1, and qLN22-1) were identified under different conditions. They were distributed across LGs 1, 4, 12, 13, 17, 18, and 22 and explained 4.79% to 20.16% of the total phenotypic variance. The BH alleles at all loci, except qLN4-1 and qLN22-1, increased the trait values.


Table 2. Summary of QTLs affecting the four important agronomic traits in tobacco across different environments using the LM method.
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As shown in Figure 2, many regions were found to harbor two or more closely linked QTLs for different traits. For instance, qPH17-1, qLL17-1, qLW17-1, and qLN17-1 were mapped to the adjacent region based on LG17, and these QTLs were tightly linked to markers bin17-48 and bin17-70. These results were in agreement with those of a correlation analysis of phenotypic traits in the RIL population. Two major QTLs (qPH17-1 and qLW20-1) were repeatedly identified using the LM method in the three environments. For PH, one major QTL, named qPH17-1, was mapped to the same chromosomal region from bin17-66 to bin17-67. This QTL explained 23.13% to 47.04% of the phenotypic variation with positive additive effects under different conditions. For LW, the other major QTL, named qLW20-1, was mapped to a similar chromosomal region from bin20-183 to bin20-188. This QTL explained 19.24% to 31.47% of the phenotypic variation with positive additive effects under different conditions.


[image: Figure 2]
FIGURE 2. The positions of QTL affect the four important agronomic traits in tobacco by the linkage mapping method. The black box represents QTL detected at Sichuan in 2017; the red box represents QTL detected at Shandong in 2017; the green box represents QTL detected at Shandong in 2018; and the yellow box represents QTL detected for BLUE.




AM via a MAGIC Population

To investigate the genetic relationship among MAGIC lines, we performed a genetic analysis based on 3,282 SNP markers (Supplementary Table 3). The results suggested that the eight-way populations showed no clear population structure (Supplementary Figure 3). Then, using the MAGIC population, we carried out GWAS of the four agronomic traits, namely, PH, LW, LL, and LN. A total of nine QTLs for PH, LW, and LL were identified by the MLM method (Figure 3, Table 3, and Supplementary Figure 4). Among these QTLs, three association signals were identified for PH, especially qPH13-3, which was repeatedly detected for PH in all environments. Another two QTLs, qPH17-2 and qPH24-1, were identified only in Shandong in 2019 and in Hunan in 2020, respectively. For LW, four QTLs, namely, qLW20-1, qLW14-1, qLW13-2, and qLW9-2, were repeatedly identified in at least two environments (Shandong in 2019 and 2020), and qLW20-1 was identified in all the environments. Additionally, two QTLs (qLL13-1 and qLL14-1) for LL were mapped onto LGs 13 and 14, respectively.


[image: Figure 3]
FIGURE 3. Association mapping for the four important agronomic traits in tobacco using the MAGIC population. The x- and y-axes represent the genetic position of the 12 linkage groups, respectively, as well as the negative log10 P-value. The horizontal solid line indicates the genome-wide significance threshold P = 1.52 × 10−5.



Table 3. Summary of QTLs affecting the four important agronomic traits in tobacco in different environments using the AM method.
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Candidate Gene Prediction of Major QTLs

The candidate genes for the three major QTLs (qPH13-3, qPH17-1, and qLW20-1) were predicted based on the physical positions of the tightly linked markers. The qPH13-3 was tightly linked to the marker bin13-161 by the AM method; this QTL was determined to be located on Nt17:170,496,603 bp based on the K326 reference genome reported by Edwards et al. (2017). Comparative mapping of the K326 reference genome predicted the existence of a total of 26 genes from 169.99Mb to 170.99Mb on Nt17. The polymorphisms of the 26 candidate genes were analyzed between the different parents using the resequencing method. As shown in Supplementary Table S4, non-synonymous mutations existed in six genes among the 26 candidate genes. In sum, one gene (Nitab4.5_0002347g0190.1) encoding a protein with high homology to gibberellin 2-beta-dioxygenase 8 (GA2OX8) in Arabidopsis thaliana (Li Y. et al., 2019) was considered as the candidate gene for qPH13-3. Another QTL involved in PH, qPH17-1, was mapped by the AM method to LG 17 between bin17-66 and bin17-67. Further analysis indicated that the markers bin17-66 and bin17-67 were located at Nt17: 147,923,432 bp and Nt17: 150,216,340 bp. There were 68 candidate genes in this target region. For LW, the major QTL qLW20-1 was tightly linked to the marker bin20-185 (Nt23: 997,702 bp). There were 13 candidate genes from 0.50Mb to 1.50Mb on chromosome 23. The expression level and sequence polymorphisms of the 13 candidate genes were analyzed between the different parents. There was no difference between parental lines, XHJ and BH, for the expression of the 13 candidate genes, and non-synonymous mutations existed in four of the 13 candidate genes. Among these genes, one gene (Nitab4.5_0000798g0140.1) encoding a protein with high homology to auxin response factor 9 (ARF9) in Arabidopsis thaliana (Remington et al., 2004) was considered the candidate gene for qLW20-1 (Supplementary Table 4).



Validation and Utilization of the Major QTL qLW20-1 for Improvement of LW in Tobacco

A major QTL, qLW20-1, associated with the LW trait in tobacco, was repeatedly detected in all environments and was tightly linked to the SNP marker bin20-185 (Tables 2, 3). The 211 tobacco accessions were genotyped at the qLW20-1 locus and were divided into two groups (AA and GG) based on the genotypes of the flanking marker bin20-185 (Supplementary Table 5). The accessions in the AA group presented the same genotypes with XHJ at the qLW20-1, while the accessions in the GG group presented the same genotypes with BH at the qLW20-1. The values for LW in three different environments were obtained for all the genotyped accessions. As shown in Figures 4A,B, there was a significant difference (P < 0.0001) in the LW trait between the GG group (comprising 114 tobacco accessions) and the AA group (comprising 97 tobacco accessions). The average values of LW were significantly higher in the GG group than in the AA group in different environments. These results indicated a strong correlation between the genotype of the marker bin20-185 and the LW trait. A new BC4F3 population derived from the flue-cured tobacco K326 (recurrent parent and AA genotype) and the oriental tobacco Samsun (donor parent and GG genotype) was constructed. As shown in Figures 4C,D, tobacco accessions with GG genotypes at the bin20-185 site exhibited significantly greater LW than the recurrent parent K326.


[image: Figure 4]
FIGURE 4. Improvement of LW in tobacco by MAS based on the major QTL qLW20-1. (A) A comparison of upper LW between different genotypes in the tobacco collection in different environments. (B) A comparison of middle LW between different genotypes in the tobacco collection in different environments. (C) The performance of upper and middle leaves between the donor parent K326 and the line anchored to the major QTL controlling tobacco, LW. (D) A comparison of upper and middle LWs between the donor parent K326 and the line that anchored the major QTL controlling tobacco LW. Statistical analysis of LW between different lines based on different genotypes (AA and GG) at the locus bin20-185. The error bars indicate SD. Significant tests are carried out using student's t-tests.





DISCUSSION


Mapping for Complex Traits in Tobacco

In comparison to other important crop species, only a few studies of QTL mapping for complex traits in tobacco have been reported due to the following reasons. First, as a member of the Solanaceae family, tobacco is an allopolyploid species (2n = 48) with a large genome (4.5 Gb) (Sierro et al., 2014). During its evolution, tobacco experienced a genetic bottleneck, resulting in the very low diversity of tobacco accessions present today. Second, suitable genetically different populations for complex trait mapping in tobacco are lacking. To date, only a few studies involving biparental permanent populations, such as RIL and DH populations, have been reported for QTL mapping. Third, many QTL studies are dependent on traditional molecular markers, such as SSRs, amplified fragment length polymorphisms (AFLPs), and restriction fragment length polymorphisms (RFLPs), which have a lower density than SNPs, resulting in insufficient resolution during genetic mapping (Julio et al., 2006; Tan et al., 2012; Cheng et al., 2015; Sun et al., 2018; Zhang et al., 2018). In this study, we constructed a high-density SNP linkage map of tobacco based on a BH/XHJ RIL for genome-wide QTL mapping. Then, major QTLs related to four important agronomic traits were accurately identified by the use of a biparental RIL and a MAGIC population. Finally, the LW of the main tobacco variety K326 was successfully improved via MAS. Our results indicate that combining a high-density SNP linkage map with a different genetic population can be a highly successful strategy for the improvement of complex traits in tobacco.



Comparison of QTL Mapping Results Between the MAGIC Population and the Biparental Population in Tobacco

MAGIC populations are considered to be more effective and powerful for QTL mapping, gene discovery, and breeding of many crop species (Cavanagh et al., 2008; Bandillo et al., 2013; Meng et al., 2016; Campanelli et al., 2019). To date, QTL mapping involving MAGIC populations has not been reported in tobacco. In this study, QTL mapping of four agronomic traits in tobacco was performed by the use of a biparental population and a MAGIC population. Compared to the biparental population, the MAGIC population showed wider phenotypic variances (Figure 1). This suggested that the MAGIC population provides breeders with a greater opportunity to select elite lines for breeding. However, the number of QTLs identified in the biparental population was greater than that in the MAGIC population. There are several plausible reasons for this. First, in our study, the P-value (Padjusted = 0.05/number of markers) of the GWAS was adjusted by the Bonferroni correction method, which is rather strict for multiple comparisons and makes it easier to ignore meaningful sites. To reduce the false-negative discovery rate, we adopted a more relaxed threshold, especially for complex traits (Li C. et al., 2019). Second, the use of more parents for developing a population usually implies that the frequencies of different alleles are lower and uneven across alleles, which reduces the power for detecting QTLs with weak effects (Meng et al., 2016). Third, the SNP markers for AM were derived from these polymorphic markers and mapped to LGs using a biparental population instead of the mapping of all eligible markers in the MAGIC population. The MAGIC population has lower detection power than the biparental population for minor-effect QTLs given similar numbers of markers. However, the MAGIC population is very effective for major QTL detection in tobacco. One major QTL, qLW20-1, identified via the biparental population, was also repeatedly detected via the MAGIC population, and one major QTL, qPH13-3, was identified specifically in the different environments via the MAGIC population. Therefore, it is necessary for the MAGIC population to improve its mapping power and resolution by expanding marker coverage in the future.



Major QTLs for PH and LW in Tobacco

According to the results of LM and AM, a total of 43 QTLs were detected for four important agronomic traits in the different populations in different environments. Among these QTLs, two or more QTLs for different traits were closely linked and located in similar chromosomal regions. These results implied that some agronomic traits were closely related to each other in tobacco. Three major QTLs, qPH13-3, qPH17-1, and qLW20-1, were repeatedly detected under different conditions. Using 614 SSR markers, Tong et al. (2012) reported four QTLs associated with PH, internode length, and the width of the largest waste leaf, explaining 15%−20% of the phenotypic variance. According to AM, qPH13-3 in this study colocalized with qPH17-1 and qLWL17 reported by Tong et al. (2012) and was tightly linked to the marker bin13-161. This marker (Nt17:170,496,603 bp) was located in the first intron region of the gene Nitab4.5_0002347g0190.1. This gene encodes a protein with high homology to gibberellin 2-beta-dioxygenase 8 (GA2OX8) in Arabidopsis thaliana, and this protein acts specifically on C-20 gibberellins (Li C. et al., 2019). Therefore, Nitab4.5_0002347g0190.1 is considered a candidate gene for qPH13-3 and may play an important role in determining tobacco height. For LW, qLW20-1 may be a novel major QTL controlling leaf development in tobacco because it was identified in similar genomic regions in the different environments through combinations of LM and AM methods. In this study, qLW20-1 was indicated to be tightly linked to marker bin20-185. In the target region, one gene (Nitab4.5_0000798g0140.1) encoded a protein with high homology to auxin response factor 9 (ARF9) in Arabidopsis thaliana (Remington et al., 2004) and was considered the candidate gene for qLW20-1. In the Arabidopsis thaliana, the orthologous gene (AT4G23980) encodes a transcription factor that controls the expression of the large set of auxin-dependent genes that mediate hormone-dependent growth and development. Therefore, it is possible that Nitab4.5_0000798g0140.1 controls the expression of auxin-related genes, which govern LW in tobacco. Identification of candidate genes and functional research of these stably expressed QTLs are being carried out.



Potential of qLW20-1 for Breeding in Tobacco

The discovery of new QTLs can provide more choices for breeding new varieties using MAS (Cheng et al., 2013; Wang et al., 2014; Yin et al., 2015; Zhang et al., 2017). In the current study, we found that 114 varieties with the same allele (GG) as BH at the major QTL qLW20-1 showed significant improvements in the LW trait. The results indicated that the GG genotype at the major gene locus played an important role in controlling the development of LW, and the responsible alleles have been widely incorporated into modern cultivated tobacco varieties. To improve the LW of K326 (a major flue-cured tobacco variety grown in China and the USA), we developed a set of introgression lines in the K326 genetic background from a cross between K326 and Samsun. Based on the information from the flanking SNP marker bin20-185, we selected 71 introgression lines (GG genotype). The average values of the upper LW and middle LW of the GG genotype introgression lines were significantly higher than those of the AA genotype. Therefore, the identification of the tightly linked molecular marker bin20-185 provides an opportunity for utilizing this genetic region for tobacco breeding more extensively and effectively.




CONCLUSION

Overall, in this study, using the biparent and MAGIC populations, we mapped QTLs for PH, LW, LL, and LN in tobacco. A total of 43 QTLs, including three major QTLs related to different agronomic traits, were detected by the combination of LM and AM. These QTLs and markers tightly linked to the traits of interest in this study may be useful for the improvement of agronomic traits in tobacco via MAS.
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Soybean is one of the most important legume crops that can provide the rich source of protein and oil for human beings and livestock. In the twenty-one century, the total production of soybean is seriously behind the needs of a growing world population. Cultivated soybean [Glycine max (L.) Merr.] was domesticated from wild soybean (G. soja Sieb. and Zucc.) with the significant morphology and organ size changes in China around 5,000 years ago, including twisted stems to erect stems, small seeds to large seeds. Then it was spread worldwide to become one of the most popular and important crops. The release of the reference soybean genome and omics data provides powerful tools for researchers and breeders to dissect the functional genes and apply the germplasm in their work. Here, we summarized the function genes related to yield traits and organ size in soybean, including stem growth habit, leaf size and shape, seed size and weight. In addition, we also summarized the selection of organ traits during soybean domestication. In the end, we also discussed the application of new technology including the gene editing on the basic research and breeding of soybean, and the challenges and research hotspots in the future.
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INTRODUCTION

With the growth of the world food crisis, the plant as the main source of food is particularly important. To increase the crop yield and biomass, breeders used the artificial hybridization approach to select the later generation with significant morphology and organ size changes (Yin et al., 2020). The organ size is also an important parameter for describing organ morphology and characterizing key function genes. However, the molecular mechanism on regulation of plant organ size is also a fundamental question in the field of developmental biology (Yin et al., 2020). Stems, leaves and seeds are three types of important organs which determine the production of plants. All of them are also important agronomic traits during domestication, and cultivars in the same region will be domesticated with similar phenotypes to increase yields or adapt to the environment (Lenser and Theißen, 2013). Increasing the size of plant organs, especially seeds, is one of the most important ways to improve crop yields.

Soybean [Glycine max (L.) Merr.] is a major crop for protein and oil production, and is widely grown worldwide. It can provide the rich source of protein and oil for human being and livestock that accounts for approximately 56% of global oilseed production (Zhou et al., 2015; Lu et al., 2016). Recently research showed that global crop production must be doubled in 2050 to meet the growing demands (Foley et al., 2011; Tilman et al., 2011). However, the soybean production is seriously behind the demand of the growing world population, which just has only 1.3% rate of increase per year (Ray et al., 2013). Therefore, increasing yield is an important part of soybean breeding. With the release of soybean reference genome, rapid progresses on functional genes of soybean have been made in the past decade (Zhang et al., 2021). Here, we reviewed functional genes related to yield traits and organ size in soybean, including stem growth habit, leaf size and shape, seed size and weight. Furthermore, we focused on the evolution of three important yield-related traits in soybean during the long-term domestication. In addition, we also discussed the application of new technology including the gene editing on the basic research and breeding of soybean, and the challenges and research hotspots in the future.



STEM GROWTH HABIT

Stem growth habit can affect plant height and node number, thus determines grain yield. However, the increase of plant height will incur costs in the construction and maintenance of the stem (Falster and Westoby, 2003). Soybean stem is determined by plant height (PH), node number (NN) and internode length (IL). PH was significantly and positively correlated with NN and IL (Chang et al., 2018; Kou et al., 2021). Both PH and NN affect seed yield by influence on lodging and adaptability of soybean (Assefa et al., 2019). The structure of soybean stems can be divided into three main categories, usually referred to as determinate, semi-determinate and indeterminate (Bernard, 1972). Dt1 and Dt2 are two major loci which control the stem growth habit of soybean (Bernard, 1972; Heatherly and Smith, 2004). In the Dt1Dt1 genetic background, the Dt2Dt2 genotypes produce semi-determinate phenotypes, but dt2dt2 genotypes produce indeterminate phenotypes. In the dt1dt1 genetic background, the phenotype is determinate. These results suggest that the dt1 allele has an epistatic effect on the expression of the Dt2/dt2 locus (Liu B. et al., 2010; Ping et al., 2014). Dt1 encodes the GmTFL1b protein which is an ortholog of Arabidopsis TERMINAL FLOWER1. PH and IL in the dt1 mutants were severely reduced under long-day conditions, but there were not obvious variations under short-day conditions (Liu B. et al., 2010). Dt2 is a gain-of-function of MADS-domain factor which directly binds to the promoter region of Dt1 to inhibit its transcription (Ping et al., 2014; Liu et al., 2016). SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) encodes a MIKCc-type MADS-box transcription factor which is involved in regulating the flowering time (Lee and Lee, 2010). Loss of function of GmSOC1 in soybean exhibited delaying the flowering time and increased the PH under both short-day and long-day conditions (Kou et al., 2022). There are two SOC1 homologs present in soybean (SOC1a and SOC1b). The GmSOC1a and GmSOC1b complex interacts with Dt2 to repress the transcription of Dt1 through binding to the Dt1 promoter, indicating the role of SOC1 in soybean stem growth habit (Figure 1; Liu et al., 2016; Kou et al., 2022). Moreover, Phytochromes E3 and E4 promote PH and NN by inducing Dt1 transcription indirectly (Figure 1; Xu et al., 2013).
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FIGURE 1. The regulation pathway of stem growth habit in soybean. SOC1a and SOC1b complex interacts with Dt2 to repress the transcription of Dt1. AP1 can inhibit Dt2 expression. Dt1 and AP1 form a suppressive regulatory feedback loop. AP1 may negatively regulate the expression of the GA metabolic pathway-related genes. Phytochromes E3 and E4 induce Dt1 transcription indirectly. Both of the SOC1, AP1, E3, E4 and Dt2 impact on the stem growth habit through Dt1 in soybean; DW1, LHY, GAMYB could regulate the stem growth habit through GA biosynthetic pathway. SOC1, SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1; AP1, APETALA1; E3 and E4, phytochromes E3 and E4; DW1, a dwarf gene encodes an ent-kaurene synthase; LHY, LATE ELONGATED HYPOCOTYL; GA, gibberellin.


APETALA1 (AP1) encodes a member of MADS-box transcription factors family, and it belongs to the class A gene in the ABC model for floral organ development (Chen et al., 2020). Under short-day conditions, NN and IL were increased in the gmap1 quadruple mutant, resulting in the increased plant height (Chen et al., 2020). Dt1 and AP1 form a suppressive regulatory feedback loop, and AP1 can inhibit Dt2 expression (Yue et al., 2021). Moreover, AP1 may negatively regulate the expression of the GA metabolic pathway-related genes (Chen et al., 2020). As a member of FLOWERING LOCUS T (FT) family, GmFT5a may repress the expression of Dt1 by inducing GmAP1 transcription (Takeshima et al., 2019). Overexpression of GmFT5a in wild-type soybean reduced PH, and the same phenotype was obtained by overexpression GmFT5a in DT1/dt2 soybean, implying that GmFT5a can affect stem growth independently on the Dt2 (Takeshima et al., 2019). The dwarf gene GmDW1 encodes an ent-kaurene synthase (KS) which regulates the development of plant height in soybean. The gmdw1 is a gibberellin (GA) biosynthesis-deficient mutant, and the dwarf phenotype is due to the longitudinally decreased cell length (Figure 1; Li et al., 2018). As a MYB transcription factor, LATE ELONGATED HYPOCOTYL (GmLHY) also impacts PH through the GA biosynthetic pathway. The quadruple mutant of GmLHY causes dwarf plants due to defective GA biosynthesis (Figure 1; Cheng et al., 2019; Lu et al., 2020). As a R2R3 MYB transcription factor, overexpression of GmGAMYB increases PH in transgenic soybean by up-regulating the expression of GmGA20ox (Figure 1; Yang X. et al., 2021). However, another MYB transcription factor showed an opposite function, overexpression of GmMYB14 reduced PH and IL in soybean (Chen et al., 2021). Moreover, a small ubiquitin-related modifier E3 ligase GmSIZ1 positively regulates the vegetative growth of soybean. GmSIZ1-RNAi plants showed a phenotype of reduced leaf size and PH (Cai et al., 2017).



LEAF SHAPE AND SIZE

As the energy factory of plants, leaves absorb light energy through photosynthesis and convert it into bioenergy. Because photosynthesis mainly occurs in leaves, the size and shape of leaves have strong effects on the efficiency of photosynthesis, determining the final yield (Gonzalez et al., 2012). Leaves arise at the flank of the shoot apical meristem (SAM), and this process is regulated by multiple gene regulation networks (Efroni et al., 2010). In cultivated soybean, there is a classic phenomenon that narrow leaf cultivars tend to have more seeds per pod than broad leaf cultivars (Jeong et al., 2011). The narrow leaf phenotype is a single-gene recessive inheritance controlled by the Ln gene (Dinkins et al., 2002). Ln is a homologous gene of Arabidopsis JAGGED (JAG), which regulates lateral organ development and the number of seeds per pod (NSPP) (Jeong et al., 2013). Interestingly, ln widely exists in the high latitude soybean varieties, but it does not exist in the low latitude soybean varieties and is hardly found in wild soybean (Cai et al., 2021). GmJAG in low-latitude variety Huachun 6 was edited by CRISPR/Cas9-based genome-editing technology, the offspring showed the same phenotype as that of ln mutant which just exists in the high latitude soybean varieties. Furthermore, the yield of gmjag was higher than Huachun 6 (Cai et al., 2021). Another gene that can regulate the narrow-leaf phenotype of soybean is CTP (Chicken Toes-Like Leaf and Petalody Flower). CTP is a novel and critical pleiotropic regulator of leaf and flower development. The ctp mutant exhibits chicken toes-like leaf and petalody flower. As a novel gene, the function of CTP protein is unclear and valuable to explore in the future. Interestingly, the CTP homologous proteins are only found in the land plant, implying that the CTP gene could have played an important role during the evolution of land plants (Zhao et al., 2017). Moreover, overexpression of the flowering repressor gene E1 could result in small, curly unifoliolate leaves by directly repressing CINCINNATA (CIN)-like TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR (TCP) transcription factor genes (TCP14, TCP29) (Li Y. et al., 2021). GmKIX8-1 belongs to a family of KIX domain-containing protein, which regulates organ size in soybean. Loss of function of GmKIX8-1 in soybean leads to big leaf and seed by increased cell proliferation (Nguyen et al., 2021). YABBY genes play important roles in lateral organs such as leaves and floral organs. Overexpression of GmFILa, a soybean YABBY gene, causes curly and long-narrow leaves in Arabidopsis (Yang et al., 2019).



SEED SIZE AND WEIGHT

The seed is one of the most important organs in the plant because the size and number of seeds directly determine the final yield of crops. Seed size is critical to many aspects of evolution and influenced by several key transcription factors (Linkies et al., 2010). BIG SEEDS1 (BS1) encodes a member of group II of the TIFY family of transcription regulators, and it can affect both seed and leaf sizes in legume species (Ge et al., 2016). Down-regulation of soybean BS1 gene significantly increased the size and weight of seeds and leaves (Ge et al., 2016). SLB1/MIO1 encodes an Arabidopsis thaliana F-box protein SAP homologous in Medicago truncatula (Zhou et al., 2021). SLB1 interacts with BS1 to control organ size, and overexpression of SLB1 leads to the increased seed and leaf size in soybean (Yin et al., 2020). During the organogenesis of plant, both cell proliferation and cell growth together determine the size of the organ (Liu Z. et al., 2020). GmCIF1 is a cell wall invertase inhibitor in soybean, and GmCIF1-RNAi plant significantly improves seed weight and slightly increases seed size (Tang et al., 2017). GmFAD3, encoding an omega-3 fatty acid desaturase, can control the leaf and seed size in soybean. GmFAD3-silenced plant showed increased seed size and crinkled leaf, and it has been proved to increase seed yield without affecting seed protein or oil content in the greenhouse (Singh et al., 2011). Interestingly, overexpression of lesquerella (Physaria fendleri) FAD3 gene in soybean revealed that plant height, total seeds, and total seed weight were significantly increased (Yeom et al., 2020). These seem to imply that FAD3 is a key gene controlling seed size in soybean and its expression level needs to maintain a balance to control seed size. A phosphatase 2C-1 (PP2C-1) gene contributes to the increase in seed weight/size, and PP2C-1 may transduce the brassinosteroid (BR) signaling by promoting dephosphorylation of GmBZRs which is one of the key transcription factors in BR signaling. Moreover, GmBZR1 can promote seed weight/size in transgenic Arabidopsis for overexpression (Lu et al., 2017). Previous studies have revealed that SWEET proteins play important roles in sugar translocation to seeds, which in turn affects fruit set, and seed composition (Sosso et al., 2015). A knock-out GmSWEET10 (both GmSWEET10a and homolog GmSWEET10b) by CRISPR/Cas9 system, exhibited significantly decreased seed size. Inversely, in soybean lines with the overexpression of GmSWEET10, seeds are larger than Williams 82 control (Wang et al., 2020).

The cytochrome P450/CYP78A family plays an important role in regulating seed size (Adamski et al., 2009; Wang et al., 2015). Overexpression of GmCYP78A72 and GmCYP78A5 in soybean resulted in increased seed size and seed weight (Zhao et al., 2016; Du et al., 2017). Moreover, knock-out of GmCYP78A72 by CRISPR/Cas9 system does not reduce seed size, but simultaneous silencing of the GmCYP78A57, GmCYP78A70 and GmCYP78A72 genes reduced seed size. These results suggest that three GmCYP78A genes have redundant functions (Zhao et al., 2016). GmPDAT plays an important role in increasing seed size. Overexpression of GmPDAT results in increased seed size, while RNAi lines have the opposite effect (Liu J. Y. et al., 2020). GmNAP1 encodes a NCK-associated protein, and loss of function of GmNAP1 caused the reduced seed size and plant height in soybean (Campbell et al., 2016; Tang et al., 2020). A genome scan for loci involved in soybean domestication identified a semi-dominant locus, Seed Thickness 1 (ST1). ST1, encoding a UDP-D-glucuronate 4-epimerase, affects seed size through the pectin biosynthesis pathway. Loss of function of ST1 by CRISPR/Cas9-based genome-editing technology significantly decreased seed length, width and thickness in soybean (Li et al., 2022).



ORGAN TRAIT SELECTION DURING THE DOMESTICATION PROCESS OF SOYBEAN

Domesticated crops play important roles in human nutrition and agriculture. During the domestication of plants, wild populations respond to changing selection pressures and thus adapt to new cultivated ecological niches (Stitzer and Ross-Ibarra, 2018). Recently, some studies showed that cultivated soybeans [G. max (L.) Merr.] was domesticated from wild soybean (G. soja Sieb. and Zucc.) in China around 5,000 years ago, then it had been introduced to Korea and Japan. Cultivated soybean was introduced to the American continent between the 18th and 20th centuries (Zhou et al., 2015). Nowadays, soybean is widely grown around the world. Phylogenetic studies of whole-genome resequencing data demonstrate the monophyletic nature of domesticated soybean (Lam et al., 2010; Li et al., 2010; Zhou et al., 2015). However, there is a controversy about the domestication center of soybean, and it is mainly assumed that the domestication centers are the Yellow River of China (Li et al., 2010; Han et al., 2016; Wang et al., 2016). Furthermore, soybean populations are geographically structured, and some agronomic traits show geographic distribution patterns (Zhou et al., 2015). For example, soybean varieties from northern China tend to exhibit narrow leaf shapes, while varieties from southern China exhibit ovate leaf shapes (Zhou et al., 2015; Cai et al., 2021). The key regulatory gene responsible for this phenomenon may be Ln, which was not found in 383 re-sequenced accessions collected from low latitudes (Cai et al., 2021). Moreover, Dt1, a stem determinacy regulatory factor, showed a strong regional differentiation, as the frequency of mutant alleles gradually increased from northern to southern regions (Zhou et al., 2015).

During the soybean domestication process, the plant morphology has undergone tremendous changes. Wild soybean has much smaller seeds than cultivated soybean, and it also has procumbent and twining stems, breakable pods and impermeable seed coats (Chen and Nelson, 2004). These significant changes contribute to the growth adaptation and yield improvement of soybean. Therefore, some traits and their potential genes were selected and inherited during geographical differentiation or local breeding. Seed size as an important agronomic trait has been selected during crop domestication (Linkies et al., 2010; Ge et al., 2016). Compared to wild soybean, cultivated soybean seeds are longer, wider and thicker (Li et al., 2022). During the transition of soybean seeds from flat to round shape, ST1 as a key factor was strongly selected to increase seed size (Li et al., 2022). The SoyWRKY15a gene is differentially expressed in wild soybean and cultivated soybean, and this gene may be involved in the regulation of seed size and possibly in the domestication process of soybean (Gu et al., 2017). Recently, based on whole-genome resequencing data, GmSWEET10a was found to undergo a selection process during the soybean domestication (Wang et al., 2020). GmCYP78A10 has undergone significant selection during domestication. The GmCYP78A10a allele has been eliminated in cultivated soybean at the early stage of soybean breeding, while the GmCYP78A10b allele accumulated and became the dominant allele in cultivated soybean (Wang et al., 2015). However, some useful genetic loci may be lost during domestication in cultivated soybean. During the process of domestication, 70% of wild soybean genes were lost in cultivated soybean (Zhuang et al., 2022). Therefore, we can try to “pick up” the key function genes, which control good traits in wild soybean and lose in cultivated soybean, and apply them on molecular breeding to achieve the purpose of improving yield. Whole-genome sequencing analysis of wild and cultivated soybean uncovered 183 genomic rearrangements that affect important phenotypic traits such as flowering time, disease resistance, and stress tolerance. The genetic diversity of wild soybean could provide a resource for soybean breeding (Zhuang et al., 2022).



CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Over the past 20 years, understanding of soybean organ development has grown, and the regulatory genes for many key traits have been identified in soybean (Table 1 and Figure 2), such as Dt1 and Dt2 for stem growth habit (Liu B. et al., 2010; Ping et al., 2014), Ln for narrow leaf (Jeong et al., 2013), and GmSWEET10 for seed size (Wang et al., 2020), etc. However, there are still many QTLs controlling organ development in soybean that have not been isolated and confirmed. In other species, the regulation mechanism of organ size has been studied in depth, but the research of functional genes in soybean has been fallen behind. The power of gene knock-out and RNAi-silence technologies has given a new way to study these functional genes in soybean. Targeted silencing of some possible key trait genes can explore their unknown functions in soybean. However, there are many redundant genes in soybean genome, so it is very difficult to study gene function by CRISPR/cas9 technology. Furthermore, Pan-genome sequencing and re-sequencing technologies can link genetic variation to candidate genes that determine important traits (Liu Y. et al., 2020).


TABLE 1. Published function genes regulating the organ size and shape of soybean.
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FIGURE 2. Regulatory genes in different organs of soybean. The words in bold refer to genes that simultaneously regulate the morphology of two soybean organs. Simultaneous regulation of stem and leaf: GmMYB14 and GmSIZ1; Simultaneous regulation of leaf and seed: Ln, GmKIX8-1, GmBS1, GmFAD3, PP2C; NSPP, number of seeds per pod.


In the future, soybean breeding is still an important but challenging work. Seed size is a key trait in breeding high-yielding soybeans, but there is a balance between seed size and yield. However, GmFAD3-silenced soybean showed both the larger seed and increased yield phenotype without affecting fat and protein content (Singh et al., 2011). It predicts that GmFAD3 may be a key factor in improving soybean yield. In addition, stem and leaf shape are also another key factors in improving soybean yield. Moderately increased planting densities have boosted crop yield. The vertical plant structure benefits from dense planting (Tian et al., 2019). The good morphology combined with proper planting density can effectively increase yield (Liu S. et al., 2020). Therefore, stem growth habit has been the focus of soybean domestication, and there are many QTLs for plant height waiting for our further identification (Yang Q. et al., 2021). Furthermore, resequencing data of wild and cultivated soybean revealed many QTLs related to agronomic traits, which provided the powerful database for the research of functional genes in the future (Lam et al., 2010; Zhou et al., 2015). The orderly integration of different superior traits with molecular tools will be one of the important challenges for soybean breeding in the future.
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In flowering plants, Flowering locus T (FT) encodes a major florigen. It is a key flowering hormone in controlling flowering time and has a wide range of effects on plant development. Although the mechanism by which FT promotes flowering is currently clearly understood, comprehensive effects of the FT gene on plant growth have not been evaluated. Therefore, the effects of FT on vegetative growth need to be explored for a complete understanding of the molecular functions of the FT gene. In this study, the Jatropha curcas L. FT gene was overexpressed in tobacco (JcFTOE) in order to discover multiple aspects and related mechanisms of how the FT gene affects plant development. In JcFTOE plants, root, stem, and leaf development was strongly affected. Stem tissues were selected for further transcriptome analysis. In JcFTOE plants, stem growth was affected because of changes in the nucleus, cytoplasm, and cell wall. In the nucleus of JcFTOE plants, the primary effect was to weaken all aspects of DNA replication, which ultimately affected the cell cycle and cell division. The number of stem cells decreased significantly in JcFTOE plants, which decreased the thickness and height of tobacco stems. In the cell wall of JcFTOE plants, hemicellulose and cellulose contents increased, with the increase in hemicellulose associated with up-regulation of xylan synthase-related genes expression. In the cytoplasm of JcFTOE plants, the primary effects were on biogenesis of ribonucleoprotein complexes, photosynthesis, carbohydrate biosynthesis, and the cytoskeleton. In addition, in the cytoplasm of JcFTOE plants, there were changes in certain factors of the core oscillator, expression of many light-harvesting chlorophyll a/b binding proteins was down-regulated, and expression of fructose 1,6-bisphosphatase genes was up-regulated to increase starch content in tobacco stems. Changes in the xylem and phloem of JcFTOE plants were also identified, and in particular, xylem development was affected by significant increases in expression of irregular xylem genes.

Keywords: Flowering locus T, Jatropha curcas, network regulation, transcriptome analysis, tobacco stem


INTRODUCTION

Flowering locus T (FT) encodes a protein that has a central role in initial stages of angiosperm flowering. The protein regulates a complex hierarchical signal network and promotes differentiation of apical meristems into flowers (Turck et al., 2008; Pin and Nilsson, 2012). The FT-like proteins are globular proteins of the phosphatidylethanolamine binding protein family and are typically expressed in the phloem, are graft-transmissible, and can move to stem tips and effectively stimulate flowering (Putterill and Varkonyi-Gasic, 2016). In a photoperiod-dependent pathway, gigantea and CONSTANS (CO) proteins function together (Zeevaart, 2008) to induce transcription of FT genes in vascular bundles at leaf tips (Sawa and Kay, 2011). After translation, FT proteins are transported from veins in leaf blades to apical meristems through the phloem (Notaguchi et al., 2008). The FT proteins then combine with the bZIP transcription factor flowering locus D (FD) to form FD/FT heterodimer complexes (Wigge et al., 2005). Those complexes promote transformation from vegetative to reproductive growth via activation of the suppression of CO overexpression 1 (SOC1) and apetala 1 (AP1) proteins (Yoo et al., 2005; Corbesier et al., 2007). Moreover, two rice FT homolog Hd3a monomers bind C-terminal regions of dimeric 14-3-3 proteins to produce a complex that translocates to the nucleus and binds to the FD transcription factor. The florigen activation complex formed by FT, FD, and 14-3-3 proteins then induces transcription of downstream flowering-related genes, which leads to flowering (Taoka et al., 2011, 2013; Putterill and Varkonyi-Gasic, 2016).

In addition to flowering, FT-like proteins are also major regulators in developmental processes. Pin and Nilsson (2012) found that the Populus FT2 gene directly or indirectly regulates transcriptional activity of genes that control cell division but could also have other roles. FT overexpression can induce stomatal opening via regulation of H+-ATPase activity in guard cells (Kinoshita et al., 2011). The FT-like genes in Populus may also be involved in regulating callose plug formation and therefore the ability of signals to move through pores and plasmodesmata to shoot apical meristems (Rinne et al., 2011). In addition to controlling flowering and fruit set, the precursor of the florigen in tomato also regulates termination of symptomatic meristems and leaf structures, suggesting the florigen precursor is not only a signal for flower development but is also a general systemic regulator of tomato growth (Shalit et al., 2009). Ectopic expression of the rice Hd3a gene in potato induces tubers under noninductive long days (Navarro et al., 2011).

Florigen is a generic growth-attenuating hormone in both leaf and stem meristems (Shalit-Kaneh et al., 2019). When transgenic Arabidopsis, maize, tomato, tobacco, and other model species overexpress the FT or FT-like genes, stem and leaves are smaller than those of the wild type. However, when expression of FT-like genes is suppressed, transgenic plants develop broader stems and significantly larger leaves than those of wild-type plants (Izawa et al., 2002; Meng et al., 2011; Li et al., 2015). Therefore, FT or FT-like genes can have a distinct effect on stem and leaf development, mainly in the inhibition of stem and leaf growth.

To date, FT homologs have been identified in many species, demonstrating general conservation of functions across gymnosperms and angiosperms (Notaguchi et al., 2008; Laurie et al., 2011). The FT-like genes have evolved many roles and have important effects on plant diversity, adaptability, and domestication (Blackman et al., 2010; Liu et al., 2016). Therefore, FT-like genes can drive plant evolution as a single essential gene, the evolution of which has played a central role in plant diversification and adaptation (Pin and Nilsson, 2012).

Although previous research on the regulation of flowering by FT has been very thorough (Jaeger and Wigge, 2007; Turck et al., 2008; Taoka et al., 2013; Ho and Weigel, 2014), most studies only identify one or a few aspects that are regulated by FT during plant growth (Kinoshita et al., 2011; Gao et al., 2016; Chen et al., 2021). A comprehensive analysis of the influence of FT on growth and development will increase understanding of the function and evolution of FT and its homologous genes, as well as utilization of those gene resources. In this study, an FT homolog from Jatropha curcas L. (JcFT) that encoded the Jatropha protein Heading Date 3A (Li et al., 2014) was overexpressed in tobacco. To identify the multiple effects of FT on plant growth and explore the regulatory networks, transcriptome analysis was combined with morphological observations and stem carbohydrate content determination. Some results from previous research were confirmed or further explained, but novel mechanisms of FT involvement in plant growth and development were also identified. We discovered FT overexpression affected gene expression in the cell wall, cytoplasm and nucleus, including some important biological processes such as DNA replication, cell cycle, hemicellulose and cellulose metabolism. Stem structure and composition were altered in FT-overexpressing plants. We also revealed the main reasons for the short and thin stems and the impaired cell wall and vascular development in FT-overexpressing plants.



MATERIALS AND METHODS


Vector Construction, Plant Transformation, and Cultivation

The gene JcFT (Accession: NM_001308752; Li et al., 2014) was overexpressed in Nicotiana tabacum “SR1.” The JcFT sequence was isolated from J. curcas and cloned into SmaI and SacI sites of the binary vector pBI121 (DNA Cloning Service, Genewiz, Suzhou, China). The constructed vector was designated as CaMV 35S::JcFT, and an empty vector was used as the control (Figures 1A,B). Constructs in binary vectors were introduced into Agrobacterium tumefaciens strain EHA105 and then transformed into wild-type N. tabacum “SR1” via a leaf disk method (Gallois and Marinho, 1995). Transgenic plants were identified via polymerase chain reaction (PCR) amplification of aminoglycoside 3′-phosphotransferase (NPTII) and JcFT genes using leaf DNA as the template. Primers for NPTII and JcFT amplification are shown in Supplementary Table 1. Plants were grown at 26°C under a 16-h light/8-h dark photoperiod. Transgenic seeds from the T5 generation were harvested and used in the study.
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FIGURE 1. Traits of JcFTOE transgenic and control plants. T-DNA of transformation vectors of (A) JcFTOE and (B) the control. (C) Roots, plant height, leaf, stem thickness, and leaf number of JcFTOE and control (CK) plants. (D) Stem cross sections of JcFTOE and control plants. (E,F) Gel electrophoresis of PCR-amplified products used to identify transgenic tobacco (O, PCR amplification of NPTII; P, PCR amplification of JcFT). (G–K) Flowering time, plant height, stem diameter, leaf area and leaf number of JcFTOE and control plants (the values represent mean, the vertical bars indicate standard deviation, n = 24, ****p < 0.0001). (L–Q) Different growth stages of JcFTOE and control plants. Sampling from 43 to 49 days after seeding.




RNA Isolation, Library Construction, and Sequencing

One hundred seeds of each JcFT transgenic tobacco and the control were sown simultaneously. Transgenic plants were confirmed using morphological characteristics and PCR analysis (Figures 1C–F). Thirty JcFT transgenic plants and 30 control plants were selected for further investigation. Although JcFT transgenic tobacco bloomed approximately 36 days after seeding, stems of JcFT transgenic tobacco and the control were too small, underdeveloped, and difficult to sample. Therefore, sampling began at 43 days after seeding. Middle sections of 18 stems (1–2 cm; remaining stem pieces were used in section analysis) were excised using an enzyme-free blade from healthy JcFTOE and control plants. Three plants were sampled every 3 days, which were then mixed and ground as a single transcriptome sample. The samples were collected in triplicate.

Total RNA was isolated using TaKaRa MiniBEST Plant RNA Extraction reagents following the manufacturer’s instructions (Takara Bio, Inc., Dalian, China). Integrity and concentration of RNA were checked using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE, United States) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States). A NEBNext Poly (A) mRNA Magnetic Isolation Module (E7490, NEB, MA, United States) was used to isolate mRNA. The cDNA library was constructed using a NEBNext Ultra RNA Library Prep Kit for Illumina (E7530, NEB) and NEBNext Multiplex Oligos for Illumina (E7500, NEB) following the manufacturer’s instructions. In brief, the enriched mRNA was fragmented into approximately 200-nt RNA inserts, which were used to synthesize first and second-strand cDNA. End-repair/dA-tail and adaptor ligation were performed on double-stranded cDNA. Suitable fragments were isolated by Agencourt AMPure XP beads (Beckman Coulter, Inc., CA, United States) and then enriched by PCR amplification with the following conditions: initial denaturation at 98°C for 30 s; 14 cycles of denaturation at 98°C for 10 s, annealing at 65°C for 30 s, and extension at 72°C for 30 s; and final extension at 72°C for 5 min. Amplification ended with a 4°C hold. Last, the cDNA libraries of tobacco stems were sequenced on a flow cell using an Illumina HiSeq™ 2500 sequencing platform (Illumina, Inc., CA, United States).



Global and Differential Gene Expression Analysis of RNA-Seq Data

To ensure accuracy of subsequent analyses, reads were first filtered to obtain clean reads by removing reads containing linkers and those of low quality (reads in which the proportion of undetermined bases exceeded 10% or the number of bases with a quality score ≤10 accounted for more than 50% of the entire read; Ewing et al., 1998). Clean reads were mapped to the tobacco cultivar TN90 genome1 using the HISAT2 program (Kim et al., 2015). StringTie software (Pertea et al., 2015) was used to construct transcripts and evaluate gene expression. Pearson correlation analysis was performed on expression levels of paired samples (Schulze et al., 2012), and the coefficient of correlation r was used to evaluate correlation strength. BLAST software (Altschul et al., 1997) and NR (non-redundant protein sequence database), Swiss-Prot, GO (gene ontology), COG (cluster of orthologous groups of proteins), KOG (clusters of orthologous groups for eukaryotic complete genomes), Pfam, and KEGG (kyoto encyclopedia of genes and genomes) databases were used to annotate the genes. DEGseq (Wang et al., 2010) was used to detect differentially expressed genes (DEGs) between sample groups according to the screening criteria of log2 fold change (FC) ≥ 2 and FDR (false discovery rate) < 0.01. Results of differential expression analysis and the interaction pairs included in the STRING database (Franceschini et al., 2013) were combined to construct a DEG interaction network. The constructed protein interaction network was imported into Cytoscape version 3.8.1 (Shannon et al., 2003) for visual analysis. The functional grouping network of terms or pathways of the DEG sets was further analyzed by ClueGO (only showing pathways with p ≤ 0.05; Bindea et al., 2009). Overrepresented GO terms in the network were identified and displayed as a network of significant GO terms using BiNGO (significance level of 0.05; Maere et al., 2005). Weighted gene co-expression network analysis (WGCNA; Maertens et al., 2018) was used to identify clusters (modules) of highly correlated DEGs.



Reverse-Transcription Quantitative Polymerase Chain Reaction

Total RNA was extracted from fresh tissue using a plant RNA extraction kit (Chengdu biofit biotechnologies CO., LTD, Chengdu, China). First-strand cDNA was synthesized using a HiScript® III RT SuperMix for qPCR Kit with gDNA wiper (Vazyme, Nanjing, China) according to the manufacturer’s instructions. Reverse-transcription quantitative PCR (RT-qPCR) was performed using AceQ® qPCR SYBR green master mix (Vazyme) on a CFX Connect Real-Time System (Bio-Rad, CA, United States). Primers used in RT-qPCR are presented in Supplementary Table 1. The RT-qPCR was performed using three technical replicates and two independent biological replicates for each sample. Data were analyzed using the 2–ΔΔCT method (Livak and Schmittgen, 2001). The L25 ribosomal protein (L25) and Elongation factor 1a (EF-1a) genes were used as internal reference genes (Schmidt and Delaney, 2010).



Plant and Cell Morphology

Flowering time, plant height, stem diameter, and leaf area were determined for 12 transgenic and 12 control plants. Middle sections of stems were embedded in paraffin (Carlquist, 1982) and sectioned in either the transverse or longitudinal plane into 3-μm thick slices using a Leica RM2235 microtome (Nussloch, Germany). Sections were placed on glass slides, stained with plant safranin and fast green staining solution (Servicebio, Wuhan, China), and observed under a tissue panoramic imaging scanning system (Wisleap WS-10, Beijing, China). Observation of epidermal cells was based on the peel method (Zhu et al., 2016). In addition, sections were observed and photographed with an inverted optical microscope (Olympus IX71, Tokyo, Japan), and sizes of 400 pith cells of six JcFTOE and six control plants were measured using Image-Pro Plus 6.0 (Mei et al., 2016). ANOVA was performed in IBM SPSS Statistics (version 23.0, NY, United States) with tests of normality and homogeneity of variance that met the prerequisites for ANOVA.



Carbohydrate Content Analysis

Twenty-four stem samples (12 JcFT transgenic plants and 12 control plants), collected at the same time as the transcriptome samples, were air-dried and then dried to a constant weight at 80°C for analysis of carbohydrate content, including water-soluble sugars, water-soluble starch, cellulose, hemicellulose, lignin, and xylan. The anthrone-sulfuric acid colorimetric method was used to determine the content of water-soluble sugars and water-soluble starch following the Laurentin and Edwards (2003) method. The Van Soest method was used to determine the cellulose, hemicellulose, and lignin content in stems (Hindrichsen et al., 2006). Microsoft Excel was used for ANOVA.




RESULTS


Overview of RNA-Seq Data

A total of 38.86 Gb of clean data were obtained from the transcriptome analysis of stems of three JcFTOE and three control plants (NCBI Sequence Read Archive accession number: PRJNA811432). Clean data of each sample reached 6.29 Gb, and the Q30 base was greater than 91.76%. Of the clean reads, 94.79–95.19% mapped to the N. tabacum “TN90” genome, with 89.88–91.05% mapped to exons, 4.52–5.54% mapped to introns, and 4.30–4.92% mapped to intergenic regions. Sequencing output data of each sample are presented in Supplementary Table 2. Pearson coefficients of correlation (r) between the three JcFTOE samples ranged from 0.8 to 0.95 and those of the three control samples from 0.89 to 0.92. The r values between JcFTOE and control samples were lower (0.286–0.56). Therefore, the three JcFTOE and three control samples were classified into one category (Supplementary Figure 1), suggesting that sampling and sequencing data produced consistent results.



Effect of JcFTOE on Tobacco Traits

Compared with control plants (n = 24), flower budding accelerated significantly in JcFTOE tobacco plants, but plant height, leaf area, and stem thickness decreased significantly. Compared with controls, time to bud (36.21 days) and plant height (30.95 cm) decreased significantly in JcFTOE plants (Figures 1G,H), whereas stem diameter (0.381 cm) decreased by more than twice (Figures 1D,I) and leaf area (43.864 cm2) decreased by more than four times (Figure 1J). In addition, numbers of leaves of JcFTOE plants also decreased significantly (Figures 1C,K), and root development was relatively weak (Figure 1C). During the sampling period, the stems of JcFTOE and control plants were increasing in thickness and height (Figures 1L–Q), which can well reflect the influence of the JcFT on stem growth.



Biological Processes Affected in JcFTOE Plants

With overexpression of JcFT, there were 9,564 DEGs (FC ≥ 2 and FDR < 0.01) in JcFTOE plants. The KOG (Eukaryotic Orthologous Groups) classification indicated that the DEGs were associated with 22 biological processes, including ribosomal structure and biogenesis, posttranslational modification, carbohydrate transport and metabolism, amino acid/lipid transport and metabolism, signal transduction, transcription, replication, inorganic ion transport, the cell cycle, cell division, and cell wall biogenesis, among others (Figure 2A). Of the DEGs, 5,516 were up-regulated and 4,048 were down-regulated. In the KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analysis, the up-regulated genes were significantly associated with carbon fixation, including carbon, glyoxylate, dicarboxylate, phenylalanine, starch, and sucrose metabolism; biosynthesis of carotenoids and amino acids; and photosynthesis (Figure 2B). The down-regulated DEGs were significantly associated with ribosomes, antenna proteins, and DNA replication (Figure 2C).
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FIGURE 2. KOG (Eukaryotic Orthologous Groups classification) and ClueGO grouping of differentially expressed genes and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analysis. (A) KOG classification of DEGs. KEGG pathway enrichment of (B) up-regulated and (C) down-regulated DEGs. (D) DEG ClueGO grouping of terms or pathways, with percentage referring to the proportion of annotated terms to the total terms in each group. **Significantly annotated.


The DEGs were also analyzed using ClueGO in the Cytoscape software. Fourteen significant pathways or terms were annotated, including ribosome biogenesis, DNA replication initiation, carotenoid metabolic process, fructose 1,6-bisphosphate 1-phosphatase activity, photosynthesis, photosystem II assembly, and cinnamic acid biosynthetic process, among others. Most DEGs were associated with ribosomal biogenesis (Supplementary Figure 2). Among the processes, most GO terms were associated with DNA replication initiation, with seven terms accounting for 30.43% in the group, followed by carotenoid metabolic process and fructose 1,6-bisphosphate 1-phosphatase activity, with three and two terms accounting for 13.04 and 8.7%, respectively (Figure 2D). Ribosomes, similar to remaining processes, contained one GO term that accounted for only 4.35% (Figure 2D).

To increase understanding of the pathways associated with DEGs, the BiNGO app in Cytoscape software was used to annotate overrepresented GO terms and present them in a network. Terms were combined into nine groups: DNA replication, ribosome biogenesis, photosynthesis, carotenoid biosynthesis, carbohydrate metabolism, cell wall organization or biogenesis, glycine decarboxylation, negative regulation of biological process, and positive regulation of biological process (Figure 3). In JcFTOE plants, there were a variety of effects on DNA replication, including on preinitiation complex assembly, pre-replicative complex assembly, and DNA unwinding, strand elongation, and replication initiation, among which pre-replicative complex assembly and replication initiation were most significantly affected (Figure 3A). Ribosomal biogenesis involved maturation of the large subunit (LSU) rRNA and assembly of large and small ribosomes (Figure 3B). Effects on photosynthesis primarily included those on light harvesting and electron transport in photosystem I and II assemblies (Figure 3C). Effects on carotenoid biosynthesis involved terpenoid biosynthesis (Figure 3D). Catabolism of amino acids, primarily glycine and serine, was also affected (Figure 3E). Effects on carbohydrate metabolism included those on fructose 6-phosphate and 1,6-diphosphate metabolic processes; gluconeogenesis and the biosynthesis of sucrose; starch metabolism; and cellulose biosynthesis (Figure 3F). In cell wall organization or biogenesis, biogenesis of both primary and secondary cell walls was significantly affected, largely because of effects on glucuronoxylan biosynthesis and hemicellulose metabolism (Figure 3G). In JcFTOE plants, there was both negative and positive regulation. Negative regulation primarily involved those genes associated with DNA replication (including replication fork arrest and replication checkpoints), protein metabolic process and translation, and nucleobase, nucleoside, nucleotide, and nucleic acid metabolic processes (Figure 3H). Positive regulation primarily involved those genes associated with gibberellic acid (GA)-mediated signaling pathway and protein amino acid phosphorylation (Figure 3I).
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FIGURE 3. Overrepresented GO (gene ontology) terms of differentially expressed genes annotated by BiNGO separated into nine groups. (A) DNA replication, (B) ribosomal biogenesis, (C) photosynthesis, (D) carotenoid biosynthesis, (E) catabolism of amino acids, (F) carbohydrate metabolism, (G) cell wall organization or biogenesis, (H) negative regulation, and (I) positive regulation. Color of a node represents the corrected p-value, with the scale ranging from yellow (p = 0.01) to dark orange (p = 0.01 × 10−5) and size of a node indicates the number of genes involved.


The biological processes associated with DEGs indicated that the stem development was affected in three spatial systems in JcFTOE plants. The nucleus, cytoplasm, and cell wall systems are described in Figure 4. DNA replication was the main process affected in the nucleus. In the cytoplasm, ribosome biogenesis, translation, photosynthesis, carbohydrate biosynthesis, and the cytoskeleton were primarily affected. The primarily effect in cell walls was associated with xylan (a component of hemicellulose) and cellulose.

[image: Figure 4]

FIGURE 4. Overview of effects on stem development in JcFTOE plants (↑ and ↓ denote up- and down-regulated expression, respectively).




Effects of JcFTOE on Circadian Rhythm

In WGCNA of this study, 6,499 of 9,564 DEGs (67.9%) clustered into three modules (Figure 5A). The turquoise module was positively correlated with JcFTOE (r = 0.95), whereas blue and brown modules were negatively correlated with JcFTOE (r = −1 and −0.95, respectively; Figure 5B).
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FIGURE 5. Weighted Gene Co-Expression Network Analysis (WGCNA) of differentially expressed genes (DEGs) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of the blue module. (A) Dendrogram of DEGs and heat map of trait correlations. The map is divided into three parts: top, dendrogram of DEGs; middle, colors of modules of corresponding DEGs; bottom, correlations between sample DEGs and their modules. An increase in redness indicates a more positive correlation, and an increase in blueness indicates a more negative correlation. (B) Correlation heat map between modules and traits. The closer the correlation is to the absolute value of 1, the more likely the trait is associated with gene function of the module. (C) KEGG pathway enrichment analysis of genes in the blue module.


The blue module had the highest correlation with JcFTOE, with a coefficient of −1, indicating the type of DEGs and associated biological processes in the module best reflected the influence of JcFTOE. In the KEGG enrichment analysis, the main biological processes were circadian rhythm and antenna proteins (Figure 5C). Circadian rhythm genes of the blue module included late elongated hypocotyl (LHY), pseudo-response regulator 5 (PRR5), timing of CAB expression 1 (TOC1), gigantea (GI), early flowering 3 (ELF3), phytochrome B (PHYB), constitutive photomorphogenesis 1 (COP1), flavin-binding kelch domain F box protein 1 (FKF1), and protein long hypocotyl 5 (HY5). The genes LHY, TOC1, PRR5, and GI are associated with core oscillators (Nohales and Kay, 2016), and changes in their transcription levels were greater than those of other factors. Of four PRR5 genes, two were up-regulated (log2 FC = 2.75) and two were down-regulated (log2 FC = −3.82). Two LHY genes were down-regulated (log2 FC = −8.07), whereas five TOC1 and GI genes were up-regulated (log2 FC = 4.98 and 2.38, respectively).



Effects of JcFTOE on DNA Replication

According to results of the BiNGO analysis, in JcFTOE plants, the typical effect on the nucleus was associated with DNA replication, which is also the key point that affects the cell cycle and cell division. Genomic DNA replication consists of three stages: initiation, elongation, and termination (Xue et al., 2015). In this study, 64 DEGs were associated with DNA replication (Supplementary Table 3). All of those genes were down-regulated in JcFTOE tobacco stems, including those associated with DNA replication initiation, DNA unwinding, and DNA strand elongation (Figure 3A). The 64 DEGs were associated with almost all of the components required for DNA replication, including DNA polymerase α-primase complex, DNA polymerase δ/ε complex, minichromosome maintenance protein (MCM) complex, replication protein A (RPA), clamp and clamp loader, RNaseHII, and helicase (Figure 6). Therefore, the weakening of DNA replication in JcFTOE plants was likely the result of comprehensive effects on the replication process.
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FIGURE 6. KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway of DNA replication where enzymes/proteins from the DEGs (differentially expressed genes) are located (Green boxes on the right indicate DEGs with down-regulated expression, whereas white boxes indicate no change in expression).




Effects of JcFTOE on Cell Cycle Regulation and Cell Division

Stem diameters of JcFTOE tobacco plants were significantly smaller than those of control plants (Figures 11, 7A), which was most likely due to changes in cell size or number. In JcFTOE tobacco plants, pith cells, which accounted for the highest proportion of the stem, were significantly larger than those in control plants (Figure 7B). Stem epidermis and cortex cells in JcFTOE plants were also larger than those in control plants. Specifically, some cortex cells were significantly longer than those in the control, resulting in elliptical cells compared with the nearly round cells in the control (Figures 7C,D). However, number of cell layers in cortex, pith, and vascular bundles of JcFTOE tobacco stems decreased (Figures 7A,C,D). In longitudinal sections of JcFTOE stems, although there were fewer longitudinal cells, they were also longer than those in control stems (Figures 7E,F). Those results confirmed that a significant decrease in number of cells in JcFTOE stems was the primary reason for smaller and shorter stems. Changes in cell number are the result of cell division and proliferation, which are regulated by the cell cycle. Therefore, the biological processes of cell cycle regulation annotated by ClueGO were analyzed. The data set contained 55 DEGs, of which 48 were down-regulated (Supplementary Table 4).
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FIGURE 7. Comparison of stem cell morphology, number, and size and cell cycle regulation between JcFTOE and control (CK) plants. (A) Stem cross sections of JcFTOE and control plants (The values in the central boxes represented the diameter size of the samples, scale bar = 1 mm). (B) Average size of pith cells in JcFTOE and control plants (The values represented mean, the vertical bars indicated standard deviation, n = 66, **p < 0.01). (C,D) Stem cross sections (same magnification) of JcFTOE and control plants at 49 days after seeding (scale bar = 100 μm). Double arrows indicate thickness of the cortex, and straight lines indicate larger cells in the cortex. (E,F) Stem longitudinal sections (same magnification) of JcFTOE and control plants at 49 days after seeding (scale bar = 100 μm). (G) BiNGO annotated overrepresented GO (gene ontology) terms associated with cell cycle regulation. Color of a node represents the corrected p-value, with the scale ranging from yellow (p = 0.01) to dark orange (p = 0.01 × 10−5) and size of a node indicates the number of genes involved. Different colors of arrows suggested different types of enriched pathways. (H) Expression heat map of differentially expressed genes (DEGs) associated with DNA-dependent DNA replication initiation. Control samples: T1, T2, T3; JcFTOE samples: T4, T5, T6. Blue indicates a decrease in gene expression; red indicates an increase in gene expression. (I) Reverse-transcription qPCR of 10 DEGs associated with DNA-dependent DNA replication initiation (bars represented gene expression mean and standard error of mean, n = 3, **p < 0.01, ***p < 0.001, ****p < 0.0001, and the corresponding gene accession number was under the bars.). Epi: epidermis; Co: cortex; Ph: phloem; Xy: xylem; Pi: pith.


BiNGO was used to further annotate the 55 DEGs, and in cell cycle regulation, there were three aspects: cell cycle checkpoint, regulation of cyclin-dependent protein kinase activity, and regulation of cell cycle process (yellow arrows in Figure 7G). The DEGs associated with cell cycle checkpoint were primarily DNA replication checkpoint genes (cyan arrows in Figure 7G), which were the same as those associated with negative regulation of DNA-dependent DNA replication initiation. The cell cycle process was regulated both negatively and positively (green arrows in Figure 7G), with the positive regulation primarily associated with cell cycle arrest. Furthermore, when the 55 DEGs were annotated to the biological regulation process, both negative and positive regulation were also detected. Negative regulation was primarily associated with DNA replication in DNA-dependent DNA replication initiation and replication fork protection and cell cycle process and cyclin-dependent protein kinase activity (red arrows in Figure 7G). Positive regulation was associated with cell cycle arrest (blue arrows in Figure 7G). The analyses suggested that the cell cycle was inhibited in JcFTOE plants.

According to the above BiNGO annotation, negative regulation of DNA replication was the most important effect on the cell cycle in JcFTOE plants. The DNA-dependent DNA replication initiation was the key process and was associated with 16 genes, which primarily encoded CDT1-like protein A (CDT1a) and cell division control protein 6 (CDC6) homolog B. The genes were all down-regulated in JcFTOE stems (Figure 7H). Expression levels of 10 genes analyzed by RT-qPCR (Figure 7I) were consistent with those of the transcriptome analysis. The proteins CDT1 and CDC6 have key roles in regulating DNA replication as well as in activation and maintenance of cell cycle checkpoints (Truong and Wu, 2011; Youn et al., 2020). Down-regulation of CDT1 in Arabidopsis thaliana alters both nuclear DNA replication and plastid division, slowing the cell cycle and resulting in smaller leaves than those of wild-type plants (Raynaud et al., 2005).

Replication fork protection was associated with five down-regulated timeless (TIM) and timeless-interacting proteins (TIPIN). During DNA replication, the TIM–TIPIN heterodimer forms a replication fork protection complex (FPC). The FPC is associated and moves with the replication fork to help maintain its integrity and stability, thereby ensuring an effective replication process (Errico and Costanzo, 2012; Rageul et al., 2020; Lo et al., 2021). Positive regulation of cell cycle arrest was associated with four down-regulated breast cancer-associated gene 1 (BRCA1) and BRCA1-associated RING domain protein 1 (BARD1), which are components of replication fork protection (Daza-Martin et al., 2019). Therefore, results in this study suggested that down-regulation of TIM, TIPIN, BRCA1, and BARD1 reduced replication efficiency.

Down-regulation of CDT1, CDC6, TIM, TIPIN, MCM, BRCA1, and BARD1 in JcFTOE plants slowed formation of the pre-replication complex and the replication fork protection complex, thereby reducing the efficiency of replication initiation and strand elongation. Because of the decrease in DNA replication efficiency and cell division, numbers of cells in stems decreased significantly. Combined with the transcriptome data, these results suggested that the decrease in cell number was the key reason why stem diameters decreased in JcFTOE plants.



Effects of JcFTOE on Ribonucleoprotein Complex Biogenesis, Photosynthesis, Carbohydrate Biosynthesis, and Cytoskeleton

In the cytoplasm of JcFTOE plants, the biological processes primarily affected included ribonucleoprotein complex biogenesis, translation, photosynthesis, and carbohydrate biosynthesis. The cytoskeleton was also affected.

Ribonucleoprotein complex biogenesis was associated with 209 DEGs, of which 178 were down-regulated and 31 were up-regulated in JcFTOE tobacco stems. According to BiNGO annotations, the 209 DEGs were primarily associated with ribosomal small/large subunit assembly and rRNA processing (Figure 3B), and their expression was significantly down-regulated. Down-regulated genes included 40 of 43 associated with ribosomal large subunit assembly, 27 of 29 associated with ribosomal small subunit assembly, and 84 of 110 associated with rRNA processing.

Effects on photosynthesis were largely reflected in light harvesting in photosystem I and electron transport chain of the light reaction (Figure 3C). Light harvesting was associated with 35 DEGs, all of which were light-harvesting chlorophyll a/b binding protein (LHCB) genes, with 30 that were down-regulated and five that were up-regulated. The LHCB proteins typically form a complex with chlorophyll and xanthophylls that serves as the antenna complex (Pietrzykowska et al., 2014). Gene expression of LHCB is regulated by multiple environmental and developmental cues, which primarily include light, chloroplast retrograde signal, the circadian clock, and the phytohormone abscisic acid (ABA; Xu et al., 2012). Therefore, in JcFTOE plants, stem development was affected by the down-regulation of many light-harvesting chlorophyll a/b binding genes in photosystem I, which might weaken light-harvesting ability. However, the electron transport chain contained 16 genes (of which 14 were up-regulated) that functioned in hydrolysis, redox, ATP, and NDH production, with encoded proteins including oxygen-evolving enhancer protein 3 (PsbQ), PGR5-like protein 1A (PGRL1), photosynthetic NDH subunit of lumenal location (PNSL2), and ATP synthase subunit delta.

Carbohydrate biosynthesis included fructose metabolism, gluconeogenesis, and polysaccharide metabolism (Figure 3F). Fructose metabolism was the most important process and was associated with 26 DEGs. Twenty-three of those DEGs were up-regulated, with encoded proteins including fructose 1,6-bisphosphatase, fructose 2,6-bisphosphatase, fructose-bisphosphate aldolase, and fructose kinase-2. The DEGs associated with sucrose metabolism were all fructose metabolism-related genes (Supplementary Table 5). However, the DEGs associated with gluconeogenesis metabolism included genes other than those associated with fructose metabolism. Therefore, it was hypothesized that changes in fructose metabolism might subsequently cause changes in gluconeogenesis metabolism. Among the DEGs associated with polysaccharide metabolism, eight up-regulated genes were associated with starch biosynthesis, with four encoding 1,4-alpha-glucan-branching enzyme 1 and 4 encoding phosphoglucan phosphatase. Therefore, it was hypothesized that the starch content of JcFTOE tobacco stems would be higher than that in control stems. Indeed, water-soluble starch content of JcFTOE tobacco stems was significantly higher than that of control stems, whereas water-soluble sugar content was not significantly different (Figure 8).
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FIGURE 8. Carbohydrate components in tobacco stems of JcFTOE and control (CK) plants (The values represented mean, the vertical bars indicated standard deviation, n = 3, **p < 0.01; ***p < 0.001).


According to the KOG classification, 70 DEGs were closely associated with the cytoskeleton (Figure 2A and Supplementary Table 6), suggesting strong effects on cell cytoskeletons in stems of JcFTOE plants. Major types of genes encoded actin, tubulin, kinesin-like protein, and myosin, with the greatest number of genes encoding kinesin-like proteins. The different types of cytoskeleton-related genes were both up- and down-regulated. The cytoskeleton is a dynamically adaptive structure composed of microtubules and actin filaments (Lian et al., 2021). Microtubules are dynamic heteropolymers of α and β-tubulin that coordinate their assembly in response to various intracellular and extracellular signals and have key roles in the cell cycle and cell wall construction (Verma, 2001; Cai, 2010). The actin cytoskeleton has a key role in many cellular processes that regulate cell growth and morphology (Hussey et al., 2006; Breuer et al., 2017). Kinesins and myosins are motor proteins that actively move along microtubules and actin filaments, respectively, and perform transport functions (Nakamura et al., 2014; Nebenfuhr and Dixit, 2018). Therefore, changes in expression of genes associated with the cytoskeleton of JcFTOE tobacco stems were coordinated with changes in cell division and cell morphology.



Effects of JcFTOE on Cell Wall

Plant cell walls are composed primarily of cellulose, pectins, hemicelluloses, and lignin (Rennie and Scheller, 2014). Hemicelluloses include xyloglucans, xylans, mannans, glucomannans, and β-(1 → 3,1 → 4)-glucans (Scheller and Ulvskov, 2010). In JcFTOE plants, primary and secondary cell wall biogenesis were both affected, primarily by affecting hemicellulose metabolism (Figure 3G).

Biogenesis of the primary cell wall was associated with 10 DEGs. Seven up-regulated genes encoded cellulose synthase-like proteins E1, E6 (CSLE1, CSLE6), G2, and G3 (CSLG2, CSLG3), and three down-regulated genes encoded cellulose synthase-like protein D3 (CSLD3). The genes were all cellulose synthase-like (CSL) genes that encoded glycosyltransferases, which were likely associated with hemicellulose polymer biosynthesis (Galinousky et al., 2020).

Thirty-two DEGs were associated with secondary cell wall biogenesis. Sixteen of those were annotated as glucuronoxylan 4-O-methyltransferase (GXM), β-1,4-xylosyltransferase (associated with irregular xylem (IRX) 9, 10, 10-like, and 14H), and IRX15-like genes. Seven were annotated as cellulose synthase A catalytic subunit 4, 7, 8 (CESA4, 7, 8) genes, and seven were annotated as fasciclin-like arabinogalactan 11 or 12 (FLA11 or FLA12) genes. The two other genes were annotated as wall acetylation 3 (RWA3) and trichome birefringence-like 16 (TBL16). Except for one down-regulated gene (TBL16), the other 31 genes were up-regulated. Furthermore, among the 32 DEGs associated with secondary cell walls, 18 were associated with xylan biosynthesis, deposition, and acetylation, whereas the others were associated with cellulose biosynthesis and the connection between hemicellulose and cellulose.

In addition, 36 DEGs associated with hemicellulose metabolism were all xylan metabolism-related proteins. According to Swiss-Prot annotations, the genes primarily encoded beta-D-xylosidase, glucuronoxylan 4-O-methyltransferase, beta-1,4-xylosyltransferase, xylan glucuronosyltransferase, and protein IRX15-like. Those genes associated with xylan biosynthesis, with one exception, were all up-regulated in JcFTOE stems (Supplementary Table 7). Therefore, in JcFTOE plants, hemicellulose was affected by increases in xylan biosynthesis. In the analysis of stem carbohydrate contents, xylan and hemicellulose contents in JcFTOE tobacco stems were indeed significantly higher than those in the control (Figure 8).

In summary, stem development in JcFTOE tobacco plants was affected by increases in contents of xylan, hemicellulose, and cellulose in cell walls.



Effects of JcFTOE on Vascular Bundle Development

Tobacco stems contain bicollateral vascular bundles (Boucheron et al., 2002). The stele has six parts from outside to inside: pericycle, external phloem, cambium, xylem, internal phloem, and pith. In stem sections, morphology and structure of the stem vascular bundle in JcFTOE plants were clearly different compared with those of control plants. Stems of JcFTOE plants had more internal phloem bundles than those of controls, and the external phloem had stronger phloem fibers. In addition, JcFTOE stems had fewer cambium cells than those of control stems, indicating weaker secondary growth. In particular, the degree of xylem development in JcFTOE tobacco was significantly weaker than that in control tobacco and was characterized by fewer cell layers, weaker cell division and differentiation, and smaller vessels (Figures 9A,B).
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FIGURE 9. Development of stem vascular bundles in JcFTOE and control plants. (A,B) Stem cross sections (same magnification) of JcFTOE and control plants at 49 days after seeding (scale bar = 50 μm). Whereas JcFTOE plants have five smaller internal phloem bundles, control plants have three larger internal phloem bundles. Circles indicate fiber cells in the external phloem. (C) Expression heat map of 25 differentially expressed genes identified as IRX genes. Control samples: T1, T2, T3; JcFTOE samples: T4, T5, T6. Blue indicates a decrease in expression; red indicates an increase in expression. (D) Reverse-transcription qPCR verification of 25 differentially expressed IRX genes (bars represented gene expression mean and standard error of mean, n = 3, **p < 0.01, ****p < 0.0001, and the corresponding gene accession number was under the bars). CK: control; Pi: pith, Co: cortex, Ph: phloem, Ca: cambium, Xy: xylem, Ip: internal phloem, Ep: external phloem.


Thirty-two DEGs were associated with secondary cell wall biogenesis. According to previous studies (Zang et al., 2015; Zhong et al., 2019), 25 of the DEGs were IRX genes (Supplementary Table 8). The IRX genes are closely associated with xylem development and encode enzymes or transcription factors that participate in biosynthesis of secondary wall cellulose, xylan, lignin, and pectin (Hao and Mohnen, 2014). In this study, all IRX genes were up-regulated (Figures 9C,D), with 13 associated with xylan biosynthesis, seven with cellulose biosynthesis, and five with microfibril orientation. Thus, the up-regulated DEGs contributed to increasing contents of xylan (a component of hemicellulose) and cellulose in the xylem. According to the transcription data, there were no differences in lignin-related gene expression. Therefore, contents and characteristics of hemicellulose and cellulose in secondary cell walls might be the primary factors affecting xylem development in JcFTOE plants. Moreover, such increases in cell wall xylan and cellulose contents might weaken xylem differentiation and development.



Effects of JcFTOE on Plant Hormones

Florigen is a proteinaceous hormone that has wide-ranging regulatory effects on growth (Lifschitz et al., 2014). In addition to inducing flowering, it also regulates, for example, tuber formation in potatoes, leaf size in Arabidopsis and tobacco, cluster shape in grape, and bud formation in poplar (Danilevskaya et al., 2011; Shalit-Kaneh et al., 2019). In this study, signal transduction of a variety of plant hormones was affected in JcFTOE plants, including auxin, cytokinin, GA, ABA, and salicylic acid (SA). Therefore, the FT protein hormone may interfere with functions of a variety of other plant hormones by affecting hormone signal transduction.

Transcriptome data showed that the JcFT florigen protein had different effects on different hormone signal transduction pathways. The primary factors associated with each pathway and numbers of up- and down-regulated DEGs are presented in Figure 10. The greatest number of DEGs was associated with the auxin signal transduction pathway. Differentially expressed genes associated with auxin and cytokinin tended to be down-regulated in JcFTOE stems, whereas those associated with gibberellin, ABA, and SA were up-regulated.
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FIGURE 10. Hormone types and associated differentially expressed genes (DEGs). The y-axis indicates number of DEGs displayed on the bars, and the x-axis shows names of DEGs. LAX: like-aux1; TIR1: transport inhibitor response protein 1; Aux/IAA: including auxin/indole-3-acetic acid; SAUR: small auxin up RNA; GH3: gretchen hagen 3; CRE1: cytokinin receptor 1; A-ARR: type-A authentic response regulator; GID1: gibberellin-insensitive dwarf 1; PIF: phytochrome-interacting factor; PYL: pyrabactin resistance 1-like; PP2C: clade A protein phosphatases type-2C; SnRK2: sucrose non-fermenting 1-related subfamily 2; ABI5: abscisic acid-insensitive 5; NPR1: nonexpresser of PR gene 1; TGA: TGACG sequence-specific binding proteins; PR-1: pathogenesis-related protein 1.


There were three major families of auxin early response genes, including auxin/indole-3-acetic acid (Aux/IAA), gretchen hagen 3 (GH3), and small auxin up RNA (SAUR). Most DEGs were SAUR and Aux/IAA genes, and most were down-regulated. However, GH3 was up-regulated in JcFTOE stems. In addition, auxin influx carriers like-aux1 (LAX) and transport inhibitor response protein 1 (TIR1) were generally down-regulated. The largest family of early auxin-responsive genes in higher plants is the SAUR family, but the function of only a few SAUR genes is known (Zhang et al., 2021). SAUR genes can affect the distribution of indole-3-acetic acid (IAA; Huang et al., 2020). For example, SAUR69 inhibits auxin transport in tomato fruits (Shin et al., 2019), and SAUR45 affects auxin biosynthesis and transport in rice (Xu et al., 2017). In this study, SAUR was primarily associated with auxin-induced protein 15A/15A-like. Therefore, the function of many of the SAUR DEGs in this study might be associated with transport and biosynthesis of auxin. However, further research is needed. The GH3 gene encodes an enzyme that catalyzes the coupling of free IAA to amino acids and therefore primarily regulates growth and development by regulating the level of free IAA. Overexpression of GH3 in rice leads to a decrease in free IAA content and dwarfing of transgenic plants (Gan et al., 2019). In this study, four GH3s were all up-regulated, suggesting free IAA levels decrease in JcFTOE plants. Aux/IAA family members may bind with auxin response factors (ARFs) and repress expression of genes activated by ARFs in the absence of auxin. When Aux/IAA is degraded by the 26S proteasome to release ARFs at high auxin levels, auxin response genes are expressed (Luo et al., 2018). In this study, down-regulation of Aux/IAA in JcFTOE tobacco stems indicated that the amount of bound ARF decreased. The auxin influx carrier identified in this study was LAX2, which is a functional auxin influx carrier implicated in regulating vascular development in cotyledons (Swarup and Peret, 2012).

Thus, in JcFTOE in tobacco stems, biosynthesis and transport of auxin and content of free IAA might decrease, which would regulate expression of auxin response genes. Auxin is essential in formation of the vascular system, and it has an important regulatory role in early transdifferentiation into xylem cells (Yoshida et al., 2009). Therefore, changes in auxin signaling pathway factors might be one of the most significant factors that led to changes in vascular bundles of JcFTOE tobacco plants.

In the cytokinin signaling pathway of JcFTOE plants, effects were generally associated with cytokinin receptor 1 (CRE1) and type-A authentic response regulator (ARR). Of type-A ARRs, ARR 5, 6, 9, and 15 were all down-regulated in JcFTOE tobacco. The genes encoding those proteins are negative regulators of cytokinin response, and their mutants have increased sensitivity to cytokinins (To et al., 2004; Bhaskar et al., 2021). Therefore, stems in JcFTOE tobacco might be more sensitive to cytokinins than those of the control.

The gibberellin signaling pathway was primarily associated with GID1 and phytochrome-interacting factor 3, 5 (PIF3, 5), with GID1 the most important in the positive regulation of gibberellin signals described above.

The ABA signal transduction pathway was associated with pyrabactin resistance 1-like (PYL), clade A protein phosphatases type-2C (PP2C), sucrose non-fermenting 1-related subfamily 2 (SnRK2), and ABA-insensitive 5 (ABI5). The PYL receptors have major roles in ABA sensing and signal transduction. They perceive intracellular ABA and form a ternary complex with PP2Cs, thereby inhibiting them. The inhibition allows activation of downstream targets of PP2Cs, including SnRK2 protein kinase, which has a key role in regulation of the transcriptional response to ABA (Bueso et al., 2014). The most PYL and SnRK2 in JcFTOE tobacco stems were up-regulated, whereas most PP2Cs were down-regulated. Therefore, the response to ABA likely increased in JcFTOE stems.

The SA signaling pathway was associated with nonexpresser of PR gene 1 (NPR1), TGACG sequence-specific binding proteins (TGA), and pathogenesis-related (PR) protein 1. Notably, the six associated TGA 1 or 2 and two PR1 proteins were all up-regulated in JcFTOE tobacco stems. Expression of PR genes is associated with induction of plant systemic acquired resistance (Durrant and Dong, 2004). Salicylic acid activates defense responses through its downstream component NPR1 (Zhang et al., 2010). The TGA transcription factors regulate PR genes because they physically interact with the known positive regulator NPR1 (Kesarwani et al., 2007). Therefore some aspects of tobacco resistance might also increase in JcFTOE plants. Repeated observations indicate that JcFTOE tobacco is more resistant to plant hoppers than the control, because under the same conditions, control tobacco leaves wilted under plant hopper attack, whereas JcFTOE tobacco leaves remained firm and healthy (data not shown).




DISCUSSION

In the JcFTOE plants, stem stature and thickness decreased. Stems of most plants that overexpress FT or FT-like genes are similarly affected (Lifschitz et al., 2006; Li et al., 2015; Gao et al., 2016; Adeyemo et al., 2017; Pasriga et al., 2019; Odipio et al., 2020). Therefore, inhibition of stem growth is likely a basic effect of the FT gene. However, the mechanisms by which FT causes stem thinning have not been fully investigated. The results in this study indicated that stem thinning might be due to the slowing of cell division because of effects on DNA replication and the cell cycle, which ultimately decreased cell number and resulted in thinner and shorter stems. Shalit et al. (2009) investigated the tomato precursor of florigen, single flower truss (SFT), and a potent SFT-dependent SFT inhibitor, self-pruning (SP). They found that a high SFT/SP ratio is associated with growth restriction of the shoot apical meristem, which resulted in faster transformation to flowering (Shalit et al., 2009). In this study, an SP (LOC107810240) was significantly down-regulated (log2 FC = −4.83) in JcFTOE tobacco stems, therefore, FT could reduce expression of the SP gene in stems, further increasing the FT/SP ratio. We speculate that the transition from vegetative to reproductive growth may involve short-term slowing of growth in order to complete the transition. The inhibitory function of FT on stem cell division demonstrated in this study might be the trigger for such a slowdown.

In the WGCNA, DEGs associated with circadian rhythm and antenna proteins were grouped into a module that was most highly correlated with JcFTOE (r = −1; Figure 5C). Several cis-acting sequence elements have been identified for circadian control of CAB gene expression (Millar and Kay, 1996; Andronis et al., 2008). Transcription of CAB genes is circadian-regulated (Millar and Kay, 1991), and rhythmic expression of CAB genes has often been used as a marker for circadian regulation in plants (Thain et al., 2002). Therefore, the significant changes in CAB expression in JcFTOE plants confirmed that the circadian clock was altered.

Considering the effects of JcFTOE on photosynthesis, LHCB was found to be mainly down-regulated, while 14 genes involved in the electron transport chain were up-regulated. These included PGR5-like protein 1A (PGRL1) and oxygen-evolving enhancer protein 3 (PsbQ). The antenna complex absorbs sunlight and transfers the excitation energy for photosynthesis in green plants, and the LHCB proteins are important components of the antenna complex (Bassi et al., 1999). Studies have demonstrated the importance of the cyclic electron transport (CET)-dependent proton motive force (pmf) under low light for ATP synthesis (Walker et al., 2014). PGR5/PGRL1 and NDH can mediate CET processes in low light and facilitate CO2 assimilation by supplying additional ATP (Ma et al., 2021). Studies have also indicated that the PsbQ protein is required for photoautotrophic growth under low-light conditions (Yi et al., 2006). Therefore, we speculated that the down-regulated expression of LHCB observed in this study implied an impairment of light absorption, which may be perceived by JcFTOE tobacco as a low-light signal. The up-regulated expression of the related genes in the electron transport chain observed in this study may be a synergistic response to the down-regulation of LHCB.

Complex effects on multiple circadian clock elements and DNA replication were also observed in JcFTOE plants. Transcription levels of core oscillators of circadian rhythm (LHY, TOC1, PRR5, and GI) were significantly affected by the overexpression of JcFT. The core oscillator GI is a unique plant protein that is involved in many developmental processes, including flowering time regulation, circadian rhythm control, sucrose signaling, and starch accumulation, among others (Mishra and Panigrahi, 2015; Cha et al., 2017). The results suggested that changes in the circadian rhythm was a characteristic effect of JcFT.

Formation of a pre-replication complex is key to the control of DNA replication before a cell enters the S phase. The complex is assembled at the replication origin by sequential association of the origin recognition complex, followed by CDT1 and CDC6, which ultimately recruit the DNA helicase MCM to open the replication fork, allowing DNA replication to begin (Takisawa et al., 2000; DePamphilis, 2003; Brasil et al., 2017). Therefore, CDC6 has a key role in regulating DNA replication, as well as in activation and maintenance of cell cycle checkpoints (Youn et al., 2020). Binding of TOC1 to the CDC6 promoter is responsible for diurnal suppression of DNA replication. Thus, TOC1 safeguards the transition from G1 to S phases and controls the timing of the early mitotic cycle and plant growth. When TOC1 is overexpressed, plants have a shorter and delayed S phase (Fung-Uceda et al., 2018). The protein PRR5 directly down-regulates CCA1 and LHY expression (Nakamichi et al., 2010), and LHY is a MYB transcription factor that directly binds to the TOC1 promoter to negatively regulate its expression (Gendron et al., 2012). Therefore, the down-regulation of LHY and the up-regulation of TOC1 in this study were generally consistent with the weaker growth of JcFTOE tobacco. Changes in the core oscillator proteins LHY, PRR5, TOC1, and GI, as well as the significantly down-regulated expression of CAB antennae proteins, are among the most common effects on stems in JcFTOE tobacco.

The rice FT homolog Hd3a interacts with 14-3-3 proteins, and two Hd3a monomers bind to C-terminal regions of dimeric 14-3-3 proteins to produce a complex (Taoka et al., 2011, 2013; Putterill and Varkonyi-Gasic, 2016). The 14-3-3 proteins are notable for their ability to bind a variety of signal proteins with diverse functions, including kinases, phosphatases, and transmembrane receptors. As a result, they have important roles in a wide range of important regulatory processes, including cell cycle control, mitotic signal transduction, and apoptotic cell death (Fu et al., 2000). Ligands of 14-3-3 proteins share a common binding determinant, which mediates contact with 14-3-3 proteins (Fu et al., 2000). For example, in shoot apical meristems of rice, rice centroradialis (RCN) competes with Hd3a in binding to 14-3-3 proteins and represses florigenic activity. When RCN is knocked out, Hd3a more easily binds to 14-3-3 proteins to form an excess of complexes (Kaneko-Suzuki et al., 2018). This type of interaction helps to understand why multiple biological processes were affected during stem development in JcFTOE plants. Binding of the JcFT protein to 14-3-3 proteins might affect the binding of many other proteins to 14-3-3 proteins and lead to changes in expression of related genes, thereby altering many biological processes. This study demonstrated that 14-3-3 proteins could directly interact with 294 proteins of DEGs involved in 15 biological processes (Supplementary Table 9). In addition, most of the biological processes annotated from the DEGs were directly associated with 14-3-3 proteins. Therefore, 14-3-3 proteins likely have important roles in FT function. In addition, 14-3-3 proteins might be primary mediators of the effects on stem development in JcFTOE tobacco.

The 14-3-3 proteins also mediate circadian regulation (Prado et al., 2019). Therefore, it was hypothesized that FT mediated circadian regulation via 14-3-3 proteins and affected DNA replication, expression of CAB, and other processes. A conceptual model of regulation of DNA replication and circadian rhythm developed for JcFTOE plants is shown in Figure 11.
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FIGURE 11. Conceptual model of possible regulation of the circadian clock and DNA replication in stems of JcFTOE plants. Green boxes indicate down-regulation, red ones indicate up-regulation, and the blue one indicates both up- and down-regulation. Arrows indicate order of regulation.


In this study, among the DEGs associated with secondary cell wall biogenesis, all 18 genes associated with xylan biosynthesis, deposition, and acetylation were up-regulated. Those genes included glucuronoxylan 4-O-methyltransferase, β-1,4-xylosyltransferase, IRX15-like, CESA4, 7, and 8, and FLA. Glucuronoxylan 4-O-methyltransferase, β-1,4-xylosyltransferase, and IRX15-like are closely associated with biosynthesis of glucuronoxylan, and mutations in those genes lead to decreases in xylan content (Tanaka et al., 2003; Wu et al., 2009; Mortimer et al., 2010; Brown et al., 2011). The genes CESA4, 7, and 8 have essential roles in cellulose biosynthesis in secondary cell walls (Chen et al., 2005; Stork et al., 2010; McFarlane et al., 2014). A causal relationship between FLA transcript abundance in plant stems and cellulose microfibril orientation and wood properties has been previously reported (MacMillan et al., 2010). Because xylan is an important component of hemicellulose (Pauly et al., 2013), up-regulation of associated genes may affect the content and characteristics of hemicellulose and thereby affect cell wall development (Grantham et al., 2017). Therefore, in JcFTOE plants, stem development might be affected by increases in hemicellulose and cellulose contents in secondary cell walls.

In JcFTOE plants, expression of many IRX genes was significantly up-regulated, and as a result, xylem development was significantly affected. Clarifying how JcFT regulates IRX gene expression may help to understand the evolution and function of FT.

In addition to observations of stem anatomy in horizontal and longitudinal sections, epidermal cells of leaves, petioles, and stems were also examined. In JcFTOE plants, an important feature was longer cells (Supplementary Figure 3). Gibberellic acid regulates various developmental processes, including elongation of cells and shoots, transition to flowering, and flower growth, among other processes (Illouz-Eliaz et al., 2019). In this study, the GA-mediated signal pathway was significantly affected in JcFTOE plants (Figures 3I, 10), which might increase the response of tobacco stems to gibberellin. Therefore, it was hypothesized that the lengthening of cells in JcFTOE plants was most likely caused by changes in the gibberellin signaling pathway.

In addition, it is necessary to investigate the effects of different FT overexpression levels on plant development to better understand the mechanisms through which FT regulation influences flowering and growth. We examined the effects of JcFT overexpression on flowering 37 and 42 days after sowing (Supplementary Figure 5A). The results showed significantly higher expression of JcFT in JcFTOE plants that flowered at 37 days compared with those that flowered at 38–42 days. However, there was no significant difference in the expression level of JcFT in JcFTOE plants flowering between 38 and 41 days (Supplementary Figure 5B). This suggests JcFTOE plants with high levels of JcFT bloomed earlier. However, there was no linear relationship between the flowering sequence and the JcFT expression level. It is possible that this investigation was limited by the experimental material. The stems and leaves of the JcFTOE plants used in the experiments did not differ significantly in size, and the effect of JcFT expression on stem and leaf growth could not be adequately determined. To gain a deeper understanding of the role of JcFT in development, it would be necessary to use larger samples and, especially, to develop JcFTOE plants with visible differences in the stem and leaf sizes.
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Vernalization is the promotion of flowering after prolonged exposure to cold. In Arabidopsis thaliana, vernalization induces epigenetic silencing of the floral repressor gene FLOWERING LOCUS C (FLC). Among the repressive epigenetic marks, the trimethylation of lysine 27 on histone H3 proteins (H3K27me3) is a critical contributor to the epigenetic silencing of FLC. The deposition of H3K27me3 is mediated by Polycomb Repressive Complex 2 (PRC2). Conversely, the elimination of H3K27me3 is mediated by histone demethylases, Jumonji-C domain-containing protein JMJ30 and its homolog JMJ32. However, the role of JMJ30 and JMJ32 in vernalization is largely unknown. In this study, we found that cold treatment dramatically reduced the expression levels of JMJ30 and did not reduce those of JMJ32. Next, by using the genetic approach, we found that the flowering of jmj30 jmj32 was accelerated under moderate vernalized conditions. Under moderate vernalized conditions, the silencing of FLC occurred more quickly in jmj30 jmj32 than in the wild type. These results suggested that the histone demethylases JMJ30 and JMJ32 brake vernalization through the activation of FLC. Our study suggested that PRC2 and Jumonji histone demethylases act in an opposing manner to regulate flowering time via epigenetic modifications.

Keywords: Arabidopsis, devernalization, epigenetics, FLC, histone demethylase, H3K27me3, JMJ30, vernalization


INTRODUCTION

Flowering is a transition from vegetative growth to reproductive growth in the plant life cycle. Many annual plants flower after being exposed to warm conditions in spring following prolonged winter coldness (Chouard, 1960; Simpson and Dean, 2002). Acquisition of the ability to undergo flower-bud formation induced by the cold is referred to as vernalization. In a model plant, Arabidopsis thaliana, flowering is promoted by two pathways: (1) the vernalization pathway and (2) the autonomous pathway (Sheldon et al., 2000; Simpson and Dean, 2002; Michaels et al., 2005), and flowering is inhibited by the activity of a super transcriptional complex including the zinc finger protein FRIGIDA (FRI; Li et al., 2018). The vernalization pathway and autonomous pathway repress the expression levels of the floral repressor gene FLOWERING LOCUS C (FLC; Michaels and Amasino, 1999; Sheldon et al., 1999, 2000; Simpson and Dean, 2002), and they counteract FRI, which activates the expression of FLC during the development of plants (Johanson et al., 2000). FLC represses the two floral inducers FLOWERING LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1; Hepworth et al., 2002; Michaels et al., 2005; Helliwell et al., 2006; Searle et al., 2006). Therefore, stable silencing of FLC is essential during the induction of floral buds.

The vernalization pathway has a primary role in the regulation of FLC. First, cold treatment inactivates FRI by translocating from an active FLC locus to nuclear condensates, resulting in the downregulation of FLC (Whittaker and Dean, 2017; Zhu et al., 2021). Second, the vernalization pathway triggers a key repressive epigenetic modification of the FLC locus, including the trimethylation of lysine 27 of histone H3 (H3K27me3), in a stepwise fashion (Bastow et al., 2004; Whittaker and Dean, 2017). First, H3K27me3 is deposited at the nucleation region of FLC by Polycomb Repressive Complex 2 (PRC2) during vernalization. Second, after the transition from cold conditions to warm and long-day conditions, the repressive mark spreads to the entire FLC locus, and epigenetic marks are inherited after DNA replication/cell cycle progression. The spreading and maintenance of H3K27me3 on the FLC locus are dependent on LIKE HETEROCHROMATIN PROTEIN 1 (LHP1) and CURLY LEAF (CLF; Yang et al., 2017). In contrast to the deposition of H3K27me3 by PRC2, the elimination of H3K27me3 is regulated by histone demethylases. Five Jumonji-C-domain containing proteins (JMJs), JMJ11, JMJ12, JMJ13, JMJ30, and JMJ32, are reported to have H3K27me3 removal activity (Lu F. et al., 2011; Crevillen et al., 2014; Gan et al., 2014; Cui et al., 2016; Yan et al., 2018). Among them, we previously discovered that JMJ30 and JMJ32 are redundantly required for the prevention of extreme early flowering under high-temperature conditions (Gan et al., 2014). Under high-temperature conditions, JMJ30 and JMJ32 remove H3K27me3 from the FLC locus, resulting in upregulation of the expression levels of FLC. However, the roles of JMJ30 and JMJ32 in vernalization are still unclear.

Interestingly, we previously found that high temperature induced the expression of JMJ30 and stabilized JMJ30 (Gan et al., 2014). In addition, the vernalized state can be canceled by short-term exposure to a high temperature. This is referred to as devernalization (Purvis and Gregory, 1945; Gregory and Purvis, 1948). In the model plant Arabidopsis thaliana, the expression levels of FLC are partially recovered after devernalization (Périlleux et al., 2013). H3K27me3 is erased at the FLC locus during devernalization (Bouché et al., 2015). We hypothesized that high temperature might erase H3K27me3 from the FLC locus via JMJ30. In this study, we tested this hypothesis by applying a genetic approach.

In this study, we examined whether JMJ30 and JMJ32 are involved in vernalization and devernalization in Arabidopsis thaliana. We found that JMJ30 and JMJ32 play a role in the molecular brake for vernalization and are not involved in devernalization. This study provides novel insights into the role of repressive histone marks in environmental responses in plants.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

All Arabidopsis thaliana seed stocks used in this study were in the FRIsf–2 (Lee et al., 1993) background except pEstro:JMJ30 (Yamaguchi et al., 2021), which generated a Columbia (Col-0) background. jmj30 jmj32 (Gan et al., 2014), flc-3 (Michaels and Amasino, 1999), and the reporter line FLC-GUS (Noh and Amasino, 2003; Michaels et al., 2005) were reported previously. To generate multiple mutants and mutants harboring the reporters, we performed crossings and genotyping. Arabidopsis seeds were grown on 0.5% gellan gum or 1% agar with Murashige and Skoog (MS). The plates were cultivated under constant light conditions. To examine the flowering phenotypes, the plants were cultivated in pots containing vermiculite and Metro-Mix (Sun Gro Horticulture).



Experimental Conditions for the Devernalization

We vernalized seeds 1 month after water absorption and sowed them on a plate. After vernalization, we transferred the plates to an incubator at 30° in the dark, cultivated them for 1 week, and then transferred them to a plate at 22°. For high reproducibility, incubation at 30° should be performed in the dark under our cultivation conditions.



Reverse-Transcription Polymerase Chain Reaction and Quantitative Reverse-Transcription–Polymerase Chain Reaction

Samples were frozen in liquid nitrogen immediately. The RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) was used to extract total RNA. The RNase-Free DNase Set (Qiagen, Germany) was used to eliminate the contamination of genomic DNA from the RNA samples. Reverse-transcription PCR was performed using PrimeScript RT Master Mix (Takara, Shiga, Japan). Quantitative RT–PCR was applied as described previously (Wang et al., 2020). Arabidopsis PP2A (for FLC) and EIF4A (for JMJ30 and JMJ32) were used as the internal references. Each experiment was repeated at least three times. The relative expression level of each gene was calculated using the 2–ΔΔCT method (Livak and Schmittgen, 2001). The primers are listed in Supplementary Table 1.



β-glucuronidase Staining

Seedlings were fixed in 90% acetone for 30 min at room temperature and subsequently stained with β-glucuronidase (GUS) staining solution. The staining method was as described previously (Gan et al., 2014; Shirakawa et al., 2014). After GUS staining, samples were transparentized as described previously (Shirakawa et al., 2009). Representative images were photographed under an AXIO Zoom V16 (ZEISS) microscope.



Flowering Phenotype Analysis

To test the timing of flowering, including the number of rosette or cauline leaves produced, we vernalized plants and then transferred them into soil cultivation conditions. We cultivated plants until the boltings of the primary stems and then counted the number of leaves, as described previously (Shirakawa et al., 2021).



Chromatin Immunoprecipitation-Quantitative Polymerase Chain Reaction

Chromatin immunoprecipitation experiments were performed as previously described with minor modifications (Gan et al., 2014; Yamaguchi et al., 2014; Shirakawa et al., 2021). Briefly, total chromatin was extracted from the seedlings and immunoprecipitated using anti-H3K27me3 (Abcam, Cat. No. ab6002). The DNA fragments were recovered by QIAquick PCR Purification Kit (QIAGEN, Cat. No. 28106). qPCR with gene-specific primers (Supplementary Table 1) was performed on a LightCycler 480 System II (Roche) using a FastStart Essential DNA Green Master (Roche, Cat. No. 06924204001). Values of percent input of target loci were calibrated by values of percent input of AGAMOUS loci. The experiments were repeated three and six times for NV and V2W, respectively. The statistical significance was evaluated by two-tailed Student’s t-test.



Data Statistics and Availability

In this study, one-way ANOVA followed by the Tukey–Kramer test or two-tailed Student’s t-test was performed to detect the differences as required.




RESULTS


The Expression Levels of JMJ30, Not JMJ32, Were Gradually Reduced by Cold Treatment

First, we examined whether the expression levels of JMJ30 and JMJ32 were changed during vernalization. After water absorption by the seeds, we incubated them under various periods of cold treatment (from 0 h to 4 weeks) in the dark. Then, we germinated them on gellan gum plates and compared the expression levels of two genes, JMJ30, and JMJ32, in the seedlings at 3 days after germination (Figure 1). Interestingly, the expression levels of JMJ30 started to decrease after 6 h of cold treatment, and they reached their minimum level after 1 week of cold treatment and were maintained at the minimum level for 4 weeks (Figure 1A; labeled “f” in one-way ANOVA followed by the Tukey–Kramer test). Unlike JMJ30, the expression levels of JMJ32 were not changed by cold treatment (Figure 1B). These results suggested that a reduction of the expression levels of JMJ30 occurred quickly after cold treatment; however, the activities of JMJ30 and 32 remained after cold treatments.
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FIGURE 1. The gradual reduction in the expression levels of JMJ30 during vernalization. The expression levels of endogenous JMJ30 (A) and JMJ32 (B) in seedlings at 3 days after germination. Seeds were treated with different lengths of cold (h, hour; D, day; W, week) in the dark after water absorption. Error bars represent SD. One-way ANOVA followed by the Tukey–Kramer test was performed (p < 0.05). Different letters indicate significant differences, while the same letters indicate non-significant differences.




jmj30 jmj32 Exhibited an Early Flowering Phenotype Under Partial Vernalized Conditions

To clarify the roles of JMJ30 and JMJ32 in vernalization, we compared the flowering time between wild-type and jmj30 jmj32 double mutants harboring the active FRIGIDA gene (hereafter, wild-type and jmj30 jmj32) (Figure 2). We did not test single mutants of jmj30 and jmj32 because they are redundantly required for the prevention of heat-induced extreme early flowering (Gan et al., 2014). In the non-vernalized conditions, jmj30 jmj32 showed a slightly early flowering phenotype [Figure 2B; the total number of leaves: 85.45 (wild type) vs. 80.45 (jmj30 jmj32)]. Under the vernalized conditions of 2 weeks, jmj30 jmj32 showed a clear early flowering phenotype [Figure 2B; the total number of leaves: 75.5 (wild type) vs. 62.35 (jmj30 jmj32)] because the difference in the total number of leaves was larger than that in the non-vernalized condition. Under the vernalized conditions of 4 weeks, jmj30 jmj32 showed an early flowering phenotype [Figure 2B; the total number of leaves: 41.1 (wild type) vs. 33.5 (jmj30 jmj32)]; however, the difference in the total number of leaves was smaller than that under the vernalized conditions of 2 weeks. Finally, under the fully vernalized conditions of 6 weeks, jmj30 jmj32 showed a similar timing of flowering as the wild type (Figure 2B). Collectively, these results suggested that JMJ30 and JMJ32 modulate the speed of vernalization.
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FIGURE 2. jmj30 jmj32 exhibited the early flowering phenotype under the partial vernalized conditions. (A) Photographs of wild type and jmj30 jmj32 under different vernalized conditions (NV, non-vernalization; V2/4/6W, vernalization at 2/4/6 weeks). (B) Number of leaves, including cauline (gray) and rosette (black) leaves. Error bars represent SD. One-way ANOVA followed by the Tukey–Kramer test was performed (p < 0.05). Different letters indicate significant differences, while the same letters indicate non-significant differences.




jmj30 jmj32 Showed Reduced Expression Levels of FLC in the Partial Vernalized Conditions

Next, we examined whether JMJ30 and JMJ32 modulate the speed of vernalization through the expression levels of FLC. By quantitative polymerase chain reaction (qPCR) analysis, in the partially vernalized conditions (V2W and V4W), we found a significant reduction in FLC expression in jmj30 jmj32 compared with the wild type (Figure 3A). In addition, we compared the spatiotemporal expression patterns of FLC::GUS between wild type and jmj30 jmj32 (Figure 3B and Supplementary Figure 1). Under V2W and V4W conditions, the expression levels of FLC in both cotyledons and rosette leaves of jmj30 jmj32 were lower than those in wild type. These results suggested that lower expression levels of FLC triggered the early flowering phenotype of jmj30 jmj32 in the partially vernalized conditions. To clarify the genetic pathway between JMJs and FLC, we generated triple mutants, flc jmj30 jmj32. Under non-vernalized conditions, flc exhibited the extreme early flowering phenotype [Figures 3C,D; the total number of leaves: 85.45 (wild type) vs. 13.8 (flc)]. flc jmj30 jmj32 also showed the extreme early flowering phenotype [Figures 3C,D; the total number of leaves: 13.85 (flc jmj30 jmj32)]. These results suggested that FLC is genetically epistatic to JMJ30 and JMJ32 in flowering. Combined with the data in Figures 3A,B, we concluded that JMJ30 and JMJ32 act upstream of FLC. Under high-temperature conditions, JMJ30 and JMJ32 are required for the elimination of H3K27me3 from the FLC locus. We examined whether the accumulation levels of H3K27me3 on the FLC locus were changed in jmj30 jmj32 under partial vernalized conditions. We found that the accumulation levels of H3K27me3 on the nucleation region of the FLC locus were slightly but statistically significantly increased in jmj30 jmj32 under partially vernalized conditions (V2W), while no clear changes were observed under non-vernalized conditions (NV) in multiple biological replicates (Figure 3E). Taken together, these results suggested that JMJ30 and JMJ32 modulate flowering time through the regulation of FLC during vernalization.
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FIGURE 3. JMJ30 and JMJ32 modulate flowering time through the regulation of FLC during vernalization. (A) The expression levels of endogenous FLC of wild type and jmj30 jmj32 in different vernalized conditions (NV, non-vernalization; V2/4/6W, vernalization at 2/4/6 weeks). Error bars represent SD. One-way ANOVA followed by the Tukey–Kramer test was performed (p < 0.05). Different letters indicate significant differences, while the same letters indicate non-significant differences. (B) GUS staining of seedlings of FLC::GUS and FLC::GUS jmj30 jmj32 after vernalization for 2 weeks. Arrows indicate cotyledons, and arrowheads indicate true leaves. (C) Photographs of wild type, flc, and flc jmj30 jmj32 in non-vernalized conditions. (D) Quantification of the flowering time of wild type, flc, and flc jmj30 jmj32 under non-vernalized conditions. Number of leaves including cauline (gray) and rosette (black) leaves. Error bars represent SD. One-way ANOVA followed by the Tukey–Kramer test was performed (p < 0.05). Different letters indicate significant differences, while the same letters indicate non-significant differences. Note that flc and flc jmj30 jmj32 showed an extreme early flowering phenotype to a similar extent. (E) Accumulation levels of H3K27me3 in wild type (white) and jmj30 jmj32 (light blue) in the FLC locus under NV (left) and V2W (right) conditions. A schematic image of FLC locus and a neighboring gene (NG), At5g10130 was shown. Gray box indicates 5′-UTR and black box indicates first exon. N1 is located at the nucleation region of FLC. Note that in the V2W condition, higher levels of H3K27me3 were detected at N1 region in jmj30 jmj32 than in the wild type. Values of percent input of target loci were calibrated by values of percent input of AGAMOUS loci. The experiments were repeated three and six times for NV and V2W, respectively. *p < 0.01; ns, not significant (two-tailed Student’s t-test).




Overexpression of JMJ30 Can Confer the Late-Flowering Phenotype

We generated transgenic plants, pEstro:JMJ30 (Yamaguchi et al., 2021), in which JMJ30 was overexpressed when we treated them with estrogen (Figure 4). In contrast to jmj30 jmj32, pEstro:JMJ30 with estrogen treatment showed a slight late-flowering phenotype compared with the line without estrogen treatment (Figures 4A,B). Estrogen treatment induced upregulation of FLC (Figure 4C). These results suggest that overexpression of JMJ30 may be able to confer the late-flowering phenotype through the regulation of FLC. JMJ30 is one of the key factors regulating flowering time in Arabidopsis.
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FIGURE 4. Overexpression of JMJ30 conferred the late flowering phenotype. (A) Photograph of pEstro:JMJ30 treated without (left) and with (right) estrogen. Arrows indicate the flowers. (B) Quantification of the number of cauline (gray) and rosette (black) leaves of pEstro:JMJ30 treated without (left) and with (right) estrogen. Error bars represent SD. *p < 0.05 (Student’s t-test). (C) Quantification of the expression levels of FLC in wild-type and pEstro:JMJ30 treated without (left) and with (right) estrogen. Error bars represent SD. One-way ANOVA followed by the Tukey–Kramer test was performed (p < 0.05). Different letters indicate significant differences, while the same letters indicate non-significant differences. Note that estrogen treatments did not alter the expression levels of FLC in the wild type; however, in pEstro:JMJ30, the same treatments upregulated the expression levels of FLC.




The Devernalization Occurred in jmj30 jmj32

Devernalization is a reversion of vernalized status to non-vernalized status by heat. It was reported that H3K27me3 on the FLC locus was reduced after heat treatment (Bouché et al., 2015). In addition, we previously found that heat induced the upregulation of JMJ30 and the stabilization of JMJ30 (Gan et al., 2014). Combining these results, we hypothesized that heat-activated JMJ30 might eliminate H3K27me3 from the FLC locus during devernalization. First, we established the experimental conditions for devernalization using Arabidopsis. We vernalized the seeds at 4° in the dark and then transferred them to 30° in the dark (Figure 5A). These plants showed a late flowering phenotype compared with vernalized plants [Figures 5B,C; the total number of leaves: 32.1 (V4W) vs. 59.3 (V4W + 30°C)]. Upon heat treatment, jmj30 jmj32 showed a late flowering phenotype compared with vernalized jmj30 jmj32 [Figures 5B,C; the total number of leaves: 24.3 (V4W) vs. 50.7 (V4W + 30°C)]. These results suggested that devernalization occurred even in jmj30 jmj32. Consistent with this, heat-treated jmj30 jmj32 expressed 1.7-fold higher levels of FLC than vernalized jmj30 jmj32, as the wild-type did (Figure 5D). Taken together, these results suggested that JMJ30 and JMJ32 were not key factors for devernalization in Arabidopsis, although we could not exclude the possibility that JMJ30 and JMJ32 work with other histone demethylases during devernalization.
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FIGURE 5. Devernalization occurred in jmj30 jmj32. (A) Schematic diagram of the experimental conditions. For the vernalized conditions (V4W), we incubated the seeds at 4° (blue) after water absorption and then cultivated them for a week at 22° (green) followed by sampling for RNA extraction. For devernalized conditions (V4W + 30°C), after vernalization, we transferred the plate at 30° in the dark (red) and then cultivated it at 22°. (B) Photographs of wild type and jmj30 jmj32 in vernalized conditions (left) and devernalized conditions (right). (C) Quantification of the number of cauline (gray) and rosette (black) leaves of wild-type and jmj30 jmj32 plants under vernalized conditions (left) and devernalized conditions (right). Error bars represent SD. One-way ANOVA followed by the Tukey–Kramer test was performed (p < 0.05). Different letters indicate significant differences, while the same letters indicate non-significant differences. (D) The ratio of FLC expression between V4W + 30°C and V4W. ns, not significant (Student’s t-test).





DISCUSSION


JMJ30 and JMJ32 in the Vernalization Process

Histone demethylases involved in the vernalization pathway have not been identified. In this study, we showed that JMJ30 and JMJ32 act as molecular brakes for vernalization through the regulation of FLC in Arabidopsis (Figures 1–4). First, the loss-of-function mutants jmj30 jmj32 exhibited an early flowering phenotype under partial vernalization conditions (Figure 2). Second, the levels of these early flowering phenotypes under different vernalized conditions were fairly consistent with the expression levels of FLC, and the genetic interaction with FLC indicated that JMJ30 and JMJ32 were upstream factors for FLC (Figure 3). Third, the deposition of H3K27me3 was enhanced in jmj30 jmj32 at the FLC locus in partial vernalized conditions. Finally, the inducible overexpression of JMJ30 caused the late-flowering phenotype via FLC regulation (Figure 4). Similar results were obtained by using a constitutive overexpression line of JMJ30 (Gan et al., 2014). We found a cold-inducible reduction in JMJ30 (Figure 1). To reduce the levels of JMJ30, plants may prepare for the start of vernalization. Future work will identify upstream factors for the cold inducibility of JMJ30.



Molecular Mechanisms of Devernalization

In this study, we found that devernalization was triggered in jmj30 jmj32 by heat, resulting in the upregulation of FLC and delayed flowering (Figure 5). These results suggested that JMJ30 and JMJ32 were not essential factors for devernalization in Arabidopsis, although we do not exclude the possibility that the other three jumonji proteins, JMJ11, JMJ12, and JMJ13, redundantly function in devernalization with JMJ30 and JMJ32 (Lu F. et al., 2011; Crevillen et al., 2014; Cui et al., 2016; Yan et al., 2018). It was reported that devernalized plants exhibited lower accumulation levels of H3K27me3 on the locus than vernalized plants (Bouché et al., 2015). However, it is largely unknown whether devernalization is induced by the active demethylation of de novo deposited H3K27me3. There are two additional targets of devernalization. For the stable silencing of FLC after vernalization, the spreading of H3K27me3 to the whole FLC genomic region and the maintenance of H3K27me3, de novo deposition of H3K27me3 into newly incorporated histones during cell division/DNA replication are required. Heat may inhibit these processes. LHP1 and CLF are required for the spreading and maintenance of H3K27me3 in the FLC locus and are not required for the deposition of H3K27me3 in the nucleation region of FLC, where H3K27me3 is deposited first after cold treatment (Yang et al., 2017). Interestingly, it was reported that FLC in lhp1 and clf was slightly and gradually reactivated after vernalization. The levels of FLC reactivation are very similar to those in heat-induced (Périlleux et al., 2013) and chemical-induced reactivation (Shirakawa et al., 2021). It is interesting to question whether heat affects the activity and stability of LHP1 and CLF and whether devernalization responses occur in mutants. Future works involving time course analysis of H3K27me3 during devernalization will provide detailed insights into the molecular mechanisms of devernalization. Other epigenetic marks, such as H3K4me3 and H3K9me2 may be involved in devernalization.



Multiple Roles of JMJ30 and JMJ32 in Arabidopsis

In their roles in flowering, JMJ30 and JMJ32 are required for abscisic acid (ABA) and brassinosteroid (BR) responses (Wu et al., 2019a,b, 2020), acclimation to high temperature (Yamaguchi, 2021a,b; Yamaguchi et al., 2021; Yamaguchi and Ito, 2021a,b), callus formation (Lee et al., 2018) and the regulation of period length (Lu S. X. et al., 2011). In addition, it has been reported that the expression of JMJ30 and the stability of JMJ30 are regulated by heat (Gan et al., 2014). However, the upstream factors affecting JMJ30 expression and the stabilizer of JMJ30 are largely unknown. Future work will identify such factors. The functions of JMJ30 and JMJ32 in other plant species are still open questions to be addressed.
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The formation of the leafy heads of Chinese cabbage is an important agricultural factor because it directly affects yield. In this study, we identified two allelic non-heading mutants, nhm4-1 and nhm4-2, from an ethyl methanesulfonate mutagenic population of a heading Chinese cabbage double haploid line “FT.” Using MutMap, Kompetitive Allele-Specific PCR genotyping, and map-based cloning, we found that BraA09g001440.3C was the causal gene for the mutants. BraA09g001440.3C encodes an ent-copalyl diphosphate synthase 1 involved in gibberellin biosynthesis. A single non-synonymous SNP in the seventh and fourth exons of BraA09g001440.3C was responsible for the nhm4-1 and nhm4-2 mutant phenotypes, respectively. Compared with the wild-type “FT,” the gibberellin content in the mutant leaves was significantly reduced. Both mutants showed a tendency to form leafy heads after exogenous GA3 treatment. The two non-heading mutants and the work presented herein demonstrate that gibberellin is related to leafy head formation in Chinese cabbage.

Keywords: Chinese cabbage, leafy head formation, allelic mutations, CPS1, MutMap


INTRODUCTION

The leafy head is a unique organ in Chinese cabbage, and the shape, size, uniformity, and density of the leafy head directly affect its commercial value (Zhang et al., 2021). The formation of Chinese cabbage leafy heads is biologically complex, including four developmental stages, the seedling, rosette, folding, and heading stages. Leaves change from flat to upward facing in the rosette stage and start to fold in the folding stage, eventually forming a leafy head in the heading stage (He et al., 2000). The formation of leafy heads is affected by various factors, including the temperature, light intensity, auxin concentration, carbon to nitrogen ratio, and leafy shape (Ito and Kato, 1957; He et al., 2000; Mao et al., 2014).

The mechanism of Chinese cabbage leafy head formation is complex, and there is no current hypothesis that can fully explain the mechanism. However, in recent years, some genes related to leafy head formation in Chinese cabbage have been reported. The target gene BrpSPL9-2 of microRNA brp-miR156 regulates the time of Chinese cabbage heading by shortening the seedling and rosette stages (Wang et al., 2014). BrBRX genes (BrBRX.1, BrBRX.2, and BrBRX.3) control leaf morphological development, and BrBRX.1 and BrBRX.2 genes had similar expression patterns and may be involved in the formation of leafy heads in Brassica rapa (Cheng et al., 2016; Zhang et al., 2021). Yu et al. (2019) explored the expression of BrAN3 before and after the formation of Chinese cabbage leafy heads and found that BrAN3 was significantly expressed in the rosette and heading leaves. According to the different expression patterns of different leaf locations, it was confirmed that BrAN3 could induce the formation of leafy head. Ren et al. (2020) discovered that BcpLH regulates the timing of leafy head formation by integrating important miRNAs.

Plant hormones play important roles in the formation of leafy heads. Cheng et al. (2016) found that four plant hormones (cytokinin, auxin, gibberellin, and jasmonic acid) regulate the formation and development of the leafy head in Chinese cabbage. Yu et al. (2019) reported similar results and proposed that BrAN3 can induce GA, BR, and SA signaling pathways, thereby inhibiting the formation of Chinese cabbage leafy heads. Gao et al. (2017) revealed that auxin transport genes (BrAUX/LAX, BrPIN, and BrPGP) play an important role in leafy head formation in Chinese cabbage by genome-wide annotation and bioinformatics analysis. Li et al. (2019) found that both auxin and abscisic acid signaling pathways play important roles in regulating early leafy head formation. In our previous study (Gao et al., 2020), we found that the non-heading phenotype of Chinese cabbage is caused by mutations in the BraA07g042410.3C gene, which encodes ent-kaurene synthase (KS), a key enzyme involved in gibberellin (GA) biosynthesis. This result indicates that the GA content in Chinese cabbage leaves is related to the formation of leafy heads. The above research results provide a basis for studying the mechanisms of the hormones involved in Chinese cabbage leafy head formation, and further research on genes related to leafy head formation can improve our understanding of the molecular mechanism of leafy head development.

In this study, we found two non-heading mutants (nhm4-1 and nhm4-2) whose phenotypes were consistent with each other. Allelism testing proved that the mutant genes of nhm4-1 and nhm4-2 were allelic. MutMap, Kompetitive Allele-Specific PCR (KASP), and map-based cloning analyses were performed to identify the candidate gene of the mutants. We demonstrated that BraA09g001440.3C (BrCPS1), which encodes an ent-copalyl diphosphate synthase 1 (CPS1) involved in GA biosynthesis, was the candidate gene. The function of BrCPS1 in the leafy head formation of Chinese cabbage was further confirmed by the determination of the GA content in the leaves of two allelic mutants and the spraying with exogenous GA3. These results provide information for understanding the formation mechanism of leafy heads in Chinese cabbage.



MATERIALS AND METHODS


Plant Materials

In our previous study (Gao et al., 2020), 14 non-heading mutant plants were harvested in an EMS-induced mutagenic population. For this study, we selected two mutants with extremely similar phenotypes, nhm4-1 and nhm4-2.



Genetic Analysis

For genetic analysis, the mutants were crossed with the wild-type “FT” to obtain F1, F2, and BC1 populations. To investigate the genetic characteristics of the mutants, we recorded the phenotypes of each plant in each generation and analyzed the separation rate of the F2 and BC1 populations using the Chi-square (χ2) test.



Allelism Test Between nhm4-1 and nhm4-2

To detect the allelism of the two mutant genes, we conducted an allelism test. Mutants nhm4-1 and nhm4-2 were used as parents for hybridization, and the phenotypes of their hybrid progeny were observed and recorded.



Mutmap Analysis to Determine the Candidate Gene

A modified MutMap method (Abe et al., 2012) was applied for fine mapping and identification of candidate genes for nhm4-1. For MutMap, the DNA of 50 mutant plants in the F2 population was mixed equally as the mutant pool. DNA from the two parental plants and the mutant pool asextracted from fresh leaves at the rosette stage using a DNA secure plant kit (Tiangen, Beijing, China) and resequenced with a NovaSeq 6,000 sequencer (Illumina, San Diego, CA, United States of America).

Low-quality data were filtered from the raw data according to the filtering criteria of our previous study (Gao et al., 2020) to obtain clean reads. Clean reads were mapped to reference genome sequences using BWA software (Li and Durbin, 2010), and SAMtools (Li et al., 2009) was used to sort the alignment file. Insertions and deletions (INDELs) and single-nucleotide polymorphisms (SNPs) were identified using GATK software (McKenna et al., 2010) and ANNOVAR software (Wang et al., 2010). Circos software (Krzywinski et al., 2009) was used to map variation information in the genome. The ΔSNP index across the chromosomes of the B. rapa genome was obtained using sliding-window analysis (with a five-SNP window size and one SNP for each step).



SNP Genotyping by KASP

Kompetitive Allele-Specific PCR was developed for the genotypic assay to detect the co-segregation of each SNP and to confirm the nhm4-1 candidate gene. The allele-specific primers used are shown in Supplementary Table S1. A total of 184 F2 plants were used for KASP genotyping. Of these, 48 plants showed a mutant phenotype and 136 exhibited the wild-type phenotype. The assay was carried out at the Vegetable Research Center of the Agriculture and Forestry Academy in Beijing.



Cloning and Sequence Analysis

The coding sequences of candidate genes were amplified with specific primers (Supplementary Table S2) in the wild-type “FT,” nhm4-1 mutant, and nhm4-2 mutant plants. Primer 5.0 was used to design specific primers and perform gene cloning following the methods of Gao et al. (2020). Sequencing was performed using the Sanger method at GENEWIZ (Suzhou, China). The sequences were aligned using DNAMAN V6 software (Lynnon BioSoft, Montreal, QC, Canada).



Enzyme Activity Assays

Ent-Copalyl diphosphate synthase 1 activity in the leaves from the wild-type and nhm4-1 mutant plants was evaluated using the Plant CPS enzyme-linked immunosorbent assay (ELISA) Kit (Meimian Biotech Co., Ltd., Jiangsu, China) via a double antibody sandwich method following the manufacturer’s instructions. Each material was performed for three biological repeats, and three times the technical repeats were performed in each biological repeat.



RNA Isolation and Quantitative Real-Time PCR

For analysis of the relative expression levels of the candidate gene, total RNA was extracted from the cotyledons, first true leaves, third true leaves, sixth true leaves, rosette leaves, and heading leaves of wild-type “FT,” mutant nhm4-1, and mutant nhm4-2 plants using an RNA extraction kit (Aidlab, Beijing, China). First-strand cDNA was synthesized using the FastQuant RT kit (Tiangen, Beijing, China) and quantitative real-time PCR (qRT-PCR) was performed using an Ultras SYBR Mixture (CWBIO, Beijing, China) and the Quant Studio 6 Flex Real-Time PCR System (ABI, Los Angeles, CA, United States of America). The Actin gene (F: 5′-ATCTACGAGGGTTATGCT-3′; R: 5′-CCACTGAGGACGATGTTT-3′) was used as the reference gene. Each experiment was independently performed with three technical replicates and three biological replicates. The relative gene expression levels were calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001). The primer sequences used for qRT-PCR amplification are shown in Supplementary Table S3.



Measurement of Endogenous GA Content and Treatment of Exogenous GA3

According to our previous methods (Gao et al., 2020), the content of endogenous GA in the leaves of wild-type “FT,” mutant nhm4-1, and mutant nhm4-2 plants was determined by liquid chromatography-tandem mass chromatography (Chen et al., 2012). The response of the mutants nhm4-1 and nhm4-2 to GA was determined by spraying exogenous GA3 solution (500 mg/L). The plants were sprayed with GA3 at 3-day intervals once the cotyledons were fully expanded, and the treatments ended before the rosette stage. Seedlings sprayed with an equal volume of ddH2O without GA3 were used as controls.




RESULTS


Phenotypic Characterization and Inheritance Analysis of nhm4-1 and nhm4-2

The phenotype of the mutant nhm4-1 was highly consistent with that of the mutant nhm4-2. The leaves of the mutant plants showed geotropic growth throughout the developmental stages and could not form leafy heads at the heading stage, unlike those of the wild-type “FT” plants (Figure 1).

[image: Figure 1]

FIGURE 1. Phenotype observation of the wild-type “FT” and mutant plants. (A) Phenotypes of wild-type “FT,” mutant nhm4-1, and mutant nhm4-2 plants during the rosette stage. (B) Phenotypes of wild-type “FT,” mutant nhm4-1, and mutant nhm4-2 plants at the heading stage. Bar = 5 cm.


As shown in Table 1, the phenotype of all plants in the F1 generation was consistent with that of the wild-type “FT.” The segregation ratio of the F2 generation was 3:1, while that of the BC1 generation was approximately 1:1. These results indicate that the mutation phenotype of the nhm4-1 and nhm4-2 mutants was controlled by a single recessive nuclear gene.



TABLE 1. Genetic analysis of mutants nhm4-1 and nhm4-2.
[image: Table1]



Allelism Testing

We crossed mutants nhm4-1 and nhm4-2 to detect the allelism of the two. Both F1 populations exhibited a mutant phenotype after hybridization, indicating that the mutant genes of nhm4-1 and nhm4-2 are allelic (Figure 2).

[image: Figure 2]

FIGURE 2. Allelism test of mutant nhm4-1 and mutant nhm4-2. (A) Wild-type “FT.” (B) Mutant nhm4-1 × mutant nhm4-2. (C) Mutant nhm4-2 × mutant nhm4-1. The plants are shown at 35 days after sowing (DAS). Bar = 5 cm.




Identification of the Candidate Gene Responsible for nhm4-1

The wild-type “FT,” the mutant nhm4-1, and a mutant pool containing 50 homozygous recessive F2 mutant plants were resequenced, resulting in 94,719,968, 118,123,996, and 270,862,892 clean reads, respectively. A total of 98.00, 98.43, and 98.91% of the clean reads in the wild-type “FT,” mutant nhm4-1, and mutant pools, respectively, were mapped to the Chinese cabbage v. 3.0 reference genome (BRAD1). Based on the alignment to the reference genome sequence, the mutation analysis software GATK (McKenna et al., 2010) was used to extract all potential polymorphic SNP sites in the genome. Circos software was used to draw the variation information on the genome, and it was found that SNP was mainly distributed on chromosome A03 and A09 (Supplementary Figure S1). This was followed by further filtering and screening, after which 1,587 high-quality SNPs were obtained.

When the SNP index was 0.95 as the threshold, we located a 1.59 Mb (867,020-2,457,084) candidate region on chromosome A09 (Figure 3). Five SNP mutations occurred in the exon, of which only two SNPs (SNP A09, 900,112 and SNP A09, 1,723,490) caused non-synonymous amino acid changes (Table 2). SNP A09, 900,112 (C–T) was located in the BraA09g001440.3C and SNP A09, 1,723,490 (G–A) was located in the BraA09g002790.3C.

[image: Figure 3]

FIGURE 3. Identification of candidate gene by MutMap. The X-axis represents ten chromosomes, the Y-axis represents the SNP index value, and the dotted pink line is the index threshold (0.95).




TABLE 2. Candidate SNP information from the candidate region.
[image: Table2]



KASP Analysis

To confirm the candidate SNP, primers were designed based on the mutation information of these two SNPs and then applied to F2 populations. Genotyping analysis was performed using KASP, and the association between these two SNPs and the mutant phenotypes was verified. The genotypic assay showed that SNP A09, 900,112 of BraA09g001440.3C was the T:T genotype in the 48 mutant phenotypic plants and the C:T or C:C genotypes in the 136 wild-type phenotypic plants (Supplementary Table S4), implying that SNP A09, 900,112 co-segregated with the mutant phenotype. However, a recombinant was found at SNP A09, 1,723,490 of BraA09g002790.3C. The A:A genotype and the A:G genotype were detected in the mutant phenotypic plants. Thus, this SNP did not co-segregate with the mutant phenotype. These results confirm that BraA09g001440.3C harbors SNP A09, 900,112, and is the most likely candidate gene of the nhm4-1 mutant. Gene annotation indicates that BraA09g001440.3C is a homologous gene of Arabidopsis CPS1 (At4g02780) and encodes the CPS1 enzyme, which catalyzes the conversion of geranylgeranyl pyrophosphate (GGPP) to copalyl pyrophosphate (CPP) in GA biosynthesis. In this study, the candidate gene of the nhm4-1 mutant is referred to as BrCPS1.



Cloning and Sequence Analysis of BrCPS1

Since MutMap and KASP analyses supported BrCPS1 as the most likely candidate gene of Brnhm4-1, we cloned the coding sequence of BrCPS1 from the wild-type “FT,” mutant nhm4-1, and mutant nhm4-2. Gene annotation showed that BrCPS1 was 7,928 bp in length and consisted of 15 exons (Figure 4). Sequence alignment of the cDNAs and deduced amino acids between the wild-type and mutants is shown in Figure 5. Sequence comparison showed that a single base substitution occurred at position A09, 900,112 (C to T) in nhm4-1, resulting in an amino acid to change from leucine (L) to phenylalanine (F). However, the BrCPS1 clone in mutant nhm4-2 plants showed a single-nucleotide mutation in the fourth exon (A09, 898,783; G–A), resulting in an amino acid to change from glycine (G) to aspartic acid (D). This differs from the mutation site of the nhm4-1 mutant, suggesting that nhm4-1 and nhm4-2 are allelic mutations of the same BrCPS1 gene.

[image: Figure 4]

FIGURE 4. Gene structure of BraA09g001440.3C. The blue boxes represent exons and the black lines represent introns.


[image: Figure 5]

FIGURE 5. Alignment of coding and amino acid sequences of BrCPS1. The red frames show the sites where mutant nhm4-1 and mutant nhm4-2 occurred non-synonymous mutations.


In this study, we also cloned the candidate gene BraA09g002790.3C (SNP A09, 1,723,490) in mutants nhm4-1 and nhm4-2. There was a single base mutation (G–A) in nhm4-1 at position A09, 1,723,490, which is consistent with the MutMap results. There was no change in the mutant nhm4-2. These results further confirm that BrCPS1 is the gene responsible for the non-heading phenotype.



Enzyme Activity Assays

To investigate whether the activity of CPS1 was changed in mutant nhm4-1, we measured the activity of CPS1 in wild-type and mutant nhm4-1. The activity of CPS1 was significantly decreased in the mutant nhm4-1 compared with the wild-type (Supplementary Figure S2).



Analysis of BrCPS1 Expression Patterns by qRT-PCR

To investigate whether the mutation site affects gene expression, we used qRT-PCR to analyze the expression level of BrCPS1 in the cotyledons, true leaves, rosette leaves, and heading leaves of wild-type “FT,” mutant nhm4-1, and mutant nhm4-2 plants. The expression levels of BrCPS1 were reduced at all stages of leaf development in both mutants, especially in the rosette leaves, which differ from wild-type “FT” results (Figure 6).

[image: Figure 6]

FIGURE 6. The expression levels of BrCPS1. Expression levels of genes in wild-type “FT” were used as reference for relative expression. * refers to significant differences in expression levels at p < 0.05 (Student’s t-test).




Analysis of GA Content in Mutants nhm4-1 and nhm4-2

We determined the GA content of 18 endogenous GAs (GA1, GA3, GA4, GA5, GA6, GA7, GA8, GA9, GA12, GA15, GA19, GA20, GA24, GA29, GA34, GA44, GA51, and GA53) in the leaves of wild-type and mutant plants. GA5, GA6, GA7, GA44, and GA53 were not detected in either the wild-type or mutant strains (Figure 7). GA12 was detected only in the wild-type and not in either of the mutants. The levels of GAs (GA9, GA15, GA20, and GA24) in the bioactive GA biosynthesis pathway were significantly decreased in the mutants than in the wild-type.
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FIGURE 7. Determination of endogenous GA content in the leaves of wild-type “FT” and mutant plants. The content of GA in wild-type “FT” was used as control. * represents significant differences at p < 0.01 (Student’s t-test). N.D., not detectable.




Effects of Exogenous Application of GA3 on the Non-heading Phenotype

Based on the determination results of endogenous GA content, we investigated the responses of the mutants to exogenous GA3 application. After exogenous spraying of GA3, we observed that the leaves of the mutants had grown upward, similar to the wild-type leaves in the rosette stage, which demonstrates a tendency to form a leafy head (Figure 8). Consequently, leafy head formation is related to GA biosynthesis or the deactivation pathway.

[image: Figure 8]

FIGURE 8. Phenotypic responses of nhm4-1 and nhm4-2 to exogenous GA3 application. Bar = 5 cm.





DISCUSSION

Chinese cabbage is an important economic vegetable, and the formation of Chinese cabbage leafy heads significantly affects yield and quality. In this study, we identified a pair of allele non-heading mutants: nhm4-1 and nhm4-2. Based on the MutMap, KASP, and map-based cloning results, we indicated that the mutation of CPS1, a key enzyme of GA biosynthesis, causes a non-heading phenotype. These results revealed that the formation of leafy heads is related to GA biosynthesis in Chinese cabbage.

Non-heading mutants are important resources for studying the mechanism of leafy head formation in Chinese cabbage. Selecting a suitable mutagenic material is an important prerequisite for the creation of mutants. Inbred lines are commonly used as mutagenic materials in Brassica crops (Barro et al., 2001; Ferrie et al., 2008; Liu et al., 2010). However, in this study, a heading Chinese cabbage double haploid (DH) line was employed as the mutagenic material to create non-heading mutants. The genetic background of the DH line was homozygous, which is beneficial for screening mutants. Moreover, the genetic background was highly consistent between the wild-type “FT” and the mutants, and genetic differences only occurred at the mutation sites, which is helpful for functional genomics investigation in plants.

The application of allelic mutants to identify gene functions has been proven to be effective in lettuce (Huo et al., 2016), sorghum (Jiao et al., 2018), maize (Zhao et al., 2018), and rice (Lee et al., 2019). Zhang et al. (2018) identified two round-leaf mutants, rl-1 and rl-2, from an EMS mutagenic population in cucumber. The candidate for rl-1 was identified as CsPID, which encodes a Ser/Thr protein kinase. The results of map-based cloning showed that the rl-2 gene was also located on the same candidate gene CsPID, but the mutation site was different from that of rl-1. Allelism tests also confirmed that rl-1 and rl-2 were alleles. The use of allelic mutants rl-1 and rl-2 strongly proved that the CsPID gene is a candidate gene for controlling the formation of round leaves. As a reference, the plant materials in this study were two allelic mutants, and we used the same method to verify the function of the mutated gene.

Gibberellin is a diterpenoid plant hormone that has various regulatory effects on plant growth, such as germination, stem elongation, and flowering (Yamaguchi, 2008; Hedden and Thomas, 2012). CPS is the first gene that enters the GA biosynthesis pathway. Because of its key role in GA biosynthesis, many different CPS genes have been identified in species including Arabidopsis thaliana (Sun and Kamiya, 1994), Zea mays (Bensen et al., 1995), and Oryza sativa (Otomo et al., 2004; Prisic et al., 2004; Xu et al., 2004). However, in this study, based on the results of endogenous GA content determination, we speculated that the mutation of the BrCPS1 gene caused the inability to produce and accumulate bioactive GAs (GA1, GA3, GA4, and GA7) in the leaves, which made the leaves appear to grow geotropically and thus could not form leafy heads. We conducted exogenous GA3 spraying experiments on the mutants, and found that after exogenous supplementation of GA3, the leaves of mutant grew upward similar to the wild-type at the rosette stage, which proved it has a tendency to form the leafy head and GA3 played a role in the process of leafy head formation, and the upward leaves are the necessary process of leafy head formation. Consistent with our previous research, the mutation of KS, an important enzyme, catalyzes the second step in the cyclization of GGPP into ent-kaurene in the GA synthesis pathway, also led to a non-heading phenotype of Chinese cabbage (Gao et al., 2020). Both mutated genes are key enzymes in the starting site of GA biosynthesis. Mutations in both genes resulted in decreased GA content in the mutants, and inhibited the leafy head formation, further demonstrating that the GA content in the leaves is an important factor affecting leafy head formation.

In general, combined with the results of previous studies, we believe that the important enzymes involved in the synthesis of GA have mutated, hindering the biosynthesis of GA and resulting in the inability to produce and accumulate biologically active GAs. The lack of GA in Chinese cabbage leaves prevents the formation of leafy heads. These results can contribute to further our understanding of the molecular mechanisms of Chinese cabbage leafy head formation.
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Fruit prickles are widely distributed on the pericarp and exhibit polymorphic traits at different developmental stages. Although they are multicellular appendages that are well-known for helping plants defend against biotic and abiotic stresses, their origination and molecular mechanism are still less known. Here, we studied the origination and molecular mechanism of fruit prickles in Rosa roxburghii. Using morphological and histological observations, we found that the fruit prickle primordium of R. roxburghii originated from the ground meristem that underwent cell division to form flagelliform prickles, continued to enlarge, and finally lignified to form mature fruit prickles. We amplified a homolog of candidate gene TRANSPARENT TESTA GLABRA1 (TTG1) from R. roxburghii, named RrTTG1. RrTTG1 harbored four conserved WD-repeat domains and was exclusively nuclear-localized. Using qRT-PCR and in situ hybridization, we found that RrTTG1 was constitutively expressed and highly expressed during the initiation and cell expansion phases of fruit prickles. Ectopic expression analysis in Arabidopsis proved that RrTTG1 substantially enhanced the number of trichome and pigmentation production and inhibited root hair formation. Besides, RrTTG1 complemented the phenotypes of the ttg1 mutant in Arabidopsis, thus indicating that RrTTG1 played pleiotropic roles akin to AtTTG1. We demonstrated that the RrTTG1 only interacted with RrEGL3, a homolog of ENHANCER OF GLABRA3 (EGL3), via yeast two-hybrid (Y2H) and bimolecular fluorescence complementation (BiFC) assays. Briefly, RrTTG1 might positively regulate the initiation of fruit prickle primordium and cell enlargement by forming the RrTTG1-RrEGL3-RrGL1 complex in R. roxburghii. Therefore, our results help characterize the RrTTG1 in R. roxburghii and also elucidate the establishment of the prickles regulatory system in the Rosaceae plants.
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Rosa roxburghii, RrTTG1, fruit prickle, trichome, MBW complex


Introduction

Prickle is a sharply pointed emergence originating from multiple cellular divisions from the epidermis or cortex, which lack vasculature. It is a typical structure involved in thermoregulation and defense against multiple biotic and abiotic stresses (Kellogg et al., 2011). Rosa roxburghii Tratt, a Chinese perennial Rosaceae rosebush, is well-known for its high nutritional and medicinal values, but produces prickles on the surface of stem, sepals, petioles, and fruits (Wang D. J. et al., 2019; Yan et al., 2021). Its fruit prickles exhibit multiple morphological structures, including flagelliform, triangular, conical, and acicular glandular shapes at various stages (Wang D. J. et al., 2019; Li et al., 2022). However, the fruit prickles are considered an undesirable trait that damages the gardening management and injures workers. The fruit prickles of R. roxburghii were considered trichomes are large cells and oval in shape with large vacuoles and thin cell walls with large intercellular spaces containing abundant starch grains and plastids (Wang et al., 2021). Although the internal structure of fruit prickles has been available, precise histological observation is required for clearly deciphering the initiation and development of fruit prickles.

A fruit prickle is considered an extension or a lignified modification of the glandular trichomes, which are accompanied by deposition of phenolic compounds and development into sharp and hard appendages, thus resulting in non-glandular prickles at the late stage (Kellogg et al., 2011). Trichomes are unicellular or multicellular appendages that originate only from the protoderm of aerial epidermis cells and are diverse according to the location, morphology, and secretion of the individual plant (Serna and Martin, 2006; Wester et al., 2009). The underlying genetic and molecular mechanisms of trichome development are well understood in the model Arabidopsis thaliana. Furthermore, numerous genes have been previously identified through glabrous mutants and gene cloning (Walker et al., 1999; Payne et al., 2000; Zhang et al., 2003). TTG1 contains WD-40 motifs that interact with the bHLH transcription factor GLABRA3 (GL3) or ENHANCER OF GLABRA3 (EGL3) (Humphries et al., 2005). Subsequently, GL3/EGL3 interacts with the MYB transcription factor GLABRA1 (GL1) to form an MYB-bHLH-WD40 (MBW) chimera complex, which activates the downstream target gene GLABRA2 (GL2). The homeodomain-leucine zipper protein GL2 finally induces trichome initiation and growth (Balkunde et al., 2011). In addition, the TTG1 protein directly binds to various bHLH proteins, which further interact with a larger of multiple MYB proteins to form the TTG1-bHLHs-MYBs complex that plays different pleiotropic roles, such as root hair formation, flavonoid biosynthesis pathway, seed pigmentation, and flowering time (Zhang et al., 2003; Chen et al., 2015). The ttg1 mutant produced aborted trichomes and had a defective anthocyanin phenotype due to the failure of the MBW complex formation (Zhang et al., 2003). The single amino acid substitutions in the TTG1 protein could generate different phenotypes, including proanthocyanin accumulation, trichome, and root hair production in Arabidopsis. Besides, the amino acid changes in TTG1 altered the interaction of TTG1 with GL3 (Long and Schiefelbein, 2020).

Extensive studies have been performed mainly on stem prickles in the Rosaceae family for garden plants or cut flower production. Based on the ultrastructural observation of stem prickles of rose (Rosa hybrida), blackberry (Rubus rubus), and raspberry (Rubus idaeus), the well-accepted mainstream theory is that stem prickle is an outgrowth of the epidermis formed by multiple cellular divisions and it lacks vasculature thereby being biologically similarity to the trichome (Kellogg et al., 2011). Recently, using morphological studies of rose, stem prickles have been proposed to originate from multiple cells of the ground meristem beneath the protoderm that differs from the modified trichomes derived from the protoderm (Zhou et al., 2021). Based on the transcriptomic approach, homologs of the trichome candidate genes that regulate stem prickles’ development have been identified in the Rosaceae family. After screening the quantitative trait locus (QTL) region on Chr3 of a haploid rose line from Rosa chinensis, RC3G0244800 among them exhibited substantial similarity with TTG2, which acts genetically downstream of MBW while sharing the partial activity with GL2 to initiate trichome development (Hibrand Saint-Oyant et al., 2018). The high expression of RcGL2 triggered the differentiation of the epidermal cells to form an outgrowth of rose (Swarnkar et al., 2021). RNA-seq analysis found that the GL1 homolog R2R3-MYB gene was downregulated in the prickle-free raspberry (Khadgi and Weber, 2020). TTG1 expression significantly decreased in the glabrous cultivar of Rosa chinensis named “Basye’s Thornless” and increased in a densely prickled cultivar of Rosa rugosa (Feng et al., 2015; Zhou et al., 2020). The previous results were mainly based on gene expression or transcriptome analysis between prickle and prickle-less cultivars. Therefore, an in-depth investigation of the candidate gene that played in the development of fruit prickles should be made.

Some differences are observed between fruit and stem prickles in the rosaceous plants, despite similar morphology and function (Wang D. J. et al., 2019). The cells of fruit prickles contain granules, a high cytoplasm content, a range of plastids, and thin cell walls. In contrast, few organelles were observed in the cytoplasm of stem prickles cells with thick cell walls (Wang et al., 2021). Furthermore, the fruit prickles of R. roxburghii were distributed with spindle orientation, whereas binate prickles arose on the stem nodes (Wang D. J. et al., 2019). The potential functions and molecular mechanism of the BMW complex underlining fruit prickle are unknown. Previously, we found that RrGL1 from R. roxburghii was evolutionarily similar to GL1 and positively regulated the epidermal cell fate (Huang et al., 2019). RrEGL3 had significantly higher expression than RrGL3 in R. roxburghii (Yan et al., 2021). However, EGL3 in Arabidopsis had a much smaller effect than GL3 on trichome development (Bernhardt et al., 2003). Considering the ultrastructural and distributional divergence of stem and fruit prickles and the functional divergence of RrEGL3 and RrGL3, it is requested to demonstrate the function and molecular mechanisms of RrTTG1 in fruit prickles of R. roxburghii.

In this study, we elucidated their development from floral bud to mature fruit using the morphological and histological analyses of fruit prickles. Furthermore, we studied the homologous candidate gene TTG1 in R. roxburghii. qRT-PCR analysis and in situ hybridization revealed that RrTTG1 was constitutively expressed and highly expressed from fruit prickle primordium to young fruit prickles. Ectopic expression of RrTTG1 could promote trichomes formation, inhibit root hair development, and increase seed coat pigmentation and anthocyanin biosynthesis in Arabidopsis. The complex RrTTG1-RrEGL3-RrGL1 was detected by yeast two-hybrid (Y2H) and bimolecular fluorescence complementation (BiFC) assays. The results would lay the ground for further deciphering the regulatory mechanisms and genetic improvement of prickle-free R. roxburghii.



Materials and methods


Plant materials

R. roxburghii cultivar “Guinong 5” plants were planted in Guizhou Normal University (Guiyang, China, N 26°42.408′; E 106°67.353′). Stems, leaves, petioles, and sepals were collected before flowering in April. The reproductive tissues were collected from April to August, including seeds, receptacles, and fruits at 20, 40, 60, 80, and 100 days after pollination (DAP). Some of the materials for the paraffin section were stored in the FAA solution (50% ethanol, 4% formaldehyde, and 10% acetic acid). The others were frozen in liquid nitrogen immediately and stored in a freezing chamber at −80°C.

All seeds of Arabidopsis were in Columbia ecotype (Col-0) background. The plants were sterilized and plated on 1/2 MS (Murashige and Skoog) medium by keeping them in darkness at 4°C for 3 days and then transformed into an environment-controlled chamber under long-day conditions (16-h light/8-h dark) at 25°C.



Morphological and histological observation

Materials were observed by a stereomicroscope (Leica S8 APO, Germany). The tissues were fixed in the FAA solution and then subjected to vacuum infiltrations until the tissue pieces sank. The paraffin sections were performed as previously described (Huang et al., 2016). Finally, the tissues were embedded in wax blocks and sectioned at 8 μm. The sections were viewed with an Olympus BX53 microscope (Olympus, Japan) and imaged using a SPOT FLEXTM camera (SPOT, United States).



Gene amplification and phylogenic tree analysis

The cDNA regions were isolated by 5′ and 3′ RACE assay with the SMART™ RACE. Total RNA extracts as templates and degenerated primers of RrTTG1 (Supplementary Table 1) were used for SMART™ RACE cDNA amplification KIT (Clontech, United States). The final amplification products were cloned into the pMD18-T vector (TaKaRa, Japan) and sequenced. For phylogenic tree analysis, multiple sequence alignment was used by ClustalW1 with default parameters. The alignments were submitted to MEGA 102 to construct an unrooted phylogenic tree using a neighbor-joining statistical method and bootstrap analysis (1,000 replicates).



Subcellular localization assay

The CDS of RrTTG1 was cloned in-frame into the XbaI-digested pM999-eGFP plasmid, which contains an enhancer green fluorescent protein (eGFP) tag driven by CaMV 35S promoter. The constructed and empty vector plasmids were independently transformed into suspension protoplasts of Arabidopsis by PEG (polyethylene glycol) transformation (Yan et al., 2021). The fusion protein localization was monitored in the next 24 h. The nucleus was stained with 4′,6-diamidino-2-phenylindole (DAPI; Roche, Switzerland) at 0.1 μg/mL for 10 min. Meanwhile, the cell membrane was labeled by chloromethyl-benzamidodialkyl carbocyanine (CM-Dil, Thermo Fisher Scientific, United States) at 5 μg/mL for 15 min. The fluorescence was visualized using a laser confocal scanning microscope (SP8, Leica, Germany).



The real-time quantitative PCR

Total RNA from the above tissues was isolated using TRIzol reagent (TaKaRa) with DNase I treatment according to the manufacturer’s instructions. After DNase treatment, RT-PCR Kit® (TaKaRa) was performed according to the suppliers’ instructions using 2 μg of RNA and oligo dT-adaptor primer. The real-time quantitative PCR of RrTTG1 was performed in a LightCycler480 instrument (Roche, Switzerland). Each reaction contained 10 μL of SYBR green PCR master mix (TaKaRa), 1.0 μL cDNA, and 200 nM primers to the final volume of 20 μL. Amplification was performed at 95°C for 5 min, 40 cycles with 95°C for 20 s, 60°C for 30 s, and 72°C for 1 min. The expression levels relative to the RrActin were estimated by calculating △△Ct and subsequently analyzed using 2–△ △ Ct method. All samples were performed for three biological replicates.



In situ hybridization

The gene-specific fragments were amplified by PCR with the ISH-F/R primer (Supplementary Table 1) and cloned into the pGM-T vector (Tiangen, China) following the manufacturer’s instructions for a DIG Northern Starter kit (Roche, Switzerland), and digoxigenin-labeled sense and antisense RNA probes were synthesized using SP6 and T7 RNA polymerase, respectively. Then, prehybridization, hybridization, washing, and detecting were performed as previously described (Yan et al., 2021).



Arabidopsis transformation and phenotypic observation

RrTTG1 was cloned into pBI121 to construct an overexpression vector via XbaI/BamHI. Then, the constructed vector was transformed into Agrobacterium tumefaciens strain GV3101. The 6-week-old seedlings of Arabidopsis were transformed following the floral dipping method (Zhang et al., 2006). The harvested T1 seeds of transformed plants were sown on 1/2 MS medium containing 50 mg/L kanamycin. After kanamycin selection and RT-PCR confirmation (the primers were listed in Supplementary Table 1), the positive lines were selected, and phenotypes of transgenic plants were observed. For anthocyanin observation, 5-day-old seedlings and seeds were imaged using a Leica S8 APO stereomicroscope coupled to a Leica DC300 camera. For hair density, the number of hairs on the first 5 mm from the primary root tip of at least 30 plants per genotype was counted. Meanwhile, the number of trichomes on the first rosette leaves of 1-week-old seedlings was counted.



Extraction and quantification of anthocyanin evaluation

The 4-week-old Arabidopsis seedlings were ground thoroughly in liquid nitrogen and dissolved in the extraction solution (75% H2O, 24% methanol, and 1% formic acid) at 4°C for 12 h to extract anthocyanins. Then, the extracts were subjected to a 10 min centrifugation at 12,000 rpm. After centrifugation, the supernatant was filtered using a 0.22 μm sterile organic filter membrane. Dried delphinidin 3,5-diglucoside chloride (Sigma-Aldrich, United States) was used to make regression equations to measure the content of anthocyanin in samples. A C18 column (4.6 × 200 mm, 5 μm, Waters Corporation, United States) was used. The mobile phase consisted of solvent A: 5% (v/v) formic acid in water and solvent B: 5% (v/v) formic acid in acetonitrile. The anthocyanin was separated by starting with 100% A with a linear gradient to 25% B over 30 min, ramping to 80% B over 2 and 3 min to re-equilibrate to initial in acetonitrile (Pourcel et al., 2010). The absorbance of the mixtures was measured at 525 nm. The anthocyanin contents were expressed as μg/100 mg of fresh weight.



Yeast two-hybrid assay

For the Y2H analysis, the CDS of AtGL3, AtEGL3, RrGL3, and RrEGL3 was amplified and ligated into pGADT7 (AD) through BamHI and SacI double digestion sites. Full-length CDS of RrTTG1, AtTTG1, and RrGL1 was amplified and inserted into pGBKT7 (BD) at EcoRI and SmaI sites. Each combination of AD and BD plasmids was co-transformed into yeast strain AH109 separately using the LiAC/PEG method (Gietz and Schiestl, 2007). pGADT7-T was co-transformed with pGBKT7-53 as a positive control. pGADT7-T and pGBKT7-Lam were transformed as the negative controls (Supplementary Figure 1). All transformants were grown on SD-Trp-Leu (SD-LW), SD-Trp-Leu-Ade-His (SD-LWAH), and SD-LWAH-X-α-gal medium to detect the α-galactosidase activity of the yeast strains. The images were photographed at 5 day after incubation.



Bimolecular fluorescence complementation assay

Full-length CDS of AtGL3, AtEGL3, RrGL3, and RrEGL3 was amplified and ligated into pXY105 (cYFP) by BamHI and SalI sites for BiFC. Then, CDS of RrTTG1was amplified and inserted into pXY106 (nYFP) by BamHI and XbaI sites. These vectors were separately transformed into Agrobacterium EHA105. Transformants were harvested when OD600 reached 0.8 and resuspended in 1/2 MS medium (supplied with 50 μM acetosyringone). The agrobacterial cells containing the cYFP fusion vector were mixed with agrobacterial cells containing the nYFP fusion vector at a 1:1 ratio. The mixture was transiently expressed in tobacco (Nicotiana benthamiana) leave as reported (Lee et al., 2008). The YFP fluorescence signal was visualized and detected after 48 h by using a Leica SP5X confocal microscope (Leica Co., Germany).




Results


The origination and development of fruit prickles in Rosa roxburghii

The mature fruit prickles are big, conical, branchless, and non-glandular in R. roxburghii. They usually have two types: flagelliform and acicular (Wang D. J. et al., 2019). To investigate their origination and development in R. roxburghii, we carried out a detailed morphological and histological investigation from the floral bud to mature fruit (Figure 1).
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FIGURE 1
Origination and development of fruit prickles in R. roxburghii. (A–F) The macroscopic depiction of the development of fruit prickles during flower development (A–D) and fruit development (E,F). Anatomy of fruit prickle primordium (fpp) (G), triangular-shaped fpp (H), flagelliform fpp of sepal (I,J), flagelliform fpp of the receptacle (K,L), young fruit prickle on 20 DAP fruit (M), and sharp fruit prickle on 80 DAP fruit (N). se, sepal; rc, receptacle; pe, petal; stp, stamen primordium; pip, pistil primordium; fpp, fruit prickle primordium; tf, triangular fpp; ff, flagelliform fpp; ov, ovule; an, anther; fr, fruit; sta, stalk; ba, base; yfp, young fruit prickle; sfp, sharp fruit prickle. (A–F), bar = 500 μm; (G–N), bar = 100 μm.


Stage I corresponds to fruit prickle initiation. During the floral differentiation (Figures 1A–C), fruit prickle primordia were first observed on the surface of the receptacle after the formation of the stamen and pistil primordia (Figures 1A,G). The fruit prickle primordium was a global bulge with 10–20 small ground meristematic cells (Figure 1G). Then, with the increasing number of fruit prickle primordia, their top cells gradually formed a triangular-shaped fruit prickle (Figures 1B,H). However, the initiation of the sepal prickle was a little earlier than the fruit prickle of the receptacle (Figures 1A,B,G,H).

Fruit prickle primordia exhibited continuous growth and color development during a period of rapid cell division in stage II (Figures 1C,D). The triangular-shaped prickle underwent constant cell division to form the flagelliform fruit prickle, which had no obvious base until the flower bloomed (Figures 1I–K), whereas the sepal prickle cells stopped dividing, began enlarging, and finally lignified when the flower bloomed (Figures 1J–L). Thus, the cell proliferation ability of the flagelliform fruit prickle on the receptacle may determine the width of the fruit prickle base in stage III.

After pollination, the receptacle gradually enlarged with the fruit prickle entering stage III, when it began to lignify and gradually harden (Figures 1E,F). The base cells of the fruit prickle kept dividing, with the top cells started expanding during this process to form the young fruit prickle. Each comprised a base and a stalk (Figure 1E). Their bases were composed of hundreds of spherical cells smaller than those of the stalk cells that comprised tinny cylindrical-shaped cells (Figure 1M). The top cells lignified when the fruits ripened, leading to a hard and sharp fruit prickle (Figures 1F,N). Therefore, these results indicated that the fruit prickle primordia originated from parenchyma cells of the receptacle during floral budding and subsequently transformed into hard and sharp prickles postfertilization.



A WD40 protein RrTTG1 is closely related to FvTTG1 and localized in the nucleus

Since the WD40-repeat protein TTG1 functions as a critical positive regulator of trichome determined in Arabidopsis, a detailed analysis of TTG1 homolog in R. roxburghii might help us to understand the molecular mechanism of fruit prickles formation. The full-length cDNA of RrTTG1 contains an open reading frame (ORF) of 1,041 bp that encoded a polypeptide of 346 amino acids. RrTTG1 harbored four conserved WD40 repeats, with each repeat containing nearly 44 amino acid tandems (sites at 70–113 aa, 121–166 aa, 169–207 aa, and 258–298 aa). RrTTG1 aligned with its TTG1 orthologs in woodland strawberry (Fragaria vesca), rose (Rosa rugosa), peach (Prunnus persica), and Arabidopsis (Figure 2A). RrTTG1 showed over 95% similarity with its homologs of woodland strawberry and rose. However, we observed slightly less similarity to TTG1 which showed 79% identity.
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FIGURE 2
Alignment, phylogenetic, and subcellular analysis of RrTTG1. (A) The deduced amino acid sequence of RrTTG1 compared to TTG1 homologs from Rosa rugosa, Fragaria vesca, Prunnus persica, and Arabidopsis. Alignments were performed using Clustal W. The secondary structure was displayed above the sequences. Red shading indicated identical amino acids. The above black line represents the WD40 domain. (B) Phylogenetic analysis of TTG1 homologs in R. roxburghii and the other plants. The scale bar indicates the number of amino acid substitutions per site. GenBank accession numbers: Fragaria vesca TTG1 (XP_004307911.1), Rosa rugosa TTG1 (QCI162276.1), Rubus idaeus TTG1 (AEI55401.1), Malus domestica TTG1 (XP_008376821.1), Prunus persica TTG1 (ACQ65867.1), Prunus avium TTG1 (XP_021805418.1), Ricinus communis TTG1 (XP_025015182.1), Gossypium mustelinum TTG1 (TYI69075.1), Durio zibethinus TTG1 (XP_022773722.1), Brassica napus TTG1 (NP_001303154.1), Arabidopsis thaliana TTG1 (CAC10524.1), Nicotiana tabacum TTG1 (ACJ06978.1), Zea mays TTG1 (NP_001310302.1), and Oryza sativa TTG1 (XP_015626852.1). (C) RrTTG1 was localized in the nucleus. Protoplasts from Arabidopsis were transiently transformed with an 35S:RrTTG1-GFP or an empty vector. The empty 35S:GFP vector was used as the control. GFP, green fluorescence protein; DAPI, 4′, 6-diamino-2-phenylindol; CM-Dil, chloromethyl-benzamidodialkyl carbocyanine. Bars = 5 μm.


Phylogenetic analysis confirmed that RrTTG1 clusters together with the homologs from the Rosaceae family, thus displaying the closest relationship with TTG1 homologs from woodland strawberry and rose, and we also identified additional closely related sequences in homologs of raspberry and apple (Malus domestica) (Figure 2B). Furthermore, we also found that homologs of dicotyledonous plants, including castor beans (Ricinus communis), cotton (Gossypium mustelinum), and durian (Durio zibethinus), were also clustered. However, those of the homologous monocot sequences ZmTTG1and OsTTG1 were more distantly related (Figure 2B). To examine the detailed subcellular localization of RrTTG1, the fused protein RrTTG1: GFP was transformed into Arabidopsis protoplasts. DAPI and CM-Dil staining showed exclusively nuclear and cell membrane distributions, respectively (Figure 2C). Under the induction of 405 nm light, the protoplasts transformed with 35S:GFP presented the green fluorescent signals in the whole cell, including the membrane, cytoplasm, and nucleus. When the protoplast was transformed with 35S:RrTTG1:GFP, the GFP signals were only observed in the nucleus, similarly at the same site as DAPI, inferring that RrTTG1 was localized in the nucleus and may function as a transcription factor.



RrTTG1 was highly expressed during the division and expansion phases of fruits prickles

We selected various tissues to examine the expression patterns of RrTTG1 and found that it was constitutively expressed in young leaf, stem, petiole, sepal, and receptacle, whereas being low in seeds in R. roxburghii (Figure 3A). Moreover, the expression during fruit development was detected. We found that RrTTG1 was highly expressed in the fruits at the early stages and finally peaked at 40 DAP (Figure 3B). The transcript level was significantly reduced at 80 DAP when fruits were in the turning stage, and it reached the lowest at 100 DAP when fruits fully ripened (Figure 3B). Thus, these results mainly demonstrated that RrTTG1 was essential in the early stage of fruit prickle development.


[image: image]

FIGURE 3
RrTTG1 was expressed constitutively and highly at the early stage of fruit prickles formation. (A,B) qRT-PCR analysis of RrTTG1 expression in various tissues (A) and fruits at different development stages (B). Values are presented as means ± SD (n = 3) and analyzed using one-way ANOVA (**p < 0.01, *p < 0.05). Primers are listed in Supplementary Table 1. (C) In situ hybridization analysis of the expression pattern of RrTTG1. The expression of RrTTG1 in the young stem, young leaf, petiole, sepal, floral bud, fruit prickle primordium (fpp), triangular-shaped fpp (tfpp), flagelliform fruit prickle (ffp), young fruit prickle on 20 DAP fruit (yfp-20 DAP), 40 DAP fruit (yfp-40 DAP), and 80 DAP fruit (sfp) was detected. The paraffin sections with sense RNA probes of RrTTG1 were used as the control. Bar = 200 μm.


To further identify the spatial and temporal expression patterns of RrTTG1 during fruit prickle development, in situ hybridization was performed (Figure 3C). The sense probe showed no detectable signal as the control. Despite the different arrangements of xylem and phloem cell types in the various organs, the cells in vascular bundles, cambium, and parenchyma cells of the young stem, young leaf, and petiole showed a much higher RrTTG1 transcript signal, which was consistent with the qRT-PCR results (Figure 3C). We also detected strong visible signals in the fruit prickle primordia and triangular-shaped fruit prickle primordia, especially the top cells at the flagelliform fruit prickle, which indicated the highly abundant transcript of RrTTG1 being involved in the prickle initiation (Figure 3C). RrTTG1 continued to be expressed highly in the parenchymal cells of fruit prickles on 20 DAP fruit. In the 40 DAP fruit, despite the high expression of RrTTG1 in the vascular bundles of fruit fresh, its expression decreased in the cells of fruit prickle. Corresponding with the low RrTTG1 expression in fruits at 80 DAP, there was no obvious signal in the sharp fruit prickle (Figure 3C). Therefore, the results indicated that RrTTG1 likely enhanced fruit prickle differentiation and enlargement.



RrTTG1 decreased the number of root hairs and enhanced the anthocyanin content

Due to no feasible transformation system for R. roxburghii, we ectopically expressed RrTTG1 in the Arabidopsis plants to explore its function. The transcript of RrTTG1 was detectable in the seedlings of transgenic plants, including three RrTTG1-ox lines and RrTTG1-ox/ttg1 plants, inferring that RrTTG1 was expressed in Arabidopsis (Figure 4A). The colors of hypocotyl and cotyledon of the seedlings in the RrTTG1-ox plants were more intense than wild-type (WT) (Figure 4B). The results of anthocyanin quantification showed a significant increase in RrTTG1-ox plants. The anthocyanin contents of three transgenic plants increased by 48.19, 53.64, and 57.45% compared to the WT, respectively (Figure 4C). Moreover, pigmentation of the seed coat endothelium was more condensed in RrTTG1-ox plants, while its color was less brown in WT, thereby suggesting that RrTTG1 could enhance the anthocyanin accumulation. Consistently, ectopic expression of RrTTG1 could rescue the pigmentation phenotype of the ttg1 mutant in Arabidopsis (Figure 4B).
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FIGURE 4
RrTTG1 promoted anthocyanin content and inhibited root hair formation. (A) Expression of TTG1 and RrTTG1 in WT (Col-0), ttg1 mutant, and transgenic plants (RrTTG1-ox and RrTTG1-ox/ttg1). RT-PCR was used to detect the expression of TTG1 and RrTTG1, and ACT2 was used as a control. Primers are listed in Supplementary Table 1. (B) Ectopic expression of RrTTG1 could promote anthocyanin content and inhibit root hair formation in Arabidopsis. The seeds and 5-day-old seedlings were collected for anthocyanidin observation. Root hair located 5 mm above the root tip was observed, bar = 1 mm. (C) Ectopic expression of RrTTG1 could promote anthocyanin content. The anthocyanin contents of 4-week-old WT and RrTTG1-ox transgenic plants were measured by HPLC analysis. (D) Ectopic expression of RrTTG1 could reduce the root hair density. The number of root hairs per mm (root hair density) of WT, ttg1 mutant, and transgenic plants (RrTTG1-ox and RrTTG1-ox/ttg1) was counted (n = 30). Data are mean ± SD and analyzed using one-way ANOVA (**p < 0.01, *p < 0.05).


We analyzed the effect of the transgene on root hair development. WT plants showed well-spaced root hairs, whereas the roots of RrTTG1-ox plants displayed sparsely spaced irregularly growing root hairs (Figure 4D). The RrTTG1-ox plants showed an average 30.43% decrease of root hair density compared to the WT. In addition, the ttg1 mutant produced approximately 1.35-fold of root hairs in WT root, while the RrTTG1-ox/ttg1 transgenic plants exhibited a near-normal root hair pattern (Figure 4D), thereby deducing that RrTTG1 substantially inhibited root hair formation.



RrTTG1 promoted the trichome number in Arabidopsis

To test the effect of RrTTG1 on trichome development, we observed the trichome phenotype in transgenic plants. We noticed that RrTTG1-ox Arabidopsis plants had a significantly greater number of trichomes per leaf than that of WT, and their trichome number increased by about half, finally reaching 52.38, 38.10, and 33.33%, respectively (Figures 5A,C). Undoubtedly, the trichome was absent in the ttg1 mutant. RrTTG1 was able to functionally complement the glabrous phenotype of the ttg1 mutant (Figures 5B,C). Our results indicated that RrTTG1 was functionally homologous to the TTG1 regulating trichome development, thus inferring that RrTTG1 might function as TTG1 homologs in the Rosaceae family to modulate the fruit prickles development of R. roxburghii.
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FIGURE 5
RrTTG1 promoted trichome formation in Arabidopsis. (A) Ectopic expression of RrTTG1 could increase the trichome number in Arabidopsis. Leaf trichome phenotypes from the first two rosette leaves of 1-week-old soil-grown seedlings of the WT (Col-0) and three RrTTG1-ox transgenic plants were compared, bar = 1 cm. (B) RrTTG1 complemented the glabrous phenotype of ttg1 mutant. Leaf trichome phenotypes from the first two rosette leaves of one-week-old soil-grown seedlings of the ttg1 and three RrTTG1-ox/ttg1 transgenic plants were compared, bar = 1 cm. (C) Comparison of the trichome number per leaf in the WT, ttg1 mutant, and transgenic plants (RrTTG1-ox and RrTTG1-ox/ttg1). Values are means ± SD (n = 30) and analyzed using one-way ANOVA (**p < 0.01, *p < 0.05).




The RrTTG1 only interacted with RrEGL3 to form an MYB-bHLH-WD40 complex in Rosa roxburghii

Since TTG1 interacted with the bHLH transcription factor GL3 or EGL3 to influence the trichome number and anthocyanin content in Arabidopsis, we performed the Y2H assay to detect the interaction partner proteins of RrTTG1. The combinations of empty vector (pGADT7 or pGBKT7) with all the tested proteins were also performed, and no self-activation was detected (Supplementary Figure 1). Y2H result showed that RrTTG1 could both directly interact with GL3 or EGL3 like TTG1 in yeast, thereby implying that RrTTG1 was evolutionarily similar to the TTG1. Notably, we found that RrTTG1 failed to bind to RrGL3 and only interacted with RrEGL3 (Figure 6A). Such interaction was also confirmed by the BiFC approach in Nicotiana benthamiana. The fluorescence signals revealed that RrTTG1 positively interacted with EGL3 or GL3 from Arabidopsis. Therefore, we also showed the positive interaction between RrTTG1 and RrEGL3. However, we did not detect any fluorescence signal from the combination of RrTTG1 and RrGL3, thus suggesting no direct interaction between RrGL3 and RrTTG1 (Figure 6B).
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FIGURE 6
RrTTG1 only interacted with RrEGL3 to form the RrTTG1-RrEGL3-RrGL1 complex. (A) Y2H assay testing the interaction between RrTTG1 and GL3/EGL3/RrGL3/RrEGL3. Each combination of AD and BD plasmids was co-transformed into yeast strain AH109 separately, and all transformants were grown on SD-Trp-Leu (SD-LW), SD-Trp-Leu-Ade-His (SD-LWAH), and SD-LWAH-X-α-gal medium. The images were photographed at 5 day after incubation. All the controls were displayed in Supplementary Figure 1. (B) BiFC assay testing the interactions between RrTTG1 and GL3/EGL3/RrGL3/RrEGL3. Each combination of cYFP and nYFP was transiently expressed in Nicotiana benthamiana leave, and the YFP fluorescence signal was visualized and photographed after 48 h.


As RrTTG1 was highly expressed in the initiation of fruit prickle formation, to investigate whether its partner proteins have the same expression pattern, we explored the expressions of RrGL1, RrGL3, and RrEGL3 from fruit prickle primordia to young fruit prickle (Figure 7). The transcripts of RrGL1 and RrEGL3 having higher abundance were localized in the global bulges of fruit prickle primordia on the receptacle. RrGL1 and RrEGL3 were highly expressed in the flagelliform fruit prickle, especially RrEGL3 which was essential in the differentiation of fruit prickle primordia. Moreover, when the cells at the base began to enlarge, we found strong signals of both RrGL1 and RrEGL3 in the young fruit prickles that were derived from flagelliform fruit prickle, while no visible signal of RrGL3 was detected (Figure 7). These results showed that RrGL1 and RrEGL3, the partner proteins of RrTTG1, are also highly expressed at the early stage of fruit prickle formation. Therefore, such an expression pattern of the RrTTG1-RrEGL3-RrGL1 complex suggested it played a substantial role during the prickle primordium initiation and expansion of fruit prickles.
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FIGURE 7
RrGL1 and RrEGL3 highly expressed at the early stage of fruit prickles formation. In situ hybridization testing the expression pattern of RrGL1, RrEGL3, and RrGL3 in fruit prickle primordium (ffp), flagelliform fruit prickle (ffp), and young fruit prickle on 20 DAP fruit (yfp-20 DAP). Bar = 200 μm.





Discussion


The fruit prickle was derived from the ground meristem beneath the protoderm of the receptacle

Prickles are previously proposed as extended and deformed trichomes originating from protodermal cells (Hibrand Saint-Oyant et al., 2018), while a recent study proved that stem prickle was not modified trichome due to its initiation from the ground meristem beneath the protoderm (Zhou et al., 2021). The fruit prickles are similar to the trichomes based on morphological and anatomical studies. Both lack vascular bundles and are effective deterrents against herbivores (Papatheodorou et al., 2020). Regarding differences, trichomes comprise non-glandular, branched, and unicellular cells originating from the protoderm (Serna and Martin, 2006). However, fruit prickles of R. roxburghii are derived from multiple cellular divisions along with lignification, thereby leading to sharp fruit prickles (Figure 1). Likewise, the prickles of eggplant were also shown to be multicellular and lignified (Zhang et al., 2021). Furthermore, through the histological analysis, the fruit prickle primordium of R. roxburghii with a slight global bulge of 40–70 spherical cells originated from the ground meristem beneath the protoderm of the receptacle, which is composed of parenchyma cells (Figure 1), supporting the divergence of fruit prickle and trichome. Understanding the histological aspect of prickles will benefit the fruit’s processing and harvesting that could be extended to other plant species.

Prickles are present on organs other than the fruit, such as stems, petioles, and pedicels. The prickles on the surface of fruit were found only in some species. Thus, little is known about the development of fruit prickles, whereas stem prickles have been made in numerous studies for cut rose production and gardening (Feng et al., 2015; Khadgi and Weber, 2020). The stem prickles of rose develop from multiple cells of the ground meristem beneath the protoderm of the stem apex. We found that fruit prickles also originated from the ground meristem beneath the protoderm of the receptacle, which is the axis of floral organs attached in botany. Nevertheless, we found a significantly divergent development between fruit and stem prickles. The base cells of stem prickles underwent one rapid proliferation and gradually stopped (Zhou et al., 2021). However, the cells of fruit prickle primordium underwent the first rapid proliferation to form flagelliform-shaped fruit prickle and stopped before flowering. The base cells of flagelliform-shaped fruit prickle underwent the second proliferation, and the top cells began to elongate after pollination (Figure 1). As we know, the cells of mature fruit prickles contain granules, a high cytoplasm content, a range of plastids, and thin cell walls. In contrast, few organelles were observed in the cytoplasm of stem prickles cells with thick cell walls (Wang et al., 2021). Thereby, the developmental discrepancy may underlie the divergence in shape, distribution, and internal structure between stem prickles and fruit prickles.



Functional conserved RrTTG1 might modulate the formation of fruit prickle in Rosa roxburghii

The RrTTG1 protein has four WD40-repeat domains, which act as a scaffold for various protein–protein interactions for regulating the transcriptional processes (Stirnimann et al., 2010). We found that the TTG1 homologs from R. roxburghii and other dicotyledonous plants were clustered in the same branch (Figure 2). The nuclear localization and constitutive expression pattern of the RrTTG1 were consistent with that of TTG1, thereby suggesting that RrTTG1 may act as a transcription factor akin to TTG1 and have conserved functions (Zhao et al., 2008). TTG1 regulated epidermal cell fate specification, including trichome development in Arabidopsis (Payne et al., 2000; Lin and Schiefelbein, 2001). Trichome has served as an excellent model to study the molecular mechanism of prickle or other appendages of some plants lacking the genetic transformation system (Liu et al., 2016). Ectopic expression of RrTTG1 could increase the trichome number in Arabidopsis and rescue the glabrous phenotype in the ttg1 mutant (Figures 5, 6). This might be attributed to the conserved ability of RrTTG1 positively to interact with GL3 and EGL3 (Figure 6). Furthermore, RrTTG1 is highly expressed in the early stages of fruit prickles from fruit prickle primordium to young fruit prickles on 40 DAP fruits (Figure 3), which corresponds with TTG1 in the rosaceous plants is highly expressed in apical meristems or at the transition stages when cells differentiated to form stem prickles (Swarnkar et al., 2021; Zhong et al., 2021). Thus, the results demonstrated that RrTTG1 was homologous to the functions of TTG1 in Arabidopsis and might modulate the formation of fruit prickle.



RrTTG1 might function in fruit prickles formation through the RrTTG1-RrEGL3-RrGL1 complex in Rosa roxburghii

TTG1 is a central regulator by forming different MBW complexes to influence the development of appendages, including trichome, spine, prickle, and fiber (Zhang et al., 2003; Humphries et al., 2005). In Arabidopsis, TTG1 interacts with GL3 or EGL3 to regulate multiple processes in plants, such as trichome formation, anthocyanin production, and seed coat pigmentation, and negatively regulates root hair formation (Tian and Wang, 2020). Interestingly, GL3 plays a positive and critical role in trichome branching rather than EGL3 in Arabidopsis (Shen et al., 2006; Wang Z. et al., 2019). CsTTG1 is also an important regulator of fruit spine and wart formation in cucumber (Cucumis sativus) (Cui et al., 2016; Zhang et al., 2016). Regarding rice (Oryza sativa), only OsGL3B can interact with OsTTG1 to form the MBW complex to promote trichomes formation (Zheng et al., 2021). Similarly, SlTTG1 only interacts with SlEGL3 to regulate the trichomes formation in tomatoes (Solanum lycopersicum) (Tominaga-Wada et al., 2017). In our results, despite the conserved interaction of RrTTG1 with EGL3 or GL3, RrTTG1 only interacted with RrEGL3 and failed to bind RrGL3 (Figure 6). Furthermore, the expression of RrEGL3 was significantly higher than RrGL3 (Yan et al., 2021). Taken together, only RrEGL3 can interact with RrTTG1 to form an MBW complex in R. roxburghii.

The failure of RrTTG1 to interact with RrGL3 might attribute to the loss of function of RrTTG1 or RrGL3. The amino acid substitutions (S197F and L339F) of TTG1 could reduce its ability to interact with GL3 in Arabidopsis (Long and Schiefelbein, 2020). However, RrTTG1 shared the same amino acids with TTG1 at these two sites, indicting its conserved function of interacting with GL3 and fully restoring the deficient phenotype of the ttg1 mutant (Figures 4, 5). SlGL3 was found to lose its function of regulating trichome development (Wada et al., 2014). Similarly, a single amino acid substitution in the GL3 homologous gene MYC1 in Arabidopsis led to trichome pattern defects via the failure to interact with TTG1 (Zhao et al., 2012). The previous study showed that RrGL3 transcripts were absent during fruit development, and the ectopic expression of RrGL3 did not influence trichome patterning in Arabidopsis (Yan et al., 2021). Thus, the aborting of the RrTTG1-RrGL3 interaction is mainly attributed to the loss of function of RrGL3. By the way, the failure of the interaction of RrTTG1 with RrGL3 helped develop the non-branch fruit prickle in R. roxburghii.



A model of RrTTG1 function in the initiation and expansion of fruit prickles in Rosa roxburghii

The model of RrTTG1 function in the development of fruit prickles in R. roxburghii was shown (Figure 8). Fruit prickles’ formation undergoes three stages: initiation, enlargement, and lignification. The initiation stage corresponds to the occurrence of the fruit prickle primordium. The primordium derives from the meristem beneath the protoderm and forms the flagelliform trichome on the surfaces of the receptacle until the flower blooms. After pollination, with the receptacle gradually enlarging, the flagelliform prickles continue to grow via cell division and expansion. The lignification stage is defined as the mature stage when the hard and sharp fruit prickles have formed on the surface of the fruit. RrTTG1 only interacts with the bHLH transcription factor RrEGL3 to form an MBW complex (RrTTG1-RrEGL3-RrGL1) and fails to interact with RrGL3. The RrTTG1-RrEGL3-RrGL1 is highly expressed from fruit prickle primordia to young fruit prickle. Thus, RrTTG1-RrEGL3-RrGL1 might modulate the primordia initiation and enlargement of fruit prickles in R. roxburghii.


[image: image]

FIGURE 8
Model of RrTTG1 function in fruit prickles formation in R. roxburghii. Fruit prickles’ formation undergoes three stages: initiation, enlargement, and lignification. RrTTG1 only interacts with RrEGL3 to form the RrTTG1-RrEGL3-RrGL1 complex and fails to interact with RrGL3. The RrTTG1-RrEGL3-RrGL1 are highly expressed from fruit prickle primordia to young fruit prickle. Thus, RrTTG1-RrEGL3-RrGL1 might modulate the primordia initiation and enlargement of fruit prickles in R. roxburghii. The lines and dotted lines represent the results and speculations, respectively.
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SUPPLEMENTARY FIGURE 1
Control experiment of yeast two-hybrid assay. The combinations of pGADT7 and pGBKT7-Lam, as well as pGADT7 and pGBKT7-53, were used as negative and positive control, respectively. Meanwhile, the combinations of empty vector (pGADT7 or pGBKT7) with all the tested proteins were also performed, and no self-activation was detected.
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Species Index 1L (em) 1D (cm) WT (mm) CWA (em?) WVI (em?) TIN DW (g)

The variant Mean 25.77b 297b 6.42a 4.68a 120.66a 30.60b 878.11b
8D (&) 5.73 023 0.62 0.56 31.00 8.04 22228

The prototype Mean 33.56a 3.58a 3.34b 3.40b 115.41a 38.57a 2,28161a
SD (#) 418 0.19 0.44 0.48 30.93 4.86 444.19

Diferent letters in the same column mean significant at 0.05 level.

IL, internode length; IW, intermode diameter; W, Intemode wall thickness; CWA, culm well area of intemode cross section; WVI, intemode wll volume; TN, totel internode number;
DW, dry weight of culm.
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qPH17-1 17 51 27.19 11.06 23.13 51 19.72 9.21 30.04 51 42.77 15.42 47.04 51 41.09 11.82 45.92
qPH18-1 18 / / / / / / / / 157 527 -427 363 / / 73 /
qPH19-1 19 / / / / / / i / 87 5.75 434 3.94 / / # /

L qLL2-1 2 129 5.65 —0.44 6.43 / / / / / / / / 63 4.62 -0.95 5.39
qLL4-1 4 / / / / / / / / / / / 7l 81 571 -106 605
qLL8-1 8 67 8.20 1.81 993 / / / / / / / / / / / /
qLL12-1 12 / / / / 170 5.79 1.30 7.04 / / / / / / / /
qLL16-1 16 / / / / 121 998 177 1326/ / / / / / / /
qLL17-1 17 41 9.89 2.00 11.70 41 4.74 1.19 5.67 41 13.73 235 19.81 41 13.73 1.76 15.82
qLL18-1 18 / 7 # / / 7 / / 152 720 -1.60 9.48 152 8.88 -1.36 9.58
qLL20-1 20 170 8.68 -1.98 10.65 / / / / / / / & 180 8.58 —1.42 9.45
qLL22-1 22 / / / / 0 494 121 594 / / / / / / / /

w qLwe-1 2 / / 4 / / / / / 53 6.48 -1.32 8.28 / f # /
qlLw4-1 4 76 593 -1.15 6.22 / / / / / / ¢ / 73 5.08 -068 297
qLwe-1 9 / / / / / / / / / / / / 133 122  -108 665
qwii-1 11 54 12.36 175 14.11 / / / / / ¢ / / / / i £
qLWi13-1 13 / / / / / / / / / / /. / 188 491 0.68 278
qLwi7-1 17 / / / / # / / / 53 13.86 2,05 20.09 54 27.94 1.79 19.72
qLw20-1 20 185 20.73 2.45 26.29 188 21.18 2.43 28.09 1856 14.10 2.01 19.24 185 38.87 237 31.47
qLw21-1 21 / / / / / / / / / / / / 29 7.80 -086 447
qLw23-1 23 / / / ¥ 16 4.64 -0.36 5.81 / / / / / / f ¢

N qLNT-1 1 / / / / / / / / 41 473 021 4.79 / / it /
qLN4-1 4 / / / / / / & / ¢ ¥ / / 101 5.79 —0.44 6.20
qLN12-1 12 1 583 0.49 1279/ / / / / / / / / / / /
qLN12:2 12 / / / / 157 931 1.19 11.83 157 1322 1.06 15.08 157 1615 082 20.16
qLN13-1 13 / / / / / / 7 / 66 10.06 0.91 10.70 60 8.28 053 9.1
qLN17-1 A7 / / / / 46 11.69 1.43 1539 46 521 064 534 51 483 0.41 514
qLN18-1 18 o / / K 59 5.48 0.92 6.85 59 6.44 0.70 6.68 / # / /
qLN22-1 22 / / / / / / & / 100 11.49 -0.87 12.09 99 452 -0.35 5.03

ALinkage group.

bLinkage group (cM) of the LOD peak.
©LOD, the logarithm of ods.

IAdditive effects.

°PVE, phenotypic variation expleined.
'BLUE, best linear unbiased estimation.
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Gene ID Name AA? (aa) Mw® (kDa) pl° nd Al® GRAVYf Subcellular localization?
GL14512 GL14512 258 29.02 5.54 65.11 91.51 —0.353 Nucleus.
GL17195 GL17195 217 23.41 492 30.28 89.22 0.023 Nucleus.
GL17191 GL17191 138 15.99 577 36.87 63.7 —0.828 Nucleus.
GL17614 GL17614 299 33.35 5.85 46.02 76.42 —0.511 Nucleus.
GL09754 GL09754 143 16.78 8.61 47.25 73.71 —0.932 Nucleus.
GL21378 GL21378 321 36.35 5.9 52.47 77.2 —0.686 Nucleus.
GL26695 GL26695 162 18.85 6.09 47.18 63.27 —1.018 Nucleus.
GL33439 GL33439 339 38.46 5.45 56.08 73.75 —0.486 Nucleus.
GL13304 GL13304 359 40.61 6.73 375 69.86 —0.586 Nucleus.
Maker56383 Maker56383 309 34.58 5.95 45.64 61.26 —0.736 Nucleus.
Maker79872 Maker79872 310 35.21 5.83 69.83 84 —0.575 Nucleus.
Maker95458 Maker95458 335 36.87 4.87 43.16 68.54 —0.448 Nucleus.
Maker68614 Maker68614 287 3213 4.99 37.87 60.87 —0.591 Nucleus.
Maker101342 Maker101342 301 33.43 5.85 44.92 76.91 —0.493 Nucleus.
Maker50091 Maker50091 348 38.82 5.57 56.52 77.18 —0.278 Nucleus.
Maker109170 Maker109170 162 18.93 7.07 38.93 60.86 —1.085 Nucleus.
JL019263 JL019263 302 34.3 6.01 67.98 85.93 —0.539 Nucleus.
JL005106 JL005106 381 4253 7.09 50.05 74.65 —0.503 Nucleus.
JL001208 JL001208 299 33.35 5.85 46.02 76.42 —0.511 Nucleus.
JLO17566 JLO17566 202 22.74 7.01 47.99 81.68 —0.163 Nucleus.
JL023161 JL023161 85 9.81 6.74 45.06 70 —1.058 Nucleus.
JLO01725 JLO01725 332 37.24 6.04 41.73 63.49 —0.687 Nucleus.
Peq016118 Peq016118 313 35.72 6.46 61.17 81.05 —0.514 Nucleus.
Peq014500 Peq014500 320 35.93 5.57 49.82 69.81 —0.666 Nucleus.
Peq008060 Peq008060 352 39.69 6.01 55.02 72.67 —0.658 Nucleus.
Peq022474 Peq022474 301 33.61 6.09 49.21 73.62 —0.552 Nucleus.
Peq027115 Peq027115 240 27.27 8.97 65.02 83.79 —0.29 Nucleus.
Peq001326 Peq001326 324 36.56 6.05 45.04 65.68 —0.718 Nucleus.
Ashe008116 Ashe008116 286 32.98 9.36 79.09 73.32 —0.785 Nucleus.
Ashe015432 Ashe015432 928 102.35 9.25 47.91 76.95 —0.357 Nucleus.
Ashe012303 Ashe012303 279 30.97 5 36.75 71.79 —0.671 Nucleus.
Ashe017164 Ashe017164 314 34.55 5.85 48.06 68.47 —0.469 Nucleus.
Ashe004050 Ashe004050 362 40.62 5.56 49.21 61.52 —0.693 Nucleus.

aAmino acid number.
bMolecular weight.

CTheoretical isoelectric point.

9dinstability index.
€Aliphatic index.

'Grand average of hydrophobicity.
9Subcellular localization predicted by Plant-mPloc (Chou and Shen, 2010).
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LOD, logarithm of odds; Expl, phenotypic contribution rate.

Representative marker

Marker1533238
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Mean

Na, number of alleles; MAF, major allele frequency; Ho, observed heterozygosity; He, expected heterozygosity; PIC, polymorphism information content.

Primer

F:AGCGAGGATTCTGTAGAGGAA
R:ATGGTCTCTGCTATCATCCCA
F:GCCTTTTCTGCTTTGGGTTTT
R:TGTACGATTCGATTCAGTGGG
F:GAGTTCAAGATTTGTGTCGTCT
R:ATCGTCACCTAGGAATTGGGA
F:CACTACTCACAGCCACAAGAG
R:TGGATAGGTGGGATCAAGTGA
F:GATCCGGTGCTATCATTACCG
R:AACCCTGAACAACTCTTTCCC
F:ATGCATGCCCTTGAACTAGTT
R:GACAAGTCACAAGCAGCAAAG
F:ACCAATGATTGTTCTGCACCT
R:ACAAACCCCACTACAAAAGCT
F:CCAGTGATCGATCGAATTGGA
R:GCATGAAAAAGCGCGCAATAA
F.TGAGAAGGACCAGAGTGAGAA
R:TGACTGCCCAAATTTAGAGCT
F:CACATTGGTAAGATAGCCCTT
R:AGGCCTCTTTGTTTAGTTGCA
F:CTAAGGCCACAAACATGCTTG
R:ACAATATTGGCAGCTCAGGTT
F:GTACGCTCAATTTGGTGTTCG
R:CAATTCAAGTCAAAGCCAGGC
F:AATGGGCAAAAACAATGGAGC
R:CCAAAACAAAACCCAAAGCAG
FTTTGGCCACTCGAAAATGTTC
R:GAGGAGTTCTTTGTGTGGGTT
F:GAAGGCAAAGCAAGATGATGG
R:ATGCAGCTTCTACTTCCCAAG
F:GTAAAGTATGCAGGCTCCGAA
R:TTGGACCCAGCTACTTCAATG
F:GTTTGGCGTTAGATGTGCATT
R:ACTTGGATCAGCTTGGAATGG
F:ACATTGGTCATTTCCCCTTCA
R:AGGCTTTGATGGTTTGGTCAT
F:CAACAGCAACACCACTAACAC
R:GCACTTCACACCTCAACAATG
F:ACTAGTTGCTTTGCTTCGCTA
R:TAAGCATCATGAAACACGGGT
F:AATATTCGGCAGTGTGTTTCC
R:TCAGGTCCGAACAATAGAAACT
F:CTGATGCTTCCGACCATATGT
R:AGAGGAATGAGCCAACTTGTC
FATTTGGTTGCAGGAAGAGGTG
R:GTGGTGATGGGGATTTGGTAA
F:TGCAATTTAGGGGCCACATTA
R:GTCCCCTTTCATGAACCACTC
F:CACCACAAACAAACACCCAAA
R:AGGTCTCCTCCATCCAAAGAA
F: CGACCTATCCCTTTTCCCA

: GGTTCCACGCAGATTTCAC
FTTATGGCGAGTTTCGATCTG
R:TCTGTAGGAGTCTCTGTGGT
F:ACCGTTGGAAATGCTCTTAGG
R:CATGCGCATAAACGGCTTAAT
F:TCCTTTCGATCTGGCATGTTT
R:TAGCCAGCCTATAGAACGACA
FTTCCATAGTATTGCCGCCTTG
R:GGATCTTTGTGCCTCTCACCG
F:AATCTCTCCGCCAGCAATACC
R:GGACGAAAACCAAATAACTCA

By

MAF

0.6957

0.56652

0.7319

0.3768

0.3768

0.3551

0.5000

0.4783

0.6739

0.4058

0.5145

0.6014

0.4420

0.4565

0.3043

0.4783

0.9855

0.9783

0.56562

0.3623

0.4058

0.4783

0.56870

0.5797

0.2246

0.4275

0.5942

0.3188

0.2391

0.4928

0.3913

0.5028

Na

1

10

12

10

1

6.48

Gene diversity

0.4719

0.5878

0.4410

0.7863

0.7418

0.7770

0.6839

0.6596

0.4933

0.6577

0.6142

0.5564

0.6971

0.6612

0.7990

0.6796

0.0286

0.0425

0.6133

0.6706

0.7438

0.5843

0.5735

0.6067

0.8354

0.7049

0.5752

0.8240

0.8043

0.6332

0.7476

0.6224

Ho

0.4516

0.7097

0.5161

0.4516

0.6774

0.5484

0.4516

0.6129

0.5161

0.5806

0.5806

0.5161

0.64562

0.5161

0.5161

0.5806

0.5161

0.4194

0.4516

0.4194

0.5806

0.3871

0.5161

0.4516

0.4839

0.4194

0.4839

0.5484

0.4839

0.2903

0.5484

0.512

He

0.8482

0.8392

0.8287

0.8408

0.8361

0.8604

0.8186

0.8456

0.8371

0.8318

0.8281

0.8519

0.8525

0.8498

0.817

0.8361

0.8049

0.8186

0.8149

0.8546

0.8361

0.8451

0.8408

0.8197

0.8228

0.8176

0.8435

0.8451

0.8599

0.8599

0.853

0.837

PIC

0.4286

0.5245

0.4156

0.7623

0.6998

0.7482

0.6497

0.6057

0.4443

0.5932

0.5442

0.4962

0.6503

0.6015

0.7712

0.6329

0.0282

0.0416

0.5681

0.6003

0.7093

0.4952

0.5161

0.5672

0.8145

0.6579

0.6222

0.8046

0.7758

0.5666

0.7109

0.5789
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Gene name Gene ID Type Stem phenotype Leaf Seed References
phenotype phenotype
Dt1/GmTFL1b Glyma.19g194300 LOF Decreased PH under Liu B. et al., 2010;
long-day conditions; No
difference PH under
short-day conditions
Dt2 Glyma.18g273600 GOF indeterminate Bernard, 1972; Ping
phenotypes etal, 2014
GmSOC1 Glyma.18G224500 (a) LOF Increased PH Kou et al., 2022
Glyma.09G266200 (b)
E3/GmPhyA3 Glyma.19g224200 LOF Increased PH and NN Xuetal.,, 2013
E4 Glyma.20g090000 LOF Increased PH and NN Xuetal., 2013
GmAP1 Glyma.16g091300 (a) LOF Increased PH, NN and IL Chen et al., 2020;
Glyma.08g269800 (b) under short-day Kou et al., 2021
Glyma.01g064200 (c) conditions
Glyma.02g121600 (d)
OE Decreased PH Chen et al., 2020
GmFT2a Glyma.16g150700 CRISPR/Cas9- Increased PH Li X. et al., 2021
mediated
OE Decreased PH under Takeshima et al.,
short-day conditions 2019
GmFT5a Glyma.16g044100 CRISPR/Cas9- Increased PH Li X. et al., 2021
mediated
OE Decreased PH Takeshima et al.,
2019
GmDW1 Glyma.08g163900 LOF Decreased PH and IL Lietal, 2018
GmLHY Glyma.16g017400 (1a) CRISPR/Cas9- Decreased PH and IL Cheng et al., 2019
Glyma.07g048500 (1b) mediated
Glyma. 199260900 (2a)
Glyma.03g261800 (2b)
GmGAMYB Glyma.13g187500 OE Increased PH Yang X. et al., 2021
GmMYB14 Glyma.19g164600 OE Decreased PH and IL Decreased Chen et al., 2021
GmSIZ1 Glyma.12g071300 (a) RNAI Decreased PH Decreased Cai et al., 2017
Glyma.11g154005 (b)
Ln/GmJAG1 Glyma.20g116200 LOF Narrow leaf Increased NSPP Jeong et al., 2013
CTP Glyma.05g022400 LOF chicken None seeds Zhao et al., 2017
toes-like leaf
E1 Glyma.06g207800 OE small, curly LiY.etal., 2021
unifoliolate
leaves
GmKIX8-1 Glyma.17g112800 LOF Increased Increased Nguyen et al., 2021
GmBS1 Glyma.10g244400 RNAI Increased Increased Geetal, 2016
GmCIF1 Glyma.17g036300 RNAI significantly Tang et al., 2017
Increased
weight and
slightly
increased seed
size
GmFAD3 Glyma.03g056700 (a) RNAI Crinkled leaf Increased Singh et al., 2011
Glyma.07g151300 (b)
Glyma.11g174100 (c)
PP2C Glyma.17g221100 OE Increased Increased Luetal, 2017
GmSWEET10 Glyma.15g049200 (a) CRISPR/Cas9- Decreased Wang et al., 2020
Glyma.08g183500 (b) mediated
OE Increased Wang et al., 2020
GmCYP78A72 Glyma.19g240800 OE Increased Zhao et al., 2016
GmCYP78A5 Glyma.05g019200 OE Increased Duetal., 2017
GmPDAT Glyma.13g108100 RNAI Decreased Liu J. Y. et al., 2020
OE Increased Liu J. Y. et al., 2020
GmNAP1 Glyma.20g019300 LOF Decreased PH Decreased Campbell et al.,
2016; Tang et al.,
2020
ST1 Glyma.08g109100 CRISPR/Cas9- Decreased Liet al., 2022
mediated

LOF, loss of function; GOF, gain of function; OE, overexpression,; PH, plant height; NN, node number; IL, internode length; NSPP, number of seeds per pod; Gene ID is

from Williams 82.a4.v1.
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Chromosome Positon  Gene ID Variationbase ~ SNPindex ExonID  Mutation type Annotation information

ACY 900112 BraA099001440.3C  C-T 1 Exon 7 Non-synonymous SNV ent-copalyl diphosphate
synthase

AC9 1,639,305 BraA099002590.3C  C-T 1 Exon 1 synonymous SNV E3 ubiquitin-protein ligase
RMA1

AC9 1723490  BraA09g002790.3C  G-A 1 Exon 1 Non-synonymous SNV Gelldivision cycle protein 123
homolog

ACY 2003067  BraA09g003180.5C  G-A 098 Exoni synonymous SNV Succinate dehydrogenase

A09 2193985  BraA09g003550.5C  G-A 096  Exon9 synonymous SNV -
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Body plan Monocotyledons Dicotyledons
Configuration 2D 3D 2D 3D
Species Hosta x tardiana ‘El Nino’ Caladium bicolor Hemigraphis alternata  Pilea peperomioides
Variable Description Median (IQR) Median (IQR) Median (IQR) Median (IQR) n
Geometry
Cross-sectional geometry U-profile Circle Ellipse Circle
Size
Ipasar[mm?] Axial second moment of 145.84 (53.86) 198.02 (77.63) 1.64 (0.54) 7.96 (5.22) 25
area at the petiole base
Jpasal [mm4] Polar second moment of 513.74 (175.56) 358.12 (158.04) 4.31 (1.16) 16.37 (12.64) 25
area at the petiole base
Kpasal [mm?] Torsion constant at the 136.43 (36.31) 341.94 (95.80) 2.65 (0.89) 11.92 (8.75) 25
petiole base
Shape
AR [-] Aspect ratio (Langer et al., 1.13 (0.13) 0.95 (0.09) 1.22 (0.09) 1.05 (0.08) 25
2021)
W] Ratio of axial to polar 0.33 (0.05) 0.53 (0.05) 0.40 (0.03) 0.47 (0.04) 25
second moment of area
(Langer et al., 2021)
VK [-] Ratio of axial second 1.08 (0.24) 0.58 (0.24) 0.60 (0.13) 0.69 (0.10) 25
moment of area and torsion
constant
a -] Tapering mode (Langer 1.47 (0.40) 0.91 (0.15) 1.36 (0.57) 1.18 (0.54) 25
etal., 2021)
WR [-] Weight ratio of lamina to 0.99 (0.18) 0.59 (0.17) 7.50 (6.07) 2.75 (0.68) 25
petiole
Biomechanics
El/GK [-] Twist-to-bend ratio 23.66 (6.85) 39.19 (156.01) 11.47 (3.50) 13.30 (4.09) 25
El [Nmm?] Flexural rigidity 8,938.77 (5,252.51) 17, 463.92 (6, 456.76) 210.98 (93.79) 503.88 (346.27) 25
GK [Nmm?] Torsional rigidity 377.76 (98.54) 469.35 (159.96) 17.79 (3.88) 41.25 (27.16) 25
E/G[] Modulus ratio 22.14 (7.69) 63.73 (44.15) 18.20 (7.10) 19.73 (5.99) 25
E [MPa] Bending elastic modulus 132.88 (43.04) 192.19 (125.39) 171.26 (65.24) 110.25 (29.16) 25
G [MPa] Torsional modulus 6.37 (2.03) 2.90 (0.59) 8.46 (2.49) 5.74 (2.90) 25
SF [-] Safety factor 2.35 (0.50) 1.66 (0.25) 2.94 (0.59) 2.13 (0.43) 25

Results are presented as median with interquartile range (=IQR) in brackets; n corresponds to the sample size.
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