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Editorial on the Research Topic 


Evolution of crop genomes and epigenomes


In the last two decades, the advances in large-scale sequencing technology (e.g., the second- and third-generation sequencing technologies) have generated increasingly available omics datasets (e.g. genomics, chloroplast, epigenomics, transcriptomics) of plant organisms, offering valuable resource to address the various biological questions more effectively. Available genome resources allow us to uncover yet hidden mysteries of plant genomes and their evolutionary stories at genome-wide level and to screen for agronomically significant genes in crops. In this Research Topic, we aim to present novel and important findings on all aspect of genome and epigenetics in plants, especially crops. This topic includes 12 original research papers focusing on the research areas highlighted above, viewed more than 15,263 times by the time of this Editorial. We organize this collection of studies into two major groups based on common themes as described below.


Genome-wide evolution analysis and gene resource screen

Hu et al. present a systematic identification and evolutionary analysis of the multiple C2 domain and transmembrane region proteins (MCTPs) in upland cotton, and also conducted a phylogenetic analysis with the homologs in another 17 plant species including algae, fern, moss, monocotyledons and dicotyledons. Based on global expression analyses using transcriptome dataset and qRT-PCR assay, they identify three candidate genes (GhMCTP7, GhMCTP12 and GhMCTP17) and demonstrate the interaction of GhMCTP7/12/17 with GhKNAT1/2 proteins to regulate cotton shoot meristem development in an integrated multiple signal pathway manner.

Sun et al. conducted a genome-wide study on the plant-specific SQUAMOSA promoter-binding protein-like (SPL) transcription factor family in four Ipomoea species, including gene and protein structure characteristics, gene duplication, selective pressure, expansion pattern, spatiotemporal and exogenous phytohormone induction expression profiles, etc. This study revealed that segmental duplication is the main driving force for gene expansion in Ipomoea species. The data suggest that most of the Ipomoea SPL genes are miR156 targets with seven miR156-SPL interaction relationships were verified by degradome sequencing. They finally identify four SPL genes with putative function in sweet potato storage root development.

Li et al. identified and analyzed the K+ efflux antiporter (KEA) genes in four cotton species and seven other plants (Arabidopsis thaliana, Oryza sativa, Zea mays, Populus trichocarpa, Sorghum bicolor, Triticum aestivum and Glycine max) at genome-wide level. The candidate genes were classified into three subfamilies with similar motif compositions and gene structure characteristics in each family. They found that segmental replication and purifying selection play key role in the evolution of the KEA gene family in upland cotton. The global expression profiles of KEA genes in various tissues and under multiple stress conditions (e.g. salt, drought, and low potassium treatments) were comprehensively analyzed in upland cotton. Virus-induced gene silencing (VIGS) experiment demonstrated that two candidate genes (GhKEA4 and GhKEA12) are involved in salt and potassium stresses response in upland cotton.

Song et al. performed an in-depth investigation on the slow type anion channels (SLAHs) gene family in Cassava, including phylogenetic relationship with other related organisms, chromosomal localization and genome-wide expression analysis. MeSLAH4 gene was identified as a potential nitrogen-responsive gene, and overexpression analysis in rice demonstrated its capability to enhance the nitrogen assimilation, root growth, and grain yield, indicating its vital role in enhancing nitrogen utilization efficiency and yield.

Peng et al. investigated the three-amino-acid-loop-extension (TALE) transcription factor encoding genes in sweet orange genome, accompanied by systematic analysis regarding their phylogeny, evolution, gene and protein structure, cis-acting regulatory element, and protein–protein interaction. They revealed that segmental duplication and purifying selection are the major driving force in the evolution of this gene family in sweet orange. The biological functions of this gene family in sweet orange in response to biotic and abiotic stresses were elucidated by global biotic/abiotic- stress-induced expression pattern analyses (e.g. high temperature, salt, wounding and pathogen stresses). Then, the authors confirmed the transcriptional activity and protein interaction networks of several candidate TALE proteins using yeast two-hybridization assay system

Xie et al. performed a genome-wide analyses of the serine/arginine-rich (SR) gene family in Brassica napus, and demonstrated that the genes in each subfamily have conserved structures and motifs and distinct expression patterns. They found that this gene family had a widespread alternative splicing pattern including the paralogous gene pairs. They identified 12 SR genes that were potentially associated with specific agronomic traits in B. napus by association mapping analysis.

Huang et al. generated a moso bamboo transcriptome dataset under dehydration and cold treatments using RNA-seq technology. This study identified a series of differentially expressed genes and dehydration- and cold-responsive genes. The authors selected a dehydration-responsive gene, PeLEA14, as the candidate gene, and proved the roles of PeLEA14 in response to abiotic stress tolerance including salt stress by overexpression analysis in tobacco.

Li et al. performed genome-wide association study for drought-resistance traits in hulless barley. They evaluated various quantitative traits and field phenotypes of 269 hulless barley lines under either normal or drought conditions. They obtained a total of 8,936,130 highly consistent population SNP markers. Eight candidate genes were suggested to be involved in drought resistance in this genus.



Chloroplast genome sequencing and evolution analysis

Fan et al. reported the chloroplast (cp) genomes of three Fagopyrum species, and presented an integrated analysis with five published Fagopyrum cp genomes. The evidence of sequence differentiation, repeated sequences, gene number, gene order, codon usage and phylogenetic relationship were presented. This study detected six variable regions and 66 SSR types in the eight species with potential applications in plant genetic relationship and taxonomic status identification. They supported the unique taxonomic status in Fagopyrum in the Polygonaceae.

Song et al. assembled and compared the complete cp genomes of nine new Musa plants with focus on the genomic features and phylogenetic implications. They found that the studied Musa chloroplast genomes commonly encoded 135 functional genes that were composed of photosynthesis-related genes, chloroplast self-replication genes, and other genes. This study identified six non-coding sites and three genes that can be used for DNA barcoding and phylogenetic analysis. They divided the nine Musa species into two groups based on phylogenetic analyses.

Li et al. provided 27 complete cp genomes of 11 wild Fragaria species accompanied by in-depth variation and evolutionary analyses. They found that the genome structure is highly conserved among these cp genomes, and non-coding regions were relative more variable than coding regions. In addition, the authors revealed that the contraction and expansion of the inverted repeat (IR) regions contributed to different cp genome size in these Fragaria species. Five variable loci that could be developed as DNA barcoding for Fragaria species were identified. The authors divided the studied species into two groups: Group A distributed in western China and Group B originating from Europe and Americas. The results also revealed allopolyploid origins of the octoploid and tetraploid Fragaria species.

Tian et al., present plastome sequencing of 33 peanuts, and then explore their taxonomic status and evolutionary relationship. The authors divided the studied species into two lineages: Lineage I containing all the cultivated species and Lineage II possessing diverse genome types. Next, the authors suggested that all allotetraploid cultivated peanut species were derived from a maternal hybridization event with one of the diploid Arachis duranens accessions having a AA sub-genome ancestor, and Arachis monticola that represent transitional tetraploid wild species of all the cultivated peanuts.
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Species identification is vital for protecting species diversity and selecting high-quality germplasm resources. Wild Fragaria spp. comprise rich and excellent germplasm resources; however, the variation and evolution of the whole chloroplast (cp) genomes in the genus Fragaria have been ignored. In the present study, 27 complete chloroplast genomes of 11 wild Fragaria species were sequenced using the Illumina platform. Then, the variation among complete cp genomes of Fragaria was analyzed, and phylogenetic relationships were reconstructed from those genome sequences. There was an overall high similarity of sequences, with some divergence. According to analysis with mVISTA, non-coding regions were more variable than coding regions. Inverted repeats (IRs) were observed to contract or expand to different degrees, which resulted in different sizes of cp genomes. Additionally, five variable loci, trnS-trnG, trnR-atpA, trnC-petN, rbcL-accD, and psbE-petL, were identified that could be used to develop DNA barcoding for identification of Fragaria species. Phylogenetic analyses based on the whole cp genomes supported clustering all species into two groups (A and B). Group A species were mainly distributed in western China, while group B contained several species from Europe and Americas. These results support allopolyploid origins of the octoploid species F. chiloensis and F. virginiana and the tetraploid species F. moupinensis and F. tibetica. The complete cp genomes of these Fragaria spp. provide valuable information for selecting high-quality Fragaria germplasm resources in the future.

Keywords: Fragaria, chloroplast genome, comparative analysis, wild species, phylogenetic


INTRODUCTION

The genus Fragaria Linnaeus belongs to the family Rosaceae and is comprised of 25 species, including 13 diploids (2n), five tetraploids (4n), one pentaploid (5n), one hexaploid (6n), three octoploids (8n), and two decaploids (10n; Staudt, 1962, 1989, 2009; Davis et al., 2010; Hummer, 2012; Lei et al., 2017). Most Fragaria species are wild, except for F. × ananassa, which is a cultivated species and an economically important crop (Staudt, 1962; Potter et al., 2000; Cheng et al., 2017). China has been recognized as an important distribution center of wild strawberry resources in the world, as it has 14 wild Fragaria species including nine diploid species and five tetraploid species (Staudt, 1989, 2006; Lei et al., 2017). Compared with cultivated species, wild species have several advantages, including stronger resistance (Diamanti et al., 2012; Guo et al., 2018), unique fruit aromas (Urrutia et al., 2017), and richness in nutrients (Capocasa et al., 2008a,b; Tulipani et al., 2008). Therefore, elucidating the relationships among Fragaria spp. is vital to developing high-quality strawberry varieties.

As well as being an important plastid functioning in photosynthesis and carbon fixation (Neuhaus and Emes, 2000), the chloroplast (cp) contains a genome that can provide valuable information for taxonomic and phylogenic purposes, with the key advantages of its relatively small size, more conservative structure, and low nucleotide substitution rate (Palmer, 1985; Wolfe et al., 1987; Jansen et al., 2005; Wei et al., 2006; Wicke et al., 2011; Terakami et al., 2012; Liu et al., 2019). Furthermore, the cp genome is haploid and uniparentally inherited, so it is helpful for tracing source populations and conducting phylogenetic studies to resolve complex evolutionary relationships (Jansen et al., 2007; Parks et al., 2009; Ruhsam et al., 2015). To date, phylogenetic relationships based on complete cp genomes of many angiosperms have been fully studied in many genera (Hu et al., 2016; Zhang et al., 2016; Zhao et al., 2018). Njuguna et al. (2013) systematically studied the phylogenetic relationships of Fragaria based on cp genomes, but there were only 10 sequences assembled from total genomic data, and the coverage of PCR amplified sequences ranged from 60 to 90%, which may mean the assembled chloroplast sequences were incomplete. To the best of our knowledge, there is only one study that has focused on the molecular phylogenetic analysis of Fragaria genus based on whole complete chloroplast genome sequences (Sun et al., 2021), which revealed that 20 Fragaria species were clustered into northern group (eight species), southern group (11 species), and an oldest extant species (one species) based on whole cp genomes. However, this previous study focused on molecular clock analysis and ignored the variation and evolution of whole cp genomes of Fragaria, including, for example, the contraction and expansion of inverted repeats (IRs) regions (Plunkett and Downie, 2000; Kode et al., 2005; Ma et al., 2014; Lei et al., 2016).

In addition, although some Fragaria species can be identified by their morphological characteristics, some species that have similar morphological structures, such as F. mandshurica and F. orientalis (Staudt, 2003; Lei et al., 2017), are likely to be inaccurately identified if morphological indexes are not collected (Yang et al., 2020). Furthermore, Yang et al. (2020) found that most wild Fragaria in Yunnan were difficult to accurately identify without flowers and fruits of collected species. In total, owing to the stage of species development and subjective factors (such as differences in personal knowledge and experience), traditional morphology classification is often inconsistent and unreliable, which can also affect the results of species identification (Yang et al., 2020). Over the years, many molecular analyses have provided insights into the species taxonomy and identification. Currently, DNA barcoding such as rbcL, matK, psbA-trnH and ITS sequences (Potter et al., 2007; Fazekas et al., 2008; Chen et al., 2013; Xin et al., 2013; Tegally et al., 2019; Phi et al., 2020; Islam et al., 2021) has been used for species identification. In Fragaria, the study of DNA barcoding dates back to the phylogenetic analysis conducted by Potter et al. (2000) using ITS and trnL-trnF sequences, but the authors were unable to completely distinguish among species in this genus. Njuguna and Bassil (2011) analyzed psbA-trnH and ITS sequences and reported that the two DNA barcoding sequences are not suitable for species identification in Fragaria. Moreover, more and more studies demonstrated that the four universal barcoding sequences were problematic with low bootstrap support and inability to distinguish between species in land plants (Xin et al., 2013; Tegally et al., 2019; Phi et al., 2020; Islam et al., 2021). Therefore, it is urgent to excavate superior DNA barcoding for special land plants, including Fragaria species, utilizing complete cp genomes, which contain more important variation information for taxonomic and phylogenic purposes (Huang et al., 2014).

In the present study, we sequenced 27 complete cp genomes of 11 wild Fragaria species from different collection sites in China and downloaded the whole cp genome sequences of seven more Fragaria species. This research had the following objectives: (1) to describe the characteristics of Fragaria cp genomes; (2) to infer the phylogenetic relationships among Fragaria spp.; (3) to detect the variations among Fragaria cp genomes and infer the evolution of the whole cp genomes of Fragaria species; and (4) to provide candidate DNA barcodes for Fragaria species identification. These results provide new insights into the interspecies relationships and evolution of Fragaria spp. as well as basic reference material for the application of Fragaria germplasm resources.



MATERIALS AND METHODS


Plant Material Collection and Genome Data Sources

Twenty-seven individuals belonging to 11 Fragaria species were included in the present study, as summarized in Table 1. All the sampled plants were cultured in the greenhouse facilities of Taizhou University under conditions of 70% relative humidity with temperatures of 25°C in the day and 20°C at night. The plants were identified by Professor Beifen Yang of Taizhou University. The specimens were stored in Zhejiang Provincial Key Laboratory of Plant Evolutionary Ecology and Conservation, Taizhou University, China.



TABLE 1. Fragaria species collection information.
[image: Table1]

The complete cp genome sequences of F. orientalis (NC_035501), Fragaria chiloensis (NC_019601), and F. virginiana (NC_019602) were downloaded from the National Center for Biotechnology Information (NCBI). Fragaria nipponica (KY769125) and F. iinumae (KC507759) were excluded for there is no supporting of publication reference. Fragaria × ananassa (KY358226) was also downloaded from NCBI to test the accuration of the sequencing and de novo assembly of cp genome.

Raw sequence data from three species, including F. gracilis (BOP214815), F. tibetica (BOP214818), and F. moschata (BOP214819; Sun et al., 2021), were downloaded from NCBI and de novo assembly was performed according to the following processes. The other seven species listed by Sun et al. (2021) were excluded for duplication of our own sequencing species.



Genome Sequencing and Assembly

Fresh and clean leaves of each sampled species were collected and frozen in liquid nitrogen immediately. The samples were used to extract the total DNA by the modified CTAB method (Doyle and Doyle, 1987). Then, paired-end sequencing (Insert size: 350bp) was performed using the Illumina Novaseq 6000 platform (Illumina, San Diego, CA, United States). Raw reads were filtered to obtain high-quality clean data. Then, de novo assembly was performed with the GetOrganelle software package (Jin et al., 2020).



Chloroplast Genome Annotation

Thirty cp genomes were annotated using the online GeSeq tool (Tyagi et al., 2020)1 with default parameters and F. chiloensis (NC_019601) was used as the reference to predict protein-coding genes (PCGs), transfer RNA (tRNA) genes, and ribosomal RNA (rRNA) genes. Then, the cp genome sequences were manually modified using Geneious Prime 2021.1.1 (Biomatters Ltd., Auckland, New Zealand). A circular diagram of the cp genomes was generated using the online OrganellarGenome DRAW tool (OGDRAW; Lohse et al., 2013; Bai et al., 2017).



Comparative Genome Analyses

The boundaries of the large single-copy region (LSC), short single-copy region (SSC), and IRs of 12 newly assembled complete cp genomes of Fragaria species (F. nilgerrensis_2, F. mandshurica_JL, F. corymbosa_GS, F. moupinensis_SC, F. pentaphylla_3, F. nubicola, F. daltoniana_1, F. viridis, F. vesca ssp. bracteata, F. vesca ssp. vesca_1, F. chinensis_1, F. × ananassa) in this study together with six complete cp genomes of F. gracilis (BOP214815), F. tibetica (BOP214818), F. moschata (BOP214819), F. orientalis (NC_035501), F. chiloensis (NC_019601), and F. virginiana (NC_019602) from NCBI were compared using IRscope software (Ali et al., 2018). The level of divergence among the 18 sequences was visualized with Shuffle-LAGAN mode (Cheng et al., 2017; Tyagi et al., 2020) in mVISTA software (Kawabe et al., 2018; Jeon and Kim, 2019) with the default settings, and F. gracilis was used as a reference sequence.



Hypervariable Site Identification

All 18 sequences were aligned using the Geneious prime 2021.1.1 plugin MAFFT v.7.450 (Katoh and Standley, 2013), and the alignment was manually adjusted. Then, we performed a sliding window analysis using DnaSP v6 software (Rozas et al., 2017; Jeon and Kim, 2019) to analyze nucleotide diversity (π) in order to detect hypervariable sites among Fragaria cp genomes. The window length was set to 600bp, and the step size was set to 200bp (Sun et al., 2021).



Phylogenetic Analysis

Thirty-four complete cp genome sequences were used to reconstruct the phylogenetic relationships among Fragaria spp. based on maximum likelihood (ML) using RAxML 8.2.10 (Stamatakis, 2014), with 1,000 bootstrap replicates employed for estimating node support. Potentilla fruticosa (NC_036423) and Drymocallis saviczii (NC_050966) were downloaded from Genbank and used as outgroups (Eriksson et al., 1998, 2003; Potter et al., 2000; Feng et al., 2017; Dimeglio et al., 2014). In total, 36 cp genome sequences were aligned using a Geneious prime 2021.1.1 plugin MAFFT v.7.450 (Katoh and Standley, 2013), and the alignment was manually adjusted when necessary. Modeltest 3.7 (Liu et al., 2013) was used to select the best-fit evolutionary model of Fragaria cp genome sequence evolution for reconstruction of the phylogenetic relationships of Fragaria.




RESULTS


General Chloroplast Genome Characteristics

The total genome sequence lengths of Fragaria species ranged from 155,479bp (F. viridis) to 155,832bp (F. daltoniana_3). The cp genomes presented a typical quadripartite structure including a pair of IR regions with lengths of 51,872bp (F. vesca ssp. bracteata) to 51,948bp (F. corymbosa_JL), separated by a LSC region from 85,471bp (F. viridis) to 85,726bp (F. daltoniana_3) and a SSC region from 18,116bp (F. viridis) to 18,219bp (F. moupinensis_XZ). The GC contents ranged from 37.2 to 37.3%. Overall, the cp genome of Fragaria encodes a total of 130 genes, including 85 PCGs, 37 tRNA genes, and eight rRNA genes (Figure 1; Table 2). Among these genes, 15 contained a single intron (ndhA, ndhB, petB, petD, rpl2, rpl16, rpoC1, rps12, rps16, trnA-UGC, trnG-GCC, trnI-CAU, trnK-UUU, trnL-UAA, and trnV-UAC), while two harbored two introns (ycf3 and clpP). The trnK-UUU gene had the longest intron (2,492–2,496bp), which contained the matK gene, whereas trnL-UAA was smallest (420bp; Table 3).
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FIGURE 1. Gene map of the Fragaria chloroplast genome. Genes drawn inside the circle are transcribed clockwise, and those outside are transcribed counter clockwise. Color coding is used to show genes belonging to different functional groups. The inner circle indicates the range of the long single-copy region (LSC), short single-copy region (SSC), and inverted repeat regions (IRs) and also shows a GC content graph of the genome. In the GC content graph, the dark gray lines indicate GC content, while light gray lines indicate the AT content of each locus.




TABLE 2. Summary of 34 complete chloroplast genomes for Fragaria species.
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TABLE 3. Genes in the Fragaria chloroplast genome.
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Comparative Analyses

The detailed comparisons of LSC, SSC, and IR boundaries in 19 Fragaria complete cp genomes are shown in Figure 2, revealing differences at boundary regions. There were five genes around borders of these regions, including rps19, rpl2, ycf1, ndhF, and trnH, in which rpl2 and ycf1 had two copies. Overall, F. moschata, F. mandshurica_JL, F. viridis, F. vesca ssp. vesca_1, F. vesca ssp. bracteata, and F. × ananassa showed higher structural similarity, with rps19, rpl2, and trnH genes found at the same distances from the boundaries. The ycf1 gene in Fragaria species spanned 1,092bp from the SSC to IRb region, resulting in a non-functional ѱycf1 fragment gene with the same length in IRa. Additionally, ѱycf1 extended to the SSC region, with different distances ranging from 3bp (F. orientalis) to 37bp (F. daltoniana_1), with the cp genomes of F. mandshurica_JL, F. viridis, F. vesca ssp. vesca_1, F. vesca ssp. bracteata, F. × ananassa, F. chiloensis, and F. virginiana all showing the same gap of 13bp. Moreover, ѱycf1 and ndhF had more length polymorphisms at the IRa/SSC border (Figure 2).
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FIGURE 2. Comparison of the LSC, SSC, and IR border regions among 18 Fragaria chloroplast genomes. Ѱ is used to indicate pseudogenes.


Annotation of the F. gracilis cp genome was used for plotting the total sequence identity of the 18 Fragaria cp genomes in mVISTA (Figure 3). Overall, there was a high similarity among Fragaria species, except F. chinensis_1, F. viridis, and F. orientalis. Furthermore, these results showed non-coding regions are more divergent than coding regions. In our research, the most divergent coding regions in the Fragaria cp genomes analyzed were rpoC2, psbJ, ycf1, and ndhA. In addition, the representative most divergent non-coding regions were rps16-trnQ, trnR-atpA, petN-psbM, trnT-trnL, ndhC-trnV, petA-psbJ, trnP-psaJ, rpl32-trnL, and rps15-ycf1.
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FIGURE 3. Visualized alignment of the Fragaria chloroplast genome sequences with annotations, using mVISTA. Each horizontal row shows the graph for the pairwise sequence identity with the Fragaria gracilis chloroplast genome sequence. The x-axis represents the base sequence of the alignment, and the y-axis represents the pairwise percent identity ranging from 50 to 100%. Gray arrows indicate the position and direction of each gene. Red indicates non-coding sequences (CNS); blue indicates the exons of protein-coding genes (exons); lime green indicates ribosomal RNA (rRNA) or transfer RNA (tRNA) sequences.


Nucleotide diversity (π) was calculated to evaluate the sequence variability level in Fragaria cp genomes using DnaSP 6.0 software (Figure 4). The values ranged from 0 to 0.01016, and the average value was 0.00167. Four more polymorphic regions (π>0.007) were identified, including trnS-trnG, trnR-atpA, trnC-petN, rbcL-accD, and psbE-petL, in which rbcL-accD had the highest π value, and all of these regions were located in the LSC region.

[image: Figure 4]

FIGURE 4. Sliding window analysis of 18 complete chloroplast (cp) genomes of Fragaria species (window length, 600bp; step size, 200bp; x-axis, position of the midpoint of a window; y-axis, nucleotide diversity of each window). Each highly polymorphic region of the Fragaria cp genomes is annotated on the graph.




Phylogenetic Analysis

The GTR+I+G model was selected as the best-fit evolutionary model by using Modeltest 3.7. The phylogenetic tree was constructed using 34 complete cp sequences of Fragaria species, with P. fruticosa and D. saviczii as outgroups. As shown in Figure 5, Fragaria species can be clustered into two groups, A and B, with 100% bootstrap support. Group A included two subgroups, A1 (F. chinensis and F. daltoniana) and A2. Subgroup A2 contained six Fragaria species (F. nubicola, F. pentaphylla, F. corymbosa, F. moupinensis, F. gracilis and F. tibetica) that are mainly distributed in western China. Group B was composed of the remaining species, which included F. nilgerrensis, F. mandshurica, F. viridis, F. orientalis, F. moschata, F. × ananassa, F. chiloensis, F. virginiana, F. vesca ssp. vesca and F. vesca ssp. bracteata. These latter species are from Europe and America, apart from F. nilgerrensis, which is mainly distributed in southeast Asia, F. mandshurica, which is distributed in northeast China, and F. orientalis, which is mainly found in northern Asia.
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FIGURE 5. A maximum likelihood phylogenetic tree was reconstructed based on 34 Fragaria cp genomes. Potentilla fruticosa and Drymocallis saviczii were used as outgroups, and −2x, −4x, and −8x represent the different ploidies of Fragaria spp. Nodes marked with capital letters are discussed in the text.





DISCUSSION


Variations and Evolution of Whole Cp Genomes of Fragaria spp.

In this study, 27 cp genomes of Fragaria species were sequenced and found to range in size from 155,479 to 155,832bp, which falls within the cp genome size range for angiosperms but tends to be smaller than the cp genomes of other Rosaceae species (Palmer, 1985; Cheng et al., 2017). LSC regions showed the most difference in size, ranging from 85,471 to 85,726bp. Additionally, the inferred structures and gene contents were in accordance with previous research (Sun et al., 2021).

Overall, Fragaria cp genomes were highly conservative, both in sequence and structure. Analysis with mVISTA showed that there is high similarity among Fragaria species apart from F. chinensis_1, F. viridis, and F. orientalis. We also observed that most variable regions were located in LSC, and non-coding regions were more variable than coding regions. This is a common phenomenon in the cp genomes of most angiosperms (Nazareno et al., 2015; Cheng et al., 2017; Asaf et al., 2018; Tyagi et al., 2020). Additionally, some of the most divergent regions of ycf1, rps16-trnQ, petN-psbM, and rpl32-trnL, as shown in Figure 5, were consistent with previous research (Cheng et al., 2017), indicating that these regions indeed evolve rapidly in Fragaria.

The size differences among cp genomes in angiosperms may be caused by both the contraction and expansion of IR regions (Raubeson et al., 2007; Zhao et al., 2015, 2018). To elucidate this mechanism in Fragaria, we compared IR/SC boundaries of Fragaria cp genomes. In general, the distribution of border genes is conserved, but the distances between genes and the borders do differ somewhat. The distances between genes and IR/SC borders of F. virginiana, F. orientalis, and F. × ananassa are in accordance with the prior report by Cheng et al. (2017). Fragaria mandshurica, F. viridis, F. moschata, F. × ananassa, F. vesca ssp. vesca and F. vesca ssp. bracteata showed the same gap between rps19, rpl2, ycf1, trnH, and IR/SC junctions, which may explain why these cp genomes are more conserved. Additionally, some species also exhibited the same distances between the rps19 and LSC/IRa border, including F. pentaphylla, F. moupinensis, and F. tibetica. These results also indicated a low level of molecular divergence in the genus Fragaria.

Additionally, rpl2 and rps19 differed in their distances from the LSC/IRa border, which may be owing to IR contraction and expansion. Compared with F. × ananassa, the IR regions of F. pentaphylla, F. daltoniana, F. nubicola, F. chinensis, F. corymbosa, F. moupinensis, F. orientalis, F. gracilis, F. tibetica, F. virginiana, and F. chiloensis expanded to different degrees. Therefore, IR regions of these species are longer than that of F. × ananassa. For the other species in the family Rosaceae, such as Malus (Terakami et al., 2012), Prinsepia (Wang et al., 2013), Pyrus (Li et al., 2018), and Prunus (Kim et al., 2019), rps19 crossed the LSC region and IR region. Additionally, rps19 extended to the IRa region, resulting in the presence of ѱrps19 having the same length within IRb region. Notably, we found that rps19 was located inside the LSC region. The contraction of rps19 inside the LSC region would result in the size of the Fragaria cp genomes being smaller than that of other species in Rosaceae.



Phylogenetic Analysis

The similar morphology of most Fragaria spp. and the geographical overlap in ranges may lead to taxonomic confusion among collected specimens (Johnson et al., 2014) and finally result in misjudgment of phylogenetic relationship. To explore the evolutionary relationships among Fragaria species, we constructed a phylogenetic tree of Fragaria species based on whole cp genomes with more than 99% bootstrap support across all nodes. Our results showed high consistency with previous results, especially for species clustering in group B (Njuguna et al., 2013; Sun et al., 2021). Additionally, our results include multiple individuals of each species from different collection sites, which increases the reliability of the phylogenetic analysis.

The phylogenetic analysis showed that F. × ananassa and two octoploids, F. chiloensis and F. virginiana, formed a group, which was in accordance with the inferred origin of F. × ananassa from a hybridization between F. virginiana and F. chiloensis (Staudt, 1962, 1989). In addition, the two octoploids were considered to share a common maternal ancestor that may be F. vesca or F. mandshurica (Harrison et al., 1997; Rousseau-Gueutina et al., 2009; Dimeglio et al., 2014). Fortunately, we observed that F. vesca ssp. bracteata is evolutionarily closely related to the two octoploids. Similar results were also presented by Sun et al. (2021). Additionally, Njuguna et al. (2013) and Edger et al. (2019) suggested that F. vesca ssp. bracteata was probably the last diploid progenitor to the octoploid species. Thus, the conclusion that F. vesca ssp. bracteata is an ancestor of octoploid species was strengthened. However, the other ancestors of the octoploid species remain uncertain.

The evolutionary relationships of F. nubicola, F. pentaphylla, F. chinensis, F. daltoniana, F. corymbosa, F. moupinensis, F. gracilis, and F. tibetica have never been clear (Rousseau-Gueutina et al., 2009; Sun et al., 2021). These species are mainly distributed in Western China (Lei et al., 2017) and, in our results, they were clustered into group A. In group A2, diploid F. pentaphylla was sister to the tetraploids F. moupinensis and F. tibetica with 99.9% bootstrap support (Figure 5), which was consistent with previous research (Njuguna et al., 2013; Sun et al., 2021). In addition, F. pentaphylla had been suggested to be the diploid ancestor to F. moupinensis (Rousseau-Gueutina et al., 2009; Kamneva et al., 2017). Lei et al. (2017) hypothesized that F. tibetica is a descendant of F. pentaphylla based on their runner branching and number of leaflets. Thus, it can be hypothesized that the tetraploid species F. moupinensis and F. tibetica may share the same female parent of F. pentaphylla, which is supported by their more similar morphological characteristics (Lei et al., 2017) and overlapping distribution in Southwestern China (Staudt, 1989; Johnson et al., 2014; Lei et al., 2017).

In our study, we revealed a sister relationship between F. corymbosa and F. gracilis, which was consistent with Rousseau-Gueutina et al. (2009). And F. corymbosa and F. gracilis have some similar morphological characteristics, such as runners are filiform and monopodial, petioles and peduncles have spreading hairs, fruits are red and tasteless, calyx is reflexed, etc. (Lei et al., 2017). So our results strengthened the point that F. corymbosa and F. gracilis may have the same ancestor (Rousseau-Gueutina et al., 2009). In addition, F. corymbosa and F. gracilis may be the descendent of F. chinensis (Staudt, 2009; Yang and Davis, 2017). Notably, in this study, all accessions of F. chinensis and F. daltoniana were clustered into group A1, in contrast with the findings of previous studies (Yang and Davis, 2017; Sun et al., 2021). Therefore, future research should explore the relationship among F. chinensis, F. corymbosa, and F. daltoniana. In the future, multiple molecular markers, including cp and nuclear sequence data from more samples from different geographical populations, should be combined with geographical distribution data to analyse ancestral state reconstruction to clarify their phylogenetic ancestor relationships among F. moupinensis and F. tibetica; F. chinensis, F. corymbosa, and F. daltoniana; F. vesca ssp. bracteata and the other octoploid species.

Chloroplast capture is an important process of plant evolution (Okuyama et al., 2005). Hybridization and repeated backcross, the cytoplasm of one species is replaced by the cytoplasm of another species through gene flow infiltration, so that the genetic components of the species not only have nuclear genome components inherited from parents, but also capture new chloroplast gene components (Fehrer et al., 2007). More and more studies have proved the phenomenon of organelle DNA introgression (Du et al., 2011), and the phenomenon of chloroplast introgression between plant species has also been observed in previous studies on hazelnut (Hu et al., 2020). In this study, the phylogeographical relationships among Fragaria species were not declared for the lack of geographical population collections. However, clear geographical patterns (Western China, Southwestern China, and Northeastern China) have been clearly inferred in phylogenic tree figure. Chloroplast capture could be another explanation why the chloroplast genome analysis does not appear to reflect the species phylogeographical relationship (Tsitrone et al., 2003). Further research should be conducted by combining multiple molecular tools (e.g., nuclear DNA sequences) together with more comprehensive sampling to clarify if chloroplast capture does occur in Fragaria genus.



Candidate Barcoding Sequences for Fragaria

Species identification based on morphology is affected by season, environment, and human factors, which may cause results to be unreliable (Yang et al., 2020). In recent years, DNA barcoding has been widely used to promote accurate species identification owing to its clear advantages (Tegally et al., 2019; Phi et al., 2020; Islam et al., 2021). The ideal DNA barcode would be a single locus that could be universally amplified and sequenced across a broad range of taxa and provide sufficient variation to reliably distinguish among closely related species (Song et al., 2017). Many introns, coding regions, and intergenic regions, such as trnL-trnF (Potter et al., 2000), accD-psaI (Wang et al., 2017), ycf1-ndhF (Amar, 2020), matK, and trnK (Hilu et al., 2008), have been used as barcodes for constructing phylogenetic relationships. In this study, with the threshold of nucleotide diversity as 0.007, the five intergenic regions, trnS-trnG, trnR-atpA, trnC-petN, rbcL-accD, and psbE-petL were found to be the most divergent and provide potential information for species identification and phylogenetic analyses of Fragaria. Among them, three intergenic regions, including trnS-atpA, rbcL-accD, and psbE-petL were also suggested in Sun et al. (2021). However, the threshold of nucleotide diversity used in Sun et al. (2021) was only 0.006, resulting in a low nucleotide diversity of the selected candidate barcoding sequences. In addition, the amplified fragments of the selected intergenic regions trnS-atpA more than 2,000bp in length would reduce the success of the sequencing. In our study, trnS-trnG and trnR-atpA are located in trnS-atpA regions and the length of these two regions are about 700bp, which will result in the high success of sequencing. Therefore, trnS-trnG and trnR-atpA are more suitable than trnS-atpA to be the potential candidate barcoding sequence.




CONCLUSION

This study provides 27 complete cp genome sequences of 11 wild Fragaria species. Comparative analysis of cp genomes of Fragaria species revealed that their genome structure is highly conserved. However, IR expansion or contraction was observed among different Fragaria cp genomes, resulting in cp genomes of different sizes. Five identified highly variable gene regions (trnS-trnG, trnR-atpA, trnC-petN, rbcL-accD, and psbE-petL) showed strong potential for species identification and phylogenetic relationship construction in the genus Fragaria. Phylogenetic analysis indicated that F. vesca ssp. bracteata may be one of the progenitor species of octoploids. Similarly, we hypothesize that F. pentaphylla is one of the progenitors of F. corymbosa and F. tibetica. The analysis of multiple molecular markers combined with morphological characters would be helpful for future research to test this hypothesis.
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Multiple C2 domain and transmembrane region proteins (MCTPs) are a group of evolutionarily conserved proteins and show emerging roles in mediating protein trafficking and signaling transduction. Although, several studies showed that MCTPs play important roles during plant growth and development, their biological functions in cotton remain largely unknown. Here, we identify and characterize 33 GhMCTP genes from upland cotton (Gossypium hirsutum) and reveal the diverse expression patterns of GhMCTPs in various tissues. We also find that GhMCTP7, GhMCTP12, and GhMCTP17 are highly expressed in the main stem apex, suggesting their possible roles in shoot development. Through analyzing different cotton species, we discover plant heights are closely related to the expression levels of GhMCTP7, GhMCTP12, and GhMCTP17. Furthermore, we silence the expression of GhMCTP genes using virus-induced gene silencing (VIGS) system in cotton and find that GhMCTP7, GhMCTP12, and GhMCTP17 play an essential role in shoot meristem development. GhMCTPs interact with GhKNAT1 and GhKNAT2 and regulate meristem development through integrating multiple signal pathways. Taken together, our results demonstrate functional redundancy of GhMCTPs in cotton shoot meristem development and provide a valuable resource to further study various functions of GhMCTPs in plant growth and development.

Keywords: cotton, main stem apex development, GhMCTP, gene expression, protein interaction, KNOX family protein


INTRODUCTION

The development of multicellular organisms is regulated by various signaling pathways. These signaling transduction events are mediated by extensive intercellular and intracellular membrane trafficking processes, which control the signal perception and the trafficking of signal molecules from one compartment to another. Thus, membrane trafficking regulates the processing, modification, and secretion of signal molecules, or conversely, their translocation to the nucleus (Shilo and Schejter, 2011; Van Norman et al., 2011).

C2 domain is one of the most prevalent eukaryotic lipid-binding domains and could serve as a docking module that targets proteins to a specific intracellular membrane (Nalefski and Falke, 1996; Cho and Stahelin, 2006). A large number of C2 domain-containing proteins have been identified, and most of them are involved in membrane trafficking and signal transduction (Corbalan-Garcia and Gómez-Fernández, 2014). Multiple C2 domain and transmembrane region proteins (MCTPs) are evolutionarily conserved in eukaryotic organisms, containing 3–4 C2 domains at the N-terminus and transmembrane regions at the C-terminus (Shin et al., 2005; Lek et al., 2012). MCTPs mediate the trafficking of key regulators and are essential for signaling transduction in diverse species, thus regulating various developmental processes (Liu et al., 2013; Genç et al., 2017). MCTPs also function as unique membrane tethers controlling endoplasmic reticulum (ER)-plasma membrane (PM) contact specifically at plasmodesmata and regulate cell-to-cell communication (Brault et al., 2019).

The function of MCTP was first identified in Caenorhabditis elegans in a high-throughput RNAi screening. Genetic mutants of MCTP were embryonic lethal (Maeda et al., 2001). In addition, different alleles of mctp mutants in Drosophila were isolated and showed to regulate various developmental processes, including larval development and neurotransmission, suggesting multiple roles of MCTPs in different developmental stages (Tunstall et al., 2012; Genç et al., 2017). However, the molecular functions of MCTPs in regulating these processes were still largely unknown.

The invertebrate organisms C. elegans and Drosophila melanogaster contain a single MCTP gene. In all plant lineages, the number of MCTP repertoire significantly increases, and each of MCTPs exhibits distinct or overlapping patterns of gene expression and subcellular protein localization (Liu et al., 2018a; Hao et al., 2020; Zhu et al., 2020), suggesting more diverse and specific functions of MCTPs in regulating multiple cellular and developmental processes. Several members of MCTP proteins have been identified in plants to mediate the intercellular and intracellular trafficking of various macromolecules. QUIRKY (QKY) and FT-INTERACTING PROTEIN 1 (FTIP1) belong to the MCTP family, mediate the trafficking of florigen protein FLOWERING LOCUS T (FT) from companion cells to sieve elements, thus regulating flowering time in Arabidopsis (Liu et al., 2012, 2019). QKY also interacts with and stabilizes a leucine-rich repeat receptor-like kinase SCRAMBLED (SCM), and is required for proper cell-type patterning and organogenesis (Trehin et al., 2013; Vaddepalli et al., 2014; Song et al., 2019; Mergner et al., 2020). In addition, two other MCTP proteins, FTIP3 and FTIP4, interact with key meristem regulator SHOOTMERISTEMLESS (STM) and control its subcellular localization and intercellular trafficking in the shoot apex, thus determining the fate of shoot apical meristem (Liu et al., 2018b).

Multiple C2 domain and transmembrane region proteins also regulate multiple developmental processes in other plant species. OsFTIP1, the closet ortholog of FTIP1 in rice, mediates the flowering transition by affecting the trafficking of RICE FLOWERING LOCUS T1 (RFT1) from companion cells to sieve elements (Song et al., 2017). OsFTIP1 also determines the nuclear localization of rice MOTHER OF FT AND TFL1 (OsMFT1) and promotes drought tolerance (Chen et al., 2021). Another MCTP protein in rice OsFTIP7 facilitates nuclear translocation of a homeodomain transcription factor, Oryza sativa homeobox 1 (OSH1), to determine the auxin-mediated anther dehiscence in rice (Song et al., 2018). ZmCpd33, the closet homolog of QKY in maize, promotes sucrose export from companion cells into sieve elements (Tran et al., 2019). DOFTIP1, the orchid orthologs of FTIP1, plays an important role in promoting flowering in the orchid Dendrobium Chao Praya Smile (Wang et al., 2017). These results demonstrate that MCTPs are involved in diverse protein trafficking events and regulate plant development.

Upland cotton (Gossypium hirsutum) is an important economic crop in the world, and it is the primary fiber crop and an important oil crop (John and Crow, 1992). The architecture of cotton plants is determined primarily by their plant heights, shoot branching patterns, and flowering patterns, all of which directly affect cotton planting strategies, yield, planting area, mechanized harvesting suitability, and cotton planting costs (Reinhardt and Kuhlemeier, 2002; Su et al., 2018). In G. hirsutum, GhMCTPs have been genome-widely identified and the gene expression patterns have been analyzed (Hao et al., 2020); however, the biological functions of GhMCTPs in G. hirsutum are still largely unknown.

In this study, we systematically investigated MCTPs in cotton and analyzed their gene expressions in various developing cotton tissues. We further characterized the function of GhMCTP7, GhMCTP12, and GhMCTP17 in shoot development. GhMCTP7, GhMCTP12, and GhMCTP17 show distinct or overlapping subcellular localization patterns in Nicotiana benthamiana leaf epidermal cells. They interact with GhKNAT1 and GhKNAT2 and regulate shoot apical meristem development through integrating multiple signaling pathways. Our results demonstrate the functional redundancy of GhMCTPs in shoot development and reveal a gene regulatory framework that determines the meristem fate, providing a valuable resource for cotton architecture improvement.



MATERIALS AND METHODS


Plant Materials

The seeds of upland cotton (G. hirsutum “coker 312”) were surface sterilized with 70% (v/v) ethanol for 1min, and then with 10% hydrogen peroxide for 2h, followed by washing with sterile water several times. The sterilized seeds were germinated on one-half strength Murashige and Skoog (MS) medium (12-h-light/12-h-dark cycle, 28°C), and seedlings were transplanted to the soil for further growth. The roots, stems, main stem apex (MSA, apex length is about 5mm), young leaves of three-leaf stage cotton plants, and 10DPA (days post-anthesis) cotton fiber after flowering were harvested for RNA extraction.

The shoot apexes (about 1cm) of eight upland cotton cultivars (G. hirsutun Okra, Emian JD1718, Lumian 1, Jimian 958, Emian JB2150, Emian SJA146, Emian JC1751, Zaosong2) were harvested for RNA extraction when these plants were flowering. The height of plants was calculated for each cultivar (n=50) when cotton bolls were open.



Sequence Analysis

A BLASTP search was performed using the protein sequences of 16 Arabidopsis MCTPs as query sequences on the website of COTTONGEN1 by chosen the G. hirsutum (AD1) ZJUv2.1 proteins (totally 72,761 protein sequences). The proteins with high sequence similarity (E-value=0) were selected as putative GhMCTPs. All GhMCTP sequences were then manually searched against MotifScan,2 InterProScan,3 and SMART,4 to confirm the sequence containing the C2 domain and PRT_C domain. Finally, a total of 33 GhMCTP members were identified. The chromosomal location, amino acid length, protein molecular mass, and isoelectric point of the 33 GhMCTPs were analyzed using COTTONGEN5 and ExPASy ProtParam.6 DNA and protein sequences were analyzed using DNASTAR software (DNAStar, MD, United States).



Phylogenetic Analysis

The protein sequences of 33 GhMCTPs were used as queries to identify GhMCTP homologs in Gossypium raimondii and Gossypium arboretum from COTTONGEN,7 and different plant species from Phytozome v12.8 A phylogenetic tree of deduced GhMCTP amino acid sequences was constructed using the neighbor-joining algorithm with default parameters, with 1,000 bootstrap replicates in MEGA_X_10.2.4 (Kumar et al., 2016).9



Gene Structure and Chromosomal Mapping

The Gene Structure Display Server Program10 was used to draw the exon-intron structure of GhMCTP genes based on the full-length genome sequence and the corresponding coding sequences. Domain analysis of all MCTP proteins from various plant species was performed by InterProScan. The chromosomal location information of all MCTP genes was derived from the annotation information downloaded on the COTTONGEN (see footnote 5; Supplementary Table 1).11 Based on the location information of GhMCTPs, we manually drew the chromosome map using Photoshop software.



Heat-Map Analysis of Gene Expression

The reads per kb per million reads (RPKM) values denoting the expression levels of GhMCTP genes were obtained from a comprehensive profile of the TM-1 transcriptome data (Trapnell et al., 2012; Zhang et al., 2015),12 and the expression data of main stem apex were generated in this study. A heat-map analysis was performed using TBtools (Chen et al., 2020).13



Expression Analysis

Total RNA was extracted from cotton roots, stems, leaves, ovules, and the 10days fiber after flowering using the RNAprep Pure Plant kit (TIANGEN, Beijing, China) and reverse transcribed using Moloney Murine Leukemia Virus Reverse Transcriptase (Promega, Madison, Wisconsin, United States) according to the manufacturer’s instructions. Quantitative real-time PCR was performed using MJ Research DNA Engine Option 2 detection system with the fluorescent intercalating dye SYBR-Green (Toyobo). The relative expression levels were normalized to a cotton polyubiquitin gene (GhUBI1, GenBank accession no. EU604080).

A two-step PCR procedure was performed in all experiments using the previously described method (Huang et al., 2013). The expressions of the putative target genes were determined using the comparative cycle threshold method. To achieve optimal amplification, PCR conditions for each set of primers were optimized for annealing temperature and Mg2+ concentration. Data presented in the quantitative real-time PCR (qRT-PCR) analysis are the mean and SD of three biological replicates of plant materials and three technical replicates in each biological sample using gene-specific primers. Primers used for qRT-PCR are designed to target GhMCTP-A and GhMCTP-D simultaneously and are listed in Supplementary Table 2.



Yeast Two-Hybrid Assay

The N-terminal fragments of GhMCTP7, GhMCTP12, and GhMCTP17 devoid of the sequences encoding the transmembrane regions were amplified and cloned into pGADT7 (Prey vector, Clontech). The coding sequences of GhKNAT1 and GhKNAT2 were amplified and cloned into pGBKT7 (Bait vector, Clontech). The prey and bait vectors were transformed into AH109 and Y187 cells, respectively. After mating, all transformed cells were grown on a Synthetic Defined-Ade/-His/-Trp/-Leu medium for interaction tests. Primers used are listed in Supplementary Table 2.



Luciferase Complementation Imaging Assay

The coding sequences of GhMCTP7, GhMCTP12, and GhMCTP17 were amplified and cloned into the N-terminal Luciferase fusion vector JW771-N-terminal luciferase fragment (nLUC). The coding sequences of GhKNAT1 and GhKNAT2 were amplified and cloned into the C-terminal Luciferase fusion vector JW772-C-terminal luciferase fragment (cLUC). The resulting plasmids were transformed into Agrobacterium cells, which were infiltrated into N. benthamiana leaves. The luciferase complementation imaging (LCI) assay was performed as described previously (Chen et al., 2008). The LUC luminescence signal was visualized using a cryogenically cooled CCD camera (Night Shade LB985, Berthold Technologies) and indiGO software. Primers used are listed in Supplementary Table 2.



Agrobacterium tumefaciens-Mediated VIGS

Overnight Agrobacterium cultures with the desired tobacco rattle virus (TRV) vectors, including TRV2:GhMCTP7, TRV2:GhMCTP12, TRV2:GhMCTP17, and TRV2:GhKNAT1/2, were infiltrated into two fully expanded cotyledons of 10-day-old cotton plants grown at 22–24°C as described previously (Gao et al., 2013). At least 15 plants were inoculated for each construct. The TRV2:GhCLA1 construct was included as a visual marker for virus-induced gene silencing (VIGS) efficiency. To simultaneously silence the expression of GhMCTP7, GhMCTP12, and GhMCTP17, Agrobacterium cultures containing TRV2:GhMCTP7, TRV2:GhMCTP12, and TRV2:GhMCTP17 were mixed and infiltrated. Primers used are listed in Supplementary Table 2.




RESULTS


Identification of MCTP Genes in Cotton

As MCTPs were first identified in Arabidopsis in plants (Liu et al., 2018a), we used 16 MCTP protein sequences in Arabidopsis as queries to search against the protein database of G. hirsutum to identify putative GhMCTPs in cotton using the BLASTP program in COTTONGEN [G. hirsutum (AD1) ZJUv2.1 proteins (72761)]. The identified MCTP members were further used as queries to search for other possible MCTP proteins in G. hirsutum. All these putative GhMCTP proteins were subjected for domain analysis to confirm that all these candidates contain 3–4 N-terminal C2 domains and phosphoribosyltransferase C-terminal region (PRT_C). Finally, we identified a total of 33 GhMCTP proteins in G. hirsutum (Figure 1).
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FIGURE 1. Characterization of multiple C2 domain and transmembrane region proteins (MCTP) family proteins in upland cotton (Gossypium hirsutum). (A) Thirty-three GhMCTP proteins are classified into seven groups based on phylogenetic analysis of MCTP proteins in G. hirsutum. The phylogenetic tree was generated with MEGA X using the neighbor-joining algorithm. Numbers on the major branches indicate bootstrap values (>50%) in 1,000 replicates. (B) Schematic diagrams showing the gene structures of GhMCTP genes. The coding regions are indicated by black boxes. The intron is represented by a black line. (C) Protein motif analysis of GhMCTPs. The prediction of protein motifs is based on InterProScan. C2 domain and Phosphoribosyltransferase C-terminal are labeled as red and green boxes, respectively. bp, base pair; aa, amino acids.


We classified these 33 GhMCTPs into seven clades through phylogenetic analysis based on multiple sequence alignment (Figure 1A). In addition, we aligned all these GhMCTP protein sequences and identified 16 pairs of MCTP protein with high sequence similarity. The members from each pair are originated from the cotton A subgenome (At, where ‘t’ stands from tetraploid) and D subgenome (Dt), respectively. The GhMCTPs were therefore classified as GhMCTP-A and GhMCTP-D. The members in these two subgroups were further designated according to their locations on the chromosome (Supplementary Figure 1; Supplementary Table 1), according to the naming principle in other cotton genome studies (Paterson et al., 2012; Huang et al., 2020).

We analyzed the gene structures of all GhMCTPs and found most of GhMCTP genes do not contain introns (Figure 1B). Similar to MCTPs in Arabidopsis, most GhMCTP proteins contain 1–4 C-terminal transmembrane regions except for GhMCTP3 (Supplementary Figure 2), suggesting the functional conservation and divergence among MCTPs. We also searched the MCTP proteins in the diploid cotton Gossypium arboreum and Gossypium raimondii (Paterson et al., 2012; Huang et al., 2020), and identified 17 and 18 MCTP members from G. arboreum genome (A-genome) and G. raimondii genome (D-genome), respectively (Supplementary Table 1).



Phylogenetic Analysis of MCTP Homologs in Plants

To identify MCTP homologs in plant genomes, we performed BLASTP or TBLASTN search in protein and genome databases in Phytozome 12 using MCTP1 as a query sequence. We obtained MCTP homologs in different land plants and algae including dicotyledons (G. hirsutum, G. arboreum, G. raimondii, Arabidopsis, Aquilegia coerulea, Amaranthus hypochondriacus, olanum lycopersicum, Eucalyptus grandis, Populus trichocarpa, and Medicago truncatula), monocotyledons (Ananas comosus, Oryza sativa, and Zea mays), moss (Physcomitrella patens), fern (Selaginella moellendorffii), and algaes (Chlamydomonas reinhardtii and Micromonas pusilla; Supplementary Table 3). To understand the evolutionary relationships among MCTPs in plants, MCTP homologs in different species were analyzed in detail using neighbor-joining and maximum likelihood methods, and the unrooted phylogenetic tree was constructed (Figure 2A).
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FIGURE 2. Polygenetic relationships of MCTP homologs in different plant species. (A) Proteins from 10 different species (Arabidopsis thaliana, Medicago truncatula, Solanum lycopersicum, Oryza sativa, Selaginella moellendorffii, G. hirsutum, Populus trichocarpa, Zea mays, Ananas comosus, and Physcomitrella patens) are indicated by different icons and are classified into seven groups. All available gene names are also indicated. The level of statistical support was conducted by neighbor-joining method, and numbers on the major branches indicate bootstrap values. (B) Numbers of MCTP genes in different species.


The MCTP homologs could be classified into seven clades, namely clade I to clade VII. Each clade contains MCTPs from eudicot plants (Figure 2A). The clade I was the largest branch containing 41 members, which are from different plant species including eudicots, monocots, fern, and moss. Clade III is the smallest one with only eight members. Furthermore, clade VII is specific for eudicots, and clade I is the only clade containing MCTPs from moss (P. patens) and fern (S. moellendorffii; Figure 2A). It is noteworthy that MCTPs exist in many plant lineages (Figure 2B), suggesting the fundamental roles of MCTPs in plant development. The number of MCTPs is greatly expanded in dicotyledons and monocotyledons (Figure 2B), indicating that the family members of MCTPs among species increase substantially after several rounds of whole-genome duplication, and may evolve to generate functional specialized MCTPs to respond to changing environmental stimuli.



Expression Analysis of GhMCTPs in Upland Cotton

To identify the potential roles of GhMCTPs in cotton development, the expression patterns of all GhMCTPs were investigated in various cotton tissues, including root, stem, leaf, main stem apex, torus, calycle, pistil petal, and stamen, through analyzing previously published transcriptome datasets (You et al., 2017). We also analyzed the expression of all MCTPs in ovules and fibers at several developmental stages (Figure 3A). Based on their expression profiles, GhMCTPs were generally divided into two groups. One group of GhMCTPs was highly expressed in almost all tissues, including GhMCTP3-A/D, GhMCTP4-A/D, GhMCTP5-A/D, GhMCTP7-A/D, GhMCTP12-A/D, GhMCTP14-A/D, and GhMCTP17-A/D. Members of the other groups were tissue-preferred genes (Figure 3A). For example, GhMCTP1-A and GhMCTP2-A/D were preferentially expressed in petals. GhMCTP6-D, GhMCTP9-A/D, GhMCTP10-A/D, and GhMCTP16-A/D were highly expressed in the main stem apex and ovules at early stages (Figure 3A). This tissue/organ-preferred expression pattern indicates that these MCTPs may function in specific developmental stages.
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FIGURE 3. Expression patterns of GhMCTPs in upland cotton. (A) Heat map analysis of GhMCTP gene expressions in different organs of upland cotton. The relative fold changes in gene expression for all GhMCTP genes were compared. The color from blue to red indicates low to high expression. DBA, days before-anthesis; DPA, days post-anthesis. (B) Quantitative real-time PCR (qRT-PCR) analysis of 17 GhMCTPs in various tissues of upland cotton. Results were normalized against the expression level of GhUBI1. R, root; S, stem; L, leaf; MSA, main stem apex; and 10 DF, fibers at 10-day post-anthesis. Error bars indicate SD.


We further isolated different cotton tissues, including root, stem, leaf, main stem apex, and fibers at 10-day post-anthesis, and carried out qRT-PCR to investigate expression profiles of all GhMCTPs (Figure 3B). The results revealed that GhMCTP genes were expressed in all organs and tissues detected. Furthermore, we found that GhMCTPs from different subfamilies exhibited different expression patterns (Figure 3), suggesting that GhMCTPs might be involved in different cotton developmental processes.



GhMCTP7, GhMCTP12, and GhMCTP17 Function Additively to Regulate Cotton Shoot Meristem Development

The majority of GhMCTP genes were highly detected in the main stem apex (Figures 3A,B), suggesting their possible roles in meristem development. In Arabidopsis, two MCTP proteins, FT INTERACTING PROTEIN 3 (FTIP3) and FTIP4 have been reported to play an essential role in mediating shoot meristem development, thus determining the overall plant architecture (Liu et al., 2018b). GhMCTP12-A and GhMCTP12-D were the closest homologs of FTIP3 and FTIP4 in G. hirsutum (Figure 2A). In cotton, GhMCTP7-A/D and GhMCTP17-A/D showed sequence similarity with GhMCTP12-A/D (Figure 2A), and GhMCTP7, GhMCTP12, and GhMCTP17 were all highly expressed in the main stem apex (Figure 3). These results suggest that they are potential candidates to regulate meristem development.

The effect of different cotton cultivars on plant height was highly significant. We chose eight allotetraploid cotton cultivars and divided them into two groups based on their plant heights (Figure 4A). To understand the roles of GhMCTPs in shoot development, we examined the expressions of GhMCTP7, GhMCTP12, and GhMCTP17 in the shoot apex of selected allotetraploid cotton cultivars and found that the expression levels of GhMCTP7, GhMCTP12, and GhMCTP17 were correlated with their plant heights (Figures 4B–D).
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FIGURE 4. The expression levels of GhMCTP7/12/17 and GhKNAT1/2 are correlated with the average plant height (cm) of cotton varieties. (A) Comparison of plant height of eight allotetraploid cotton cultivars (G. hirsutun). The heights of plants are calculated when cotton bolls were opening. The cotton varieties are divided into two groups according to their plant heights. The varieties over 100cm in height or under 100cm are grouped and are shown in black bars or white bars, respectively. (B-F) Quantitative real-time PCR analysis of GhMCTP7 (B), GhMCTP12 (C), GhMCTP17 (D), GhKNAT1 (E), and GhKNAT2 (F) in main stem apex of different cotton species. The X-axis represents different upland cotton species, while the Y-axis represents gene relative expressions. Results were normalized against the expression level of GhUBI1. Error bars indicate SD of three biological replicates (*p<0.05).


Virus-induced gene silencing is a powerful reverse genetic technology for quick functional characterizations of plant genes, which serves as an alternative to mutant collection or creating stable transgenic lines (Gao et al., 2013; Lange et al., 2013; McGarry et al., 2016). To further understand the biological functions of GhMCTPs in shoot development, we silenced the gene expression of GhMCTP7, GhMCTP12, and GhMCTP17 using TRV-based VIGS technique. Real-time quantitative PCR assays showed that the expressions of GhMCTPs were downregulated in cotton main stem apex of TRV2:GhMCTP plants compared to negative control plants treated with TRV2:00 (Supplementary Figure 3); however, most of the VIGS-mediated gene silencing lines exhibited mild dwarf phenotype compared to those of negative control plants (Figures 5A–C). We reasoned that GhMCTP7, GhMCTP12, and GhMCTP17 might play a redundant role to regulate meristem development. Thus, we conducted a VIGS assay to simultaneously silence the expression of GhMCTP7, GhMCTP12, and GhMCTP17 (Supplementary Figure 3B). The resulting plants exhibited a dwarf phenotype, with down-curly leaves and occasionally shoot branching (Figure 5D; Supplementary Figure 4). Furthermore, the longitudinal sections showed that TRV2:GhMCTP7/12/17 plants had a narrow dome-shaped meristem, and the organs generated at the flanking of the meristems were also malformed and disordered positioned (Figures 5E–H). These results substantiate that GhMCTP7, GhMCTP12, and GhMCTP17 are essential for shoot meristem development.
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FIGURE 5. Phenotypic analyses of TRV2:GhMCTPs plants. (A–C) Plant height comparison of 3–4 leaf stage TRV2:GhMCTP7 (A), TRV2:GhMCTP12 (B), and TRV2:GhMCTP17 (C) plants with TRV2:00 plants (negative control group). Scale bars=5cm. (D) Plant height comparison of four leaf stage TRV2:GhMCTP7/12/17 with TRV2:00 plants (upper panel). The lower panels show the magnified view of boxes indicated in the upper panel. Scale bars=5cm (top) and 1cm (bottom). (E–H) Median longitudinal section of main inflorescence shoot apices of TRV2:00 (E) and TRV2:GhMCTP7/12/17 (G) plants. Scale bars=1μm. (F,H) The magnified views of boxes are indicated in (G) and (H), respectively. Asterisks indicate main inflorescence meristems.




Subcellular Localization of GhMCTP7, GhMCTP12, and GhMCTP17

To determine the subcellular localization of GhMCTP7, GhMCTP12, and GhMCTP17, we transiently expressed their full-length open reading frames fused with the green fluorescent protein (GFP)-MCTPs reporter in N. benthamiana leaf epidermal cells and observed two different types of subcellular localization patterns (Figure 6; Supplementary Figure 5). GhMCTP7 was localized to puncta-like structures in the cytosol within cells (Figure 6A; Supplementary Figure 5). We then coexpressed 35S:GFP-GhMCTP7 with the fluorescence-tagged endosome marker 35S:RFP-RabF2b (Jaillais et al., 2006), and observed GhMCTP7 was partially localized in endosomal compartments (Figure 6D). GhMCTP12 and GhMCTP17 were localized in whole cells and substantially colocalized with an ER marker, RFP-HDEL (Figures 6B,C,E; Nelson et al., 2007). These results suggest that GhMCTP7, GhMCTP12, and GhMCTP17 function coordinately to regulate intercellular signaling and control cotton development.
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FIGURE 6. Subcellular localization of green fluorescent protein (GFP)-GhMCTP7/12/17 in Nicotiana benthamiana leaf epidermal cells. (A–C) Representative GFP fluorescence images of GFP-GhMCTP7 (A), GFP-GhMCTP12 (B), and GFP-GhMCTP17 (C). Scale bars=50μm. (D) Colocalization of GFP-GhMCTP7 with an endosome marker (RFP-RabF2b). (E) Co-expression of GFP-GhMCTP12 with an ER marker (ER-RFP). Scale bars=10μm.




GhMCTP7/12/17 Interact With GhKNAT1/2 to Regulate Shoot Development

FTIP3 and FTIP4, two MCTP proteins in Arabidopsis, are required for shoot apical meristem development through mediating subcellular localization and intercellular trafficking of STM (Liu et al., 2018b). GhMCTP7, GhMCTP12, and GhMCTP17 shared high sequence similarities with FTIP3 and FTIP4 in Arabidopsis (Figure 2A). Our finding on the tissue expression patterns of GhMCTP7, GhMCTP12, and GhMCTP17 in the shoot apex and their roles in cotton meristem development prompted us to investigate whether GhMCTP7, GhMCTP12, and GhMCTP17 interact with KNOTTED1 (KN1)-like homeobox (KNOX) family proteins in cotton, like their counterparts in Arabidopsis (Liu et al., 2018b).

First, we examined the expression profiles of all GhKNAT genes in different tissue of upland cotton. The results showed that GhKNAT1 and GhKNAT2 were highly expressed in the main stem apex (Supplementary Figure 6). We then investigated whether GhMCTP7/12/17 interact with GhKNAT1/2. We conducted a detailed analysis of protein interaction between GhMCTP7/12/17 and GhKNAT1/2. Yeast two-hybrid assays revealed that the GhMCTP7/12/17∆™, a truncated GhMCTP7/12/17 devoid of the transmembrane region, interacted with GhKNAT1/2 (Figure 7A). To test the interaction between GhMCTP7/12/17 and GhKNAT1/2 in planta, we performed luciferase complementation imaging (LCI) assays. We coexpressed nLUC-GhMCTP7/12/17 and cLUC-GhKNAT1/2 and detected fluorescence signals in N. benthamiana leaves (Figures 7B,C). These results demonstrate the protein interactions between GhMCTP7/12/17 and GhKNAT1/2 in plants.
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FIGURE 7. GhMCTP7/12/17 interact with GhKNAT1/2. (A) Yeast two-hybrid assay showing the interaction between GhMCTP7/12/17∆™ and GhKNAT1/2. Transformed yeast cells were grown on SD -Ade/-His/-Leu/-Trp medium. (B,C) Luciferase complementation imaging (LCI) assays showing that GhMCTP7/12/17 interact with GhKNAT1 (B) and GhKNAT2 (C) in N. benthamiana leaves. Fluorescence signal intensities represent their protein interaction intensities.


Comparing the expression levels of GhKNAT1 and GhKNAT2 in the shoot apex of selected allotetraploid cotton cultivars, we also found that the expression levels of GhKNAT1 and GhKNAT2 were higher in the taller cotton variants (Figures 4E,F), suggesting that GhKNAT1 and GhKNAT2 are the potential regulators for meristem development. Then, we further investigated the effects of GhKNAT1 and GhKNAT2 on meristem development. We silenced the expression of GhKNAT1 and GhKNAT2 using the VIGS in soil-grown upland cotton. Most of these TRV2:GhKNAT1/2 plants exhibited a dwarf phenotype (Figure 8A). Examination of some selected plants revealed that the expressions of GhKNAT1 and GhKNAT2 were downregulated in these TRV2:GhKNAT1/2 plants (Figure 8B), suggesting that GhKNAT1 and GhKNAT2 regulate meristem development.
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FIGURE 8. Phenotypic analyses of TRV2:GhKNAT1/2 plants. (A) Plant height comparison of 5–6 leaf stage TRV2:GhKNAT1/2 plants with TRV2:00 plants (negative control group). (B,C) Expression analysis of GhKNAT1 and GhKNAT2 in main stem apex of TRV2:00 (B) and TRV2:GhKNAT1/2 (C) plants, respectively. Results were normalized against the expression level of GhUBI1. Error bars indicate SD of three biological replicates (*p<0.05).




GhMCTP7/12/17 Are Involved in the Regulation of Multiple Signal Pathways

KNOTTED1-like homeobox transcription factors promote meristem function through directly targeting various transcription factors and genes participating in hormone pathways (Bolduc et al., 2012). Given that GhMCTP7/12/17 may regulate meristem development through mediating the function of GhKNAT1/2, we further conducted a detailed expression analysis to investigate the involvement of GhMCTP7/12/17 in regulating key regulators in meristem development and hormone signaling pathway.

To further characterize the functions of GhMCTP7/12/17 and GhKNAT1/2, the expressions of selected genes, which counterparts in Arabidopsis are key regulators in shoot meristem development and genes in various hormone signaling pathways, were analyzed. First, key regulators with high expression in the main stem apex were selected based on the public expression data (Supplementary Figures 7–10). We then carried out qRT-PCR to examine the expressions of the selected genes in the main stem apex of TRV2:00, TRV2:GhMCTP7/12/17, and TRV2:GhKNAT1/2 plants (Figure 9). Gh AGAMOUS-LIKE 8-1/-2 (GhAGL8-1/-2), the homologs of APETALA1 (AP1) in cotton, regulate plant height and early maturity of cotton (Su et al., 2018). GENERAL REGULATORY FACTORs (GRFs) play important roles in flowering regulation and meristem development (Sang et al., 2021). We found that the expressions of GhAGL8-1/2 and GhGRF6 were downregulated in both TRV2:GhMCTP7/12/17 and TRV2:GhKNAT1/2, suggesting the delayed determination of floral meristem identity (Figures 9A,B).
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FIGURE 9. Quantitative analysis of multiple shoot meristem regulators in main stem apex of TRV2:00, TRV2:GhMCTP7/12/17, and TRV2:GhKNAT1/2 plants. The expression levels of GhALG8-1 (A), GhAGL8-2 (B), GhGRF6 (C), GhGA2OX1-1 (D), GhGA20OX2-1 (E), GhIPT2 (F), and GhYUC3 (G) in TRV2:GhMCTP7/12/17 and TRV2:GhKNAT1/2 plants. Results were normalized against the expression level of GhUBI1. Error bars indicate SD of three biological replicates (*p<0.05; **p<0.01).


KNOTTED1-like homeobox protein promotes meristem development through repressing gibberellin (GA) biosynthesis and activating cytokinin (CK) pathway (Jasinski et al., 2005). KNOX protein also regulates the expressions of auxin-related genes (Bolduc et al., 2012), suggesting that KNOX protein integrates multiple phytohormone signaling pathways to regulate meristem development. We studied the expression of cytokinin biosynthesis and signaling genes, auxin biosynthesis and signaling genes, GA biosynthesis and catabolism genes in both TRV2:GhMCTP7/12/17 and TRV2:GhKNAT1/2. We observed that the expression of GA catabolic enzyme GhGA2OX1-1 was elevated in both TRV2:GhMCTP7/12/17 and TRV2:GhKNAT1/2, whereas GA biosynthesis gene GhGA20OX2-1, CK biosynthesis gene Gh ISOPENTENYLTRANSFERASE 1 (GhIPT1), and auxin biosynthesis gene Gh YUCCA3 (GhYUC3) were consistently downregulated in TRV2:GhMCTP7/12/17 and TRV2:GhKNAT1/2 (Figures 9E–G). These results suggest that MCTP7/12/17 regulate meristem development partially through GhKNAT1/2-mediated regulatory pathway.

We also observed that some other regulators in meristem development and phytohormone signaling pathway in main stem apex of TRV2:00, TRV2:GhMCTP7/12/17, and TRV2:GhKNAT1/2 plants (Supplementary Figure 11). Stem cell regulators Gh AINTEGUMENTA-1/-2/-3 (GhANT-1/-2/-3), Gh GROWTH-REGULATING FACTOR 1 (GhGRF1), and Gh GRF1-INTERACTING FACTOR 3 (GhGIF3) were downregulated in TRV2:GhMCTP7/12/17 plants (Mudunkothge and Krizek, 2012; Kim and Tsukaya, 2015); however, their expressions in TRV2:GhKNAT1/2 plants were not changed (Supplementary Figures 11A–E). In addition, we observed that, although the expressions of Gh CLAVATA3/ESR-RELATED 27 (GhCLE27) and Gh KNOTTED1-LIKE HOMEOBOX GENE 4 (GhKNAT4) were consistently downregulated in both TRV2:GhMCTP7/12/17 and TRV2:GhKNAT1/2 plants, the downregulation of GhKNAT4 and GhCLE27 was more obvious in TRV2:GhMCTP7/12/17 plants (Fletcher, 2020; Supplementary Figures 11F,G). Auxin efflux regulator Gh PIN-FORMED 3/-2 (GhPIN3/-2) and Gh PHOTOSYSTEM I LIGHT HARVESTING COMPLEX GENE2 (Gh LHCA2) has been reported to regulate cotton height (Su et al., 2018; Ma et al., 2019). We observed that the expressions of GhPIN3/-2 and GhLHCA2 were downregulated in TRV2:GhMCTP7/12/17 plants, but minor altered in TRV2:GhKNAT1/2 plants (Supplementary Figures 11H–J). Furthermore, the expression of GhARR5D, which functions in the cytokinin signaling pathway, was increased in TRV2:GhMCTP7/12/17 plants but not in TRV2:GhKNAT1/2 plants (Supplementary Figure 11L). These results demonstrate that GhMCTP7, GhMCTP12, and GhMCTP17 also regulate meristem development independent of GhKNAT1 and GhKNAT2, possible through other KNOX family members.




DISCUSSION

The development of multicellular organisms relies on the coordination of a variety of specialized cell types through intercellular communication. MCTP family proteins in Arabidopsis and its orthologs in several plant species have been shown to play an important role in protein intercellular movement and are essential for plant development (Liu et al., 2013, 2019; Hao et al., 2020; Zhu et al., 2020). MCTP proteins have been identified in the cotton genome (Hao et al., 2020); however, their biological functions are still largely unknown. In this study, we identified 33 GhMCTP genes from the upland cotton genome and analyzed their evolutionary relationships. Through examining the expression patterns of all GhMCTPs in different tissues of upland cotton, we found that GhMCTP7, GhMCTP12, and GhMCTP17 are highly expressed in the main stem apex and play a key role in shoot development. GhMCTP7/12/17 interacted with GhKNAT1/2 and modulated the expression of multiple shoot meristem regulators in a GhKNAT1/2-dependent and independent manner. Our findings suggest that GhMCTP proteins are evolutionarily conserved in upland cotton and play conserved roles in meristem development.

We have systematically characterized 33 GhMCTP genes in G. hirsutum, which are grouped into seven clades based on the phylogenetic analysis (Figure 1A). The key feature of MCTPs is the presence of multiple C2 domain at the N-terminus and PRT_C domain at the C-terminus (Figure 1C). All MCTPs in Arabidopsis contain the C-terminal transmembrane region, which anchors the MCTP in the intracellular membrane. In upland cotton, GhMCTP3 does not contain the C-terminal transmembrane region, and the transmembrane regions of some GhMCTPs are located in the N-terminal C2 domain region (Supplementary Figure 2), suggesting the functional divergence among MCTPs in different species. Comparing with the limited number of MCTPs in animals, a large number of MCTPs are identified in cotton and other plant lineages (Figure 2A), implying that plants have evolved functional specialized MCTPs to regulate distinct biological processes. We also noticed that all GhMCTPs exist in cotton A subgenome and D subgenome, demonstrating their fundamental roles in cotton development. Chromosome distribution of GhMCTP shows that GhMCTP genes are dispersed across the chromosome but not in a cluster pattern (Supplementary Figure 1), indicating that the GhMCTP gene family does not simply arise from chromosome region duplication but also are involved in the extensive reshuffling and divergent evolution. It is also noteworthy that MCTP family proteins exist in most plant lineages (Figure 2B), suggesting the fundamental roles of MCTPs in plant development. GhMCTPs exhibit distinct or overlapping expression patterns in various tissues at different developmental stages (Figure 3), demonstrating MCTPs are functionally specialized during plant evolution.

In Arabidopsis, different MCTPs showed distinct patterns in various tissues, and no MCTPs exhibited the identical expression pattern at both vegetative and reproductive tissues (Liu et al., 2018a), suggesting that MCTPs might be differentially regulated and play different roles in various tissues. Additionally, some MCTPs share similar expression patterns in several tissues (Liu et al., 2018a), indicating that MCTPs might function redundantly during plant development. To understand the biological function of GhMCTPs in cotton, we examined the expression patterns of all GhMCTP in various tissues and revealed their distinct or overlapping expressions in various tissues (Figure 3). GhMCTP7, GhMCTP12, and GhMCTP17 are highly expressed in the shoot apex, and their expression levels are correlated with the plant heights in different allotetraploid cotton cultivars. Furthermore, plants with the downregulation of GhMCTP7, GhMCTP12, and GhMCTP17 exhibit dwarf phenotype, demonstrating that they might function redundantly to regulate meristem development.

Multiple C2 domain and transmembrane region proteins have been shown to regulate multiple developmental processes by mediating the trafficking of various macromolecules. In Arabidopsis, FTIP3 and FTIP4 interact with and regulate STM intercellular and intracellular trafficking, thus affecting the protein distribution within the meristem (Liu et al., 2018b). Regulation of STM trafficking at subcellular and tissue levels causes early termination of shoot apices and continuously generation secondary shoots, resulting in dwarf and bushy phenotypes. The position of leaves and branches, timing of the flowering, and relative position of reproductive structures are traits that affect cotton productivity. Genetic engineering the cotton architecture is crucial for cotton domestication and will benefit crop production. GhMCTP7, GhMCTP12, and GhMCTP17 show high sequence similarity with FTIP3 and FTIP4, hinting that GhMCTP7, GhMCTP12, and GhMCTP17 might regulate meristem development through KNOX family proteins. Considering the protein interactions between GhMCTP7/12/17 and GhKNAT1/2 (Figures 7, 8), we reasoned that GhMCTP7, GhMCTP12, and GhMCTP17 might regulate the function of GhKNAT1 and GhKNAT2 to modulate meristem development. Consistently, gene silencing of GhKNAT1 and GhKNAT2 in TRV2:GhKNAT1/2 results in a dwarf phenotype (Figure 7), similar to TRV2:GhMCTP7/12/17.

KNOTTED1-like homeobox-like transcription factors promote meristem function through regulating various transcription factors and manipulating phytohormone pathways (Jasinski et al., 2005; Bolduc et al., 2012). We examined some of the putative downstream targets of GhKNAT1 and GhKNAT2 in the main apex of TRV2:00, TRV2:GhMCTP7/12/17, and TRV2:GhKNAT1/2 plants (Figure 9). The expression levels of several GhKNAT1/2 putative targets are consistently upregulated or downregulated in both TRV2:GhMCTP7/12/17 and TRV2:GhKNAT1/2 plants (Figure 9). We also observed that genes with altered expression in TRV2:GhMCTP7/12/17 are not similarly affected in TRV2:GhKNAT1/2, suggesting that GhMCTP7, GhMCTP12, and GhMCTP17 also regulate meristem development independent of GhKNAT1 and GhKNAT2 (Supplementary Figure 11). Taken together, these results demonstrate that GhMCTP7, GhMCTP12, and GhMCTP17 function redundantly to regulate meristem development partially through GhKNAT1 and GhKNAT2.

Plant development requires cell-cell communication and the coordination of various specialized cell types. Non-cell-autonomous signals are one of the regulatory mechanisms to integrate various signals and coordinate plant development. Through the combination of different approaches, an increasing number of mobile signals, such as transcription factors and peptides, have been discovered to regulate plant growth. Severe mutations of key regulators in plants always lead to embryonic lethality or obvious growth defect, which precludes evaluation of later phenotypes and prevents its application for crop breeding (Paaby and Rockman, 2013). Genetic engineering the cis-elements of key regulators will bypass its lethality effect and expose multiple pleiotropic roles of this gene (Hendelman et al., 2021). Regulation of protein trafficking will be another alternative approach to make dysfunction of key regulators. MCTP-mediated regulation of proteins at sub-cellular and tissue levels provides a chance to modulate the protein function at the desired degree, which could generate a phenotype that different from the severe mutants and provide important implications for biotechnological application for crop breeding.



CONCLUSION

In conclusion, our systematic analysis of GhMCTPs in upland cotton illustrates their diverse expression patterns. We find that GhMCTP7, GhMCTP12, and GhMCTP17 are highly expressed in the main stem apex, and they function redundantly to regulate the development of the main stem apex and affect cotton architecture. We also show that the expression levels of GhMCTP7, GhMCTP12, and GhMCTP17 in the shoot apex of eight selected allotetraploid cotton cultivars are correlated with their plant heights. In addition, VIGS plants silenced for GhMCTP7, GhMCTP12, and GhMCTP17 show a dwarf phenotype. Taken together, this study provides important clues for studying the function of GhMCTPs, deepens our understanding of cotton apex regulation, and establishes a resource for cotton breeding.
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The K+ efflux antiporter (KEA) mediates intracellular K+ and H+ homeostasis to improve salt tolerance in plants. However, the knowledge of KEA gene family in cotton is largely absent. In the present study, 8, 8, 15, and 16 putative KEA genes were identified in Gossypium arboreum, G. raimondii, G. hirsutum, and G. barbadense, respectively. These KEA genes were classified into three subfamilies, and members from the same subfamilies showed similar motif compositions and gene structure characteristics. Some hormone response elements and stress response elements were identified in the upstream 2000 bp sequence of GhKEAs. Transcriptome data showed that most of the GhKEAs were highly expressed in roots and stems. The quantificational real-time polymerase chain reaction (qRT-PCR) results showed that most of the GhKEAs responded to low potassium, salt and drought stresses. Virus-induced gene silencing (VIGS) experiments demonstrated that under salt stress, after silencing genes GhKEA4 and GhKEA12, the chlorophyll content, proline content, soluble sugar content, peroxidase (POD) activity and catalase (CAT) activity were significantly decreased, and the Na+/K+ ratio was extremely significantly increased in leaves, leading to greater salt sensitivity. Under high potassium stress, cotton plants silenced for the GhKEA4 could still maintain a more stable Na+ and K+ balance, and the activity of transporting potassium ions from roots into leaves was reduced silenced for GhKEA12. Under low potassium stress, silencing the GhKEA4 increased the activity of transporting potassium ions to shoots, and silencing the GhKEA12 increased the ability of absorbing potassium ions, but accumulated more Na+ in leaves. These results provided a basis for further studies on the biological roles of KEA genes in cotton development and adaptation to stress conditions.

Keywords: upland cotton, K+ efflux antiporter (KEA), salt and potassium stresses, virus-induced gene silencing, K+ transport


INTRODUCTION

With changes in the global environment, crops are facing abiotic stress environments such as soil salinization, drought and extreme temperatures in the process of production. Salt stress is one of the most important abiotic stress factors, that seriously affect the growth, development and survival of plants (Munns, 2002; Liu et al., 2010). Although cotton is considered to be a salt-tolerant and drought-tolerant crop, the restrictions on cotton growth and yield caused by high salt and drought stress cannot be ignored. Research has shown that when the salt concentration exceeds a certain threshold, the normal physiological function and material metabolism of cotton are significantly affected, and the growth and development of cotton are inhibited, which leads to a decrease in yield and a deterioration in fiber quality (Sharif et al., 2019). On the one hand, when the salt concentration is high, the content of sodium ions is significantly higher than the content of potassium ions, resulting in a higher Na+/K+ ratio, which destroys the water balance in the plant cells (Hauser and Horie, 2010); on the other hand, salt stress can lead to plant membrane damage, enzyme activity inhibition, metabolic disorders, etc., resulting in plant growth inhibition and even death (Munns and Tester, 2008). K+ is one of a large number of mineral elements needed by plants, and it also plays an important role in plant salt tolerance (Britto and Kronzucker, 2008). Plants balance excessive Na+ by accumulating K+ to reduce the damage caused by salt stress (Cuin et al., 2003). Therefore, it is very important for plants to absorb and transport potassium ions effectively.

In plants, there are many proteins that consume energy to absorb potassium ions from the outside environment, that is, proteins that carry out active transport. These proteins, called potassium transporters, are divided into three families according to their structures and functions: the KUP/HAK/KT family, the HKT family and the CPA family (Gierth and Maser, 2007). The CPA (Cation Proton Antiporter) family mediates the homeostasis of ions and pH in cells, maintains osmotic balance, and regulates plant growth and development and signal transduction. The CPA family is divided into two subfamilies: CPA1 and CPA2. The CPA1 subfamily is mainly NHX (Na+/H+ exchanger) transporters, and the CPA2 subfamily includes KEA (K+ efflux antiporter) and CHX (Cation/H+ exchanger) transporters (Chanroj et al., 2011). The numbers of CHX gene families have increased dramatically from charophyte algae to flowering plants (Aranda-Sicilia et al., 2012). Fan et al. (2021) studied the molecular evolution and expansion of KUP gene family in Gossypium hirsutum and G. barbadense, and found that KUP family genes showed different expression levels under various stress treatment. In our previous study, KUP/HAK/KT gene family and NHX gene family have been identified and found to be involved in abiotic stress response (Fu et al., 2020; Yang et al., 2021). Compared with the diverse CHX gene family, the number of KEA family members varies from plant to plant. Seven, 4, 4, 12, 6, and 24 KEA family members were identified in Populus trichocarpa, Oryza sativa, Sorghum bicolor, Glycine max, Zea mays, and Triticum aestivum, respectively (Ye et al., 2013; Sze and Chanroj, 2018; Sharma et al., 2020). The KEA family in higher plant was first reported in Arabidopsis thaliana and originated from bacterial glutathione-regulated K+ efflux antiporters KefB and KefC with an N-terminal Na+/H+ exchanger domain and a C-terminal KTN-NAD (H)-binding domain (also known as the TrkA-N domain) (Maser et al., 2001; Choe, 2002; Chanroj et al., 2012). The AtKEA family was divided into KEAI and KEAII. KEAI was divided into Ia and Ib according to its N-terminal domain and had a complete C-terminal KTN domain, which was closely related to EcKefB and EcKefC proteins (Booth, 2003; Fujisawa et al., 2007; Chanroj et al., 2012). KEAII lost the KTN domain at the C-terminus and had high homology with cyanobacteria, which was similar to the transmembrane coiled coil protein 3 (TMCO3) (Chanroj et al., 2012). The first research on the KEA family showed that AtKEA2 was located on the chloroplast, and was involved in the regulation of K+ and the pH of the plastid (Aranda-Sicilia et al., 2012). The inner envelope AtKEA1 and thylakoid AtKEA3 transporters were reported to be involved in chloroplast function, osmotic regulation, photosynthesis and pH regulation, and resisted high potassium and high hygromycin in yeast (Zheng et al., 2013; Kunz et al., 2014). In addition, genetic analysis showed that AtKEA4, AtKEA5, and AtKEA6 had similar tissue expression patterns, and they cooperated with endosomes NHX5 and NHX6 to promote the pH homeostasis and salt tolerance (Zhu et al., 2018). Therefore, the KEA gene family not only plays a significant role in K+ transport but also may be involved in abiotic stress responses in plants.

However, to date, there have been no reports on the genome-wide identification and characterization of the cotton KEA gene family members. With the publication of the cotton genome sequence and transcriptome data, it is possible to comprehensively identify and analyze the KEA gene family, which is also a key step in studying the function of cotton KEA genes. In this study, members of the KEA gene family in G. arboreum, G. raimondii, G. hirsutum, and G. barbadense were identified. The physical and chemical properties, chromosome distributions, gene structures, evolutionary relationships, gene replications and expression patterns were comprehensively analyzed. The functions of GhKEA4 and GhKEA12 under salt and potassium stresses were preliminarily explored by virus-induced gene silencing (VIGS) experiments. This research provides basic data for further study on the function of KEA genes in cotton.



MATERIALS AND METHODS


Identification of the K+ Efflux Antiporter Gene Family

The genome databases of Gossypium arboreum (accession number: PRJNA382310) (Du et al., 2018), Gossypium raimondii (accession number: PRJNA171262) (Paterson et al., 2012), Gossypium hirsutum (accession number: PRJNA433615) (Wang M. et al., 2019) and Gossypium barbadense (accession number: PRJNA433615) (Wang M. et al., 2019) were obtained from the CottonGen database1 (Yu et al., 2014). In addition, the genome databases of Arabidopsis thaliana (accession number: PRJNA10719), Oryza sativa (accession number: PRJNA448171), Zea mays (Schnable et al., 2009), Populus trichocarpa (Tuskan et al., 2006), Sorghum bicolor (accession number: PRJNA374837), Triticum aestivum (Mayer et al., 2014) and Glycine max (accession number: ACUP00000000) were downloaded from the phytozome database2. The protein sequences of AtKEA1-AtKEA6 were used to construct the hidden markov model (HMM) of the conserved domain of a specific KEA gene family. The HMMER 3.0 program and the constructed HMM model were used to search the predicted KEAs from the above plant genomes. The default parameter of the e-value threshold was set at 1e-50. Then, the NCBI Conserved Domain Database3 and SMART database4 were used to confirm whether the candidate protein sequences contain the special domain of the KEA family (Letunic et al., 2015). The protein sequence length, molecular weight (Mw), isoelectric point (pI), grand average of hydropathicity (GRAVY) and subcellular localization of the identified KEA members were predicted from the ExPasy website5 and ProtComp 9.06 (Artimo et al., 2012).



Sequence Alignments and Phylogenetic Analysis

All the identified KEA protein sequences from G. arboreum, G. raimondii, G. hirsutum, G. barbadense, Arabidopsis thaliana, Oryza sativa, Zea mays, Populus trichocarpa, Sorghum bicolor, Triticum aestivum, and Glycine max were aligned by ClustalX 2.0 (Larkin et al., 2007). The phylogenetic tree was constructed using the neighbor-joining (NJ) method of MEGA 7.0 with the p-distance model and 1000 bootstrap replications (Kumar et al., 2016).



Locations of K+ Efflux Antiporter Gene on Cotton Chromosomes and Gene Duplication Analysis

The chromosome physical locations of the KEA gene family were extracted from the genome annotation file information of G. hirsutum, G. raimondii, G. barbadense, and G. arboreum, and the positions of KEA genes on chromosomes were visualized with Map Chart 2.2 software (Voorrips, 2002). The replication gene pairs of G. hirsutum, G. raimondii, and G. arboreum were detected by MCScanX software (Wang et al., 2012), and gene replication was confirmed according to the following conditions: the coverage of the alignment sequence was ≥80% of the longer gene; the similarity of the regions on the alignment was ≥80%; tightly linked genes on the same chromosome were considered tandem duplications. Circos was adopted to plot the diagram of segmental duplication events on chromosomes (Krzywinski et al., 2009). KaKs_Calculator 2.0 software was used to calculate the non-synonymous mutation rate (Ka) and synonymous mutation rate (Ks) of KEA gene replication (Wang et al., 2010).



Gene Structure and Conserved Motif Analysis

The GhKEA proteins were used for multiple sequence alignment by ClustalX 2.0. The exon-intron structures of upland cotton KEA genes were analyzed on the Gene Structure Display Server (GSDS 2.07) (Hu et al., 2015). The conserved motifs of KEA proteins were identified by the MEME program. The optimization parameters were set as follows: size distribution, zero or once per sequence; motif count, 10; pattern width, between 6 and 50 residues (Bailey et al., 2006).



Promoter Region Cis-Acting Element Analysis

DNA sequences 2000 bp upstream of the KEA start codon (ATG) were retrieved from the G. hirsutum genome database and submitted to PlantCARE8 for analysis of cis-acting elements (Lescot et al., 2002).



Gene Expression Pattern Analysis

The raw RNA-sequencing data of G. hirsutum TM-1 in different tissues were obtained from previously reported transcriptome data (accession number: PRJNA248163) (Zhang et al., 2015). TBtools was used to draw a heatmap, using row-scale and zero to one scale methods, showing the expression patterns of GhKEAs (Chen et al., 2020).



Plant Materials and Treatments

In this study, G. hirsutum Texas Marker-1 (TM-1) was cultivated by hydroponics with hoagland nutrient solution by Solarbio Biology Co., Ltd., and grown in a climate-controlled chamber with a light/dark cycle of 16 h at 28°C/8 h at 22°C. When the third true leaf was unfolded (approximately 4 weeks), it was treated with NaCl (300 mMol/L), KCl (0.03 mMol/L), PEG6000 (30%) and control group. Samples were taken at 0, 1, 3, 6, 12, and 24 h respectively. All the samples were immediately frozen in liquid nitrogen and stored at –80°C.



Construction of the Virus-Induced Gene Silencing Vector and Determination of Physiological Parameters

The GhKEA4 (Ghir_D12G011600.1) and GhKEA12 (Ghir_A06G009360.1) fragments of 300 nt were introduced by primers, respectively. The fragments of the above genes were then ligated into the pYL156 vector. The primers used for vector construction are listed in Table 1. The recombinant vector was transformed into Agrobacterium tumefaciens LBA4404. According to the method mentioned by Gao et al. (2016), we injected LBA4404 bacterial solution carrying pYL156 (empty vector), pYL156-GhKEA4, pYL156-GhKEA12, pYL156-CLA1 (positive control) and pYL192 (helper vector) into the cotyledons of TM-1. After 24 h of dark treatment, the cotton plants were moved to a greenhouse with 12 h of light/12 h of darkness for approximately 15 days, and then treated with NaCl. Before salt treatment, 5–6 leaves of control plants and VIGS plants were taken and weighed immediately. Then the leaves were placed in a petri dish with filter paper, placed in a 28°C incubator, set to three repeats, and weighed every other hour. Water loss rate of isolated leaves = (leaf fresh weight-leaf dry weight)/leaf fresh weight × 100%. The experiment was repeated three times independently.


TABLE 1. List of the primers used to construct PYL-156 vectors in present study.
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After 24 h of 300 mM NaCl treatment, 0.1 g of sample powder mixed by at least 20 cotton plants were taken to determine the total chlorophyll content, soluble sugar content and proline (Pro) content, as well as catalase (CAT) activity and peroxidase activity (POD). And three biological replicates were performed. Chlorophyll was extracted with a ratio of ethanol to acetone (1:1), and the absorbance was measured at 663 and 645 nm (Sun et al., 2013). Other indicators used the kit developed by Solarbio Biology Co., Ltd., and the specific operation steps were guided according to the operating instructions.



Measurement of K+ and Na+ Concentration

First, control plants and plants silenced for the target gene were sampled before and after treatment with 300 mM NaCl (high salt), 0.2 mM KCl (low potassium) and 10 mM KCl (high potassium). The samples were then quickly put at 105°C for 30 min to kill and dried at 80°C for 48 h until the weight was unchanged. 0.5 g of plant sample was weighed and used for determination of Na+ and K+ contents (Bao, 2005).



RNA Extraction and Quantificational Real-Time Polymerase Chain Reaction Analysis

Total RNA was isolated from the collected samples using the RNA-prep Pure Plant Kit (TIANGEN, Beijing, China). One microgram of RNA was reverse transcribed into cDNA using the Prime Script RT Reagent kit (Takara, Japan), and the system was diluted fivefold upon completion of reverse transcription for the next experiment. SYBR Premix Ex Taq (Takara) and the ABI 7500 Real-time PCR system (Applied Biosystems) were used to carry out quantificational real-time polymerase chain reaction (qRT-PCR) experiments. The protocol was performed as follows: step 1: 95°C for 30 s; step 2: 40 cycles of 95°C for 5 s, and 60°C for 34 s; and step 3: melting curve analysis. For each sample, three biological repeats were performed to obtain reliable results (Livak and Schmittgen, 2001). The specificity of the qRT-PCR primers was demonstrated by ePCR and melting curves. The cotton histone-3 gene (GenBank accession number AF024716) was used as an internal reference gene to normalize the expression level of the target gene (Liu et al., 2017). The data were calculated according to the 2–ΔΔCt formula (Livak and Schmittgen, 2001). Gene specific primers for qRT-PCR were designed by Oligo 7 (Table 2).


TABLE 2. List of the primers used for quantitative real-time PCR in present study.
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RESULTS


Identification and Characteristics of K+ Efflux Antiporters in Gossypium spp.

Based on the HMM model of the KEA specific protein conserved domain constructed by the ATKEA1–ATKEA6 protein sequences, a total of 8, 8, 15, and 16 KEA members were identified from G. arboreum, G. raimondii, G. hirsutum, and G. barbadense, respectively (Table 3). All these putative genes were detected to contain the typical Na+/H+ exchanger domain (pfam: PF00999) and some members contained the TrkA-N domain (pfam: PF02254) of the KEA gene family in CDD and SMART databases. The confirmed members of the KEA gene family were named GaKEA1 to GaKEA8, GrKEA1 to GrKEA8, GhKEA1 to GhKEA15 and GbKEA1 to GbKEA16 according to the size of the e-values screened. These putative GaKEAs encoded proteins ranging from 595 amino acids (aa) (GaKEA8) to 1209 aa (GaKEA2), while GrKEAs encoded ranging from 573 aa (GrKEA6) to 1209 aa (GrKEA2), GhKEAs encoded 121 aa (GhKEA15) to 1210 aa (GhKEA2) and GbKEAs encoded 441 aa (GbKEA16) to 1209 aa (GbKEA2 and GbKEA4). Most members of the KEA family have transmembrane domains, which means that these proteins may be located on the membrane. The location of these proteins on chromosomes and the predicted molecular weight (MW), isoelectric point (pI) and grand average of hydropathicity (GRAVY) are shown in Table 3.


TABLE 3. Basic information for KEAs in Arabidopsis thaliana, G. arboreum, G. raimondii, G. hirsutum, and G. barbadense.
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The results of subcellular localization prediction indicated that the proteins in KEAI were found to be located in the chloroplast (Table 3). AtKEA1, -2, -3 in Arabidopsis belong to the KEAI clade were shown to be subcellular localized in chloroplasts (Aranda-Sicilia et al., 2012; Kunz et al., 2014; Sheng et al., 2014). Online tool prediction showed that the proteins in the KEAII clade were located in the plasma membrane (Table 3). However, KEA4, -5, -6 in Arabidopsis belong to the KEAII clade were shown to be subcellular localized to the Golgi, trans-Golgi reticulum, and the prevacuolar compartment/multivesicular bodies (Zhu et al., 2018; Wang Y. et al., 2019). This is inconsistent with the online website prediction results, and the subcellular localization results of KEA in upland cotton require further validation.



Phylogenetic Analysis

Using the same method, a total of 4, 7, 7, 4,13, and 12 members were identified from Oryza sativa, Zea mays, Populus trichocarpa, Sorghum bicolor, Triticum aestivum, and Glycine max, respectively (Table 4). To examine the evolutionary relationship of KEA proteins, an unrooted phylogenetic tree was constructed using 94 KEA protein sequences from 11 species (excluding TaKEA8, TaKEA12, TaKEA13, ZmKEA6, ZmKEA7, OsKEA4 short sequences, as they did not meet the requirement of 1000 bootstrap replicates) (Figure 1). The phylogenetic tree was divided into three main categories namely KEAIa, KEAIb, and KEAII, which were consistent with the members of the AtKEA gene family (Aranda-Sicilia et al., 2012; Chanroj et al., 2012). The 11 species had distributed members in all three classifications. Among these members, the KEAII branch was the largest group, containing 46 members, while branch KEAIb was the smallest, with only 16 members. However, in the two large categories of KEAI and KEAII, the distributions of members were basically uniform. For example, 7 and 8 members of upland cotton were distributed in branch KEAI and branch KEAII, respectively. By checking the sequence characteristics, we determined that the sequence of KEAIa was the longest (except GhKEA15 and GbKEA16), and the length of KEAII was the shortest.


TABLE 4. The KEA member ID and their names of seven species.
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FIGURE 1. Phylogenetic relat ionship of KEA gene family. The analysis included full-length protein sequences from G. hirsutum, G. raimondii, G. barbadense, G. arboreum, Arabidopsis thaliana, Oryza sativa, Zea mays, Populus trichocarpa, Sorghum bicolor, Triticum aestivum, and Glycine max. Using MEGA software, 1000 bootstrap repetitive phylogenetic trees were constructed by neighbor-joining method.




Chromosome Distribution and Gene Replication Events

To determine the evolutionary relationship of KEA genes in cotton, the number and location of genes on the chromosome were analyzed (Figure 2). Each chromosome contained only one or two KEA genes. All GaKEAs and GrKEAs were distributed on 6 chromosomes, while GhKEAs and GbKEAs were distributed on six chromosomes of At subgenomes and six chromosomes of Dt subgenomes. Comparing the location and number of chromosomes on which the GaKEAs were located with the At subgenomic chromosomes on which the GhKEAs and the GbKEAs were located, we found that the location and number of genes distributed on these chromosomes of the KEA genes were basically the same. This phenomenon suggested that the distributions of KEA genes in the cotton genome were relatively conservative.
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FIGURE 2. Chromosome distribution of KEAs in G. arboreum, G. raimondii, G. hirsutum, and G. barbadense. The scale stands for mega-base (Mb). The chromosome numbers are shown above each vertical line.


Gene replication events are very important for the expansion of the gene family. In general, gene replication events include tandem repeats and segmental repeats (Cannon et al., 2004; Xu et al., 2012). In this study, tandem repeat genes were defined as adjacent homologous genes on a single chromosome, and there was no more than one intermediate gene. A total of 9, 12, and 10 gene duplication pairs were identified between the At and Dt subgenomes of G. hirsutum and their corresponding ancestral A and D diploid genomes, respectively (Table 5). The data showed that all members of the KEA gene family were amplified only by segmental replication, which meant that segmental replication played a key role in the evolution of the KEA gene family. The syntenic relationships of putative KEA genes among two diploid genomes (G. arboreum and G. raimondii) and subgenomes in cultivated allotetraploid (G. hirsutum) were shown in Figure 3. The results showed that GaKEAs and GrKEAs were distributed among 5 and 6 chromosomes of A geneme and D genome, respectively, whereas GhKEAs were distributed among 6 and 6 chromosomes of At and Dt subgenomes, respectively. The Ka:Ks ratio can be used to judge whether the homologous gene is under positive selection pressure (Ka:Ks > 1) or purification selection pressure (Ka:Ks < 1). The results showed that the Ka:Ks ratios of GhKEA gene pairs were less than 1, indicating that KEA homologous gene pairs had undergone purifying selection during evolution and may have similar functions (Table 5).


TABLE 5. The Ka/Ks ratio of repetitive gene pairs between upland cotton A and D subgenomes and their corresponding ancestor An and D diploid genomes.
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FIGURE 3. Syntenic relationships among KEA genes of two diploid (G. arboreum, G. raimondii) and one allotetraploid (G. hirsutum) cotton was visualized in a circos plot. The chromosomes of G. arboreum, G. raimondii, and G. hirsutum were shaded with red, blue, and green colors, respectively.




Analysis of Gene Structure and Conservative Motif Distribution

Phylogenetic analysis showed that the GhKEA gene family was divided into three groups, containing 8, 2, and 5 members (Figure 4A). The sequences of most members of each subfamily were similar, indicating their close evolutionary relationship. The gene length of GhKEA15 was the shortest and that of GhKEA13 was the longest. The exon numbers of GhKEAs were ranged from 4 to 20, but most of the genes contained at least 15 exons, except that GhKEA15 contained only 4 exons (Figure 4B). The GhKEA proteins were further analyzed by the MEME program and 10 conserved motifs were identified (Figure 4C). Most GhKEA members contained multiple motifs, except GhKEA15 (1 motif), and motif 1, motif 2, motif 3, motif 4, motif 7, and motif 10 were widely distributed in these members. Motif 5 existed in the KEAIb and KEAII classes, motif 6 only did not exist in KEAIb, and motif 8 and motif 9 existed only in the KEAII class. Members of the same subfamily have similar motif characteristics, exon-intron structures and gene lengths, supporting a close evolutionary relationship.
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FIGURE 4. Phylogenetic relationship, exon-intron structure, and conserved motif of KEA genes in G. hirsutum. (A) The rootless tree is constructed in MEGA, and the three subfamilies are represented by different colors. (B) The number, length, and location of exons and introns in GhKEAs. Boxes and lines represent exons and introns, respectively. (C) Distribution of conserved motifs in the GhKEA gene family.




Analysis of Cis-Elements in Putative GhKEA Promoter Regions

To analyze the cis-elements that may be involved in the regulation of GhKEAs, the upstream 2000 bp sequence from the start codon (ATG) of each GhKEA gene was extracted for analysis. The cis-elements were classified into hormone response elements, stress response elements and plant growth and development elements (Figure 5). The hormone response elements included mainly salicylic acid (SA), methyl jasmonate (MeJA), gibberellin (GA), auxin (IAA) and abscisic acid (ABA). Most of the GhKEAs promoter regions contained 2–4 hormone response elements, except GhKEA11 (1 ABA response element). Of these, GhKEA5, GhKEA6, GhKEA8, and GhKEA12 contained the most hormone response elements, while GhKEA14 contained the largest number. Among these hormone response elements located in the promoter regions of GhKEAs, the largest number is the MeJA response element, followed by the ABA response element (Figure 5A). Previous studies have shown that MeJA and ABA were the main plant hormone signaling molecules under stress (Mantyla et al., 1995; Pichersky and Gershenzon, 2002), so we speculated that GhKEAs might be involved in various stress responses of upland cotton.
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FIGURE 5. The number of plant hormone cis-acting elements and induced stress cis-acting elements in the promoter fragment of GhKEAs. (A) The sum of hormone response cis-acting elements in each member of GhKEAs. (B) The sum of cis-acting elements of stress and development in each member of GhKEAs.


The stress response elements and plant growth and development elements of the GhKEAs were shown in Figure 5B. GhKEA1 contained most kinds of elements, including zein metabolism regulation elements (O2-site), low temperature response elements (LTR), endosperm expression regulatory elements (GCN4_motif), drought response elements (MBS), defense and stress elements (TC-rich repeats) and anaerobic induction elements (ARE). In addition, GhKEA7 contained the largest number of components, while GhKEA9 contained only one ARE element. Among the elements, the content of anaerobic inducible elements (AREs) was the highest, followed by Zein metabolic regulatory elements (O2 sites). In previous study, zein and its hydrolyzates have antioxidant activity (Diaz-Gomez et al., 2018), so we inferred that GhKEAs could have high antioxidant activity and antioxidant stability. These results further indicated that the KEA genes might be involved in the stress response of upland cotton.



Organ Expression Pattern Analysis of GhKEAs

To determine the expressions of GhKEAs in various tissues of upland cotton, the transcription data of GhKEAs in different tissues (anther, filament, pistil, petal, root, leaf, and stem) in TM-1 were analyzed. As shown in Figure 6, GhKEAs were widely expressed in different tissues, and the same gene was highly expressed in several different tissues. The expressions of GhKEAs in these tissues could be divided into three groups. Group a contained GhKEA1, GhKEA3, GhKEA5, and GhKEA6, which were expressed in anthers, petals and leaves. Group b consisted of GhKEA9, GhKEA10, GhKEA11, and GhKEA13, which were highly expressed in the pistils. The last group c was composed of GhKEA2, GhKEA4, GhKEA7, GhKEA8, GhKEA12, and GhKEA14, these genes were highly expressed in the pistils, roots and stems. The multiple expression patterns indicated that the functions of GhKEAs had been differentiated in long-term evolution.


[image: image]

FIGURE 6. Hierarchical clustering of GhKEAs expression levels in ten different tissues of TM-1. The genes are displayed on the right side of each line, and the phylogenetic relationship is shown on the left (A–C).




GhKEAs Expression Patterns Under Multiple Stresses

According to the analysis of cis-elements in the promoter region and previous studies on the KEA genes in other plants, GhKEAs might be involved in the stress response. To test this hypothesis, we used the available transcriptome data to analyze the expression profiles of 15 GhKEAs under salt and drought treatments, and further verified by qRT-PCR experiment. As shown in Figure 7A, GhKEAs were regulated by PEG treatments. The transcriptome data showed that the expression levels of GhKEA2, GhKEA4, GhKEA9, GhKEA10, GhKEA12, GhKEA13, and GhKEA14 were significantly upregulated under PEG stress. However, the expression levels of GhKEA1, GhKEA3, GhKEA5, GhKEA6, and GhKEA7 were significantly downregulated. In addition, the expression levels of GhKEA8 and GhKEA11 were decreased at first and then increased. Then, we selected five genes from each of the above upregulated and downregulated groups to carry out qRT-PCR experiments and further verify their response to drought stress. The data showed that GhKEAs expressions could be regulated by PEG treatment (Figure 7B). After PEG treatment, the expressions of GhKEA2, GhKEA4, GhKEA10, GhKEA12, and GhKEA14 were increased, while the expressions of GhKEA1, GhKEA3, GhKEA5, GhKEA6, and GhKEA7 were decreased, which was basically consistent with the results in the transcriptome database.
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FIGURE 7. Expression profiles of GhKEAs under drought stress. (A) Hierarchical clustering of 15 GhKEAs expression levels under PEG treatment. (B) Quantificational real-time polymerase chain reaction (qRT-PCR) results of 10 GhKEAs under PEG treatment. 0, 1, 3, 6, 12, and 24 h represent hours after PEG treatment. The experiments were repeated three times and provided consistent results. The gene names are shown on the right. Color blocks represent the relative expression levels of GhKEAs. Error bars indicates SD (**p < 0.01, 0.01 < *p < 0.05, n = 3).


At the same time, we also analyzed the gene expression pattern under salt conditions in publicly available RNA-seq data, and the results showed that the expressions of GhKEAs were induced by salt stress (Figure 8A). The expressions of GhKEA9, GhKEA10, and GhKEA12 were upregulated, while the expressions of GhKEA5, GhKEA6, and GhKEA11 were downregulated. What’s more, the expressions of GhKEA7, GhKEA8, GhKEA13, and GhKEA14 were upregulated at first and then downregulated, and reached the highest level at 1 h after treatment, while the expressions of GhKEA1, GhKEA2, GhKEA3, and GhKEA4 were also upregulated and then downregulated. The difference was that the expressions of these 4 genes reached the highest level at 3–6 h. The inconsistent expression patterns of GhKEAs under the same stress may be due to their different promoter elements, resulting in their possible regulation by different upstream genes and thus affecting their expression patterns. We selected 10 GhKEAs from the above groups to further investigate the effect of salt stress on their expressions by qRT-PCR (Figure 8B). The results were basically consistent with the RNA-seq data; the expression levels of GhKEA2, GhKEA7, GhKEA8, GhKEA13, and GhKEA14 were upregulated at first and then downregulated, GhKEA5 and GhKEA11 were downregulated, and GhKEA9, GhKEA10, and GhKEA12 were upregulated.
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FIGURE 8. Expression profiles of GhKEAs under salt stress. (A) Hierarchical clustering of 15 GhKEAs expression levels under NaCl treatment. (B) qRT-PCR results of 10 GhKEAs under NaCl treatment. 0, 1, 3, 6, 12, and 24 h represent hours after NaCl treatment. The experiments were repeated three times and provided consistent results. The gene names are shown on the right. Color blocks represent the relative expression levels of GhKEAs. Error bars indicates SD (**p < 0.01, 0.01 < *p < 0.05, n = 3).


To verify the potential roles of GhKEAs in potassium absorption and transport, qRT-PCR experiments were used to observe whether the GhKEAs responded to low potassium treatment. The results are shown in Figure 9. The expressions of GhKEAs responded to low potassium treatment, and 15 GhKEAs were divided into three groups according to their expression characteristics. In group a, the expressions of GhKEAs were downregulated after low potassium treatment. The expressions of GhKEA5, GhKEA6, and GhKEA15 in group b were upregulated at first, then downregulated, and then upregulated. The gene expressions in group c first increased and then decreased. Among them, the expressions of GhKEA7, GhKEA8, GhKEA9, and GhKEA12 reached the highest level at 1 h after low potassium treatment, while the expressions of GhKEA2, GhKEA4, and GhKEA11 reached the highest level at 12 h, and only GhKEA10 reached the highest level at 3 h. These results indicated that GhKEAs might regulate the abiotic stress response to low potassium ions in the environment and participate in the absorption and transport of potassium ions in cotton.
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FIGURE 9. The qRT-PCR results of GhKEAs under low potassium treatment. 0, 1, 3, 6, 12, and 24 h represent hours after low potassium treatment. Error bars show the standard deviation of three biological repeats.




Silencing of GhKEA4 and GhKEA12 Compromise the Tolerance of Cotton to Salt Stress

Analysis of the promoter regions of GhKEAs revealed that the promoter regions of both GhKEA4 and GhKEA12 contain ABA and MeJA hormone response elements as well as antioxidant response elements ARE. GhKEA12 was significantly differentially expressed under low potassium stress and significantly up-regulated by drought and salt stress. The expression of GhKEA4 was significantly up-regulated under drought stress, while it also responded to low potassium and high salt stress. Then, GhKEA4 and GhKEA12 were selected for the VIGS experiments and salt treatments. The albino phenotype on the pYL156-CLA1 cotton plant ensured the success of the VIGS experiment (Figure 10A). As shown in Figure 10B, the expressions of the GhKEA4 and GhKEA12 in the corresponding VIGS plants leaves were significantly lower than the expressions in the pYL156 empty vector plants, indicating that the genes had been silenced successfully. Then these plants were treated with salt to observe the phenotype. Figure 10A showed that after salt stress, cotton plants silenced for GhKEA4 and GhKEA12 showed obvious wilting compared with control cotton plants. Subsequently, the leaves of these plants were treated with drought in vitro, to calculate the water loss rate of detached leaves. The results showed that the water loss rates of cotton leaves were significantly higher than that of control plants after silencing GhKEA4 and GhKEA12 genes, indicating that the water holding capacity of leaves decreased after silencing the target gene (Figure 10E). In order to further investigate the effects of salt stress on the physiological and biochemical characteristics of plants, the chlorophyll content, proline content, soluble sugar content, peroxidase (POD) activity and catalase (CAT) activity in VIGS cotton leaves were measured after salt stress. The results showed that after salt treatment, CAT and POD in control plants were extremely significantly and significantly higher than those in plants silenced for the target gene (Figure 10F). Furthermore, the soluble sugar, proline and total chlorophyll contents in the leaves of control plants were significantly higher than those of plants silenced for the target gene (Figures 10G–I). These results indicated that the salt tolerance of cotton plants decreased after silencing GhKEA4 and silencing GhKEA12.
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FIGURE 10. Silencing GhKEA4 and Silencing GhKEA12 in cotton can destroy the tolerance of cotton to salt stress. (A) The phenotypes of positive control, empty control, and virus-induced gene silencing (VIGS) plants under salt treatment. (B) The expression levels of GhKEA4 and GhKEA12 in pYL156 and VIGS plants leaves. (C,D) Relative expression levels of K and Na transport related genes in pYL156 and VIGS plants leaves. (E) The water loss rate of isolated leaves of control plants and VIGS plants leaves. (F) The activities of CAT and POD in empty control and VIGS plants leaves after salt treatment. (G–I) After salt treatment, the contents of soluble sugar, proline and chlorophyll in empty control and VIGS plants leaves. Error bars indicate SD (**p < 0.01, 0.01 < *p < 0.05, n = 3).


In addition, the results of the expression levels of related genes encoding K and Na transporters showed that GhAKT2 was down-regulated, GhHKT1, GhPOT11, GhNHX1, and GhNHX6 were up-regulated in plants silenced for the target gene, while GhNHX2 was up-regulated in plants silenced for GhKEA4 and down-regulated in plants silenced for GhKEA12 (Figures 10C,D).



K+ and Na+ Contents in Virus-Induced Gene Silencing Cotton Plants Under High Salt, High Potassium, and Low Potassium Stress

In order to preliminarily characterize the potassium ion transport activity of KEA gene, the K+ and Na+ content in cotton silenced for GhKEA4 and GhKEA12 before and after high salt, high potassium, and low potassium treatments were measured. The results showed that under control conditions (untreated), after silencing GhKEA4 in cotton plants, the Na+ content in stems and roots was extremely significantly higher than that in empty vector control plants, the K+ content in the entire plant was significantly increased, but only the Na+/K+ ratio in roots was extremely significantly increased (Figures 11B,C). After silencing the GhKEA12 gene in cotton plants, the Na+ content in leaves was extremely significantly higher than that in empty vector control plants, the K+ content in the entire plant was extremely significantly increased, and only the Na+/K+ ratio in stems was extremely significantly decreased (Figure 11A). The results showed that the Na+/K+ balance could be basically maintained after silencing GhKEA4 and GhKEA12 genes.
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FIGURE 11. Changes in Na+, K+ content and Na+/K+ ratio in plants injected with empty vector and in plants silenced for GhKEA4 and silenced for GhKEA12 under high salt, high and low potassium stress. (A) Leaf. (B) Stem. (C) Root. Error bars indicate SD (**p < 0.01, 0.01 < *p < 0.05, n = 3).


Under salt stress, after silencing the GhKEA4 gene in cotton plants, the Na+ content in leaves and roots was significantly higher than that in unloaded control plants, the K+ content was significantly decreased in leaves and stems and significantly increased in roots, and the Na+/K+ ratio was significantly increased in leaves and significantly decreased in roots (Figure 11), indicating that silencing the GhKEA4 gene decreased the potassium ion transport activity from the lower ground to the shoot of plants under salt stress, resulting in a higher Na+/K+ ratio in leaves. After silencing GhKEA12, the Na+ content in the plants was extremely significantly increased, the K+ content was extremely significantly increased in the roots, significantly decreased in the leaves and stems, and the Na+/K+ ratio in the plants was extremely significantly increased (Figure 11), indicating that the potassium transport activity was decreased and the sodium transport activity was increased in the plants silenced GhKEA12, resulting in the plants with a higher Na+/K+ ratio.

Under high potassium treatment, the contents of Na+ and K+ in plants silenced with GhKEA4 increased significantly, but their Na/K ratio did not change significantly (Figure 11), indicating that cotton silenced with GhKEA4 could still maintain a more stable Na+ and K+ balance. Additionally, Na+/K+ ratio was significantly increased in leaves and stems and significantly decreased in roots in GhKEA12-silenced plants, indicating that potassium ion transport activity from roots to leaves was reduced in plants with GhKEA12 gene silencing.

Under low potassium stress, the Na+ content in leaves and roots of plants silenced for the GhKEA4 was extremely significantly decreased and significantly increased in stems. K+ content was significantly increased in leaves and stems and extremely significantly decreased in roots. Na+/K+ ratio was extremely significantly decreased in leaves and stems and significantly increased in roots (Figure 11), indicating that silencing of GhKEA4 gene increased the activity of plants to transport potassium to shoots under low potassium conditions; K+ content in plants silenced with GhKEA12 was extremely significantly increased, the Na+ content in leaves and roots was extremely significantly increased in stems, Na+/K+ was extremely significantly increased in leaves, and significantly decreased in stems and roots, indicating that silencing with GhKEA12 gene improved the ability of plants to absorb potassium, but accumulated more Na+ in leaves, resulting in higher Na+/K+ in leaves.




DISCUSSION

The AtKEAs are homologous to EcKefB and EcKefC of Escherichia coli (Chanroj et al., 2012). When EcKefB/EcKefC binds to its helper proteins EcKefF and glutathione, the conformation of the KTN domain changes, which turns on the potassium ion transport switch of EcKefB/EcKefC (Miller et al., 2000; Roosild et al., 2002, 2009, 2010). Some studies have shown that the expressions of AtKEA1, AtKEA3, and AtKEA4 were enhanced under low potassium stress, and the expressions of AtKEA2 and AtKEA5 were enhanced under sorbitol and abscisic acid treatment (Aranda-Sicilia et al., 2012; Kunz et al., 2014; Zhu et al., 2018). The CPA family in some plants has been identified and verified (Maser et al., 2001; Chanroj et al., 2012; Ye et al., 2013; Zhou et al., 2016; Sharma et al., 2020), but there are few studies to identify the CPA family in cotton, especially the KEA family, which is a subfamily of the CPA family. In the current study, we identified the members of the KEA family in cotton by sequence similarity, and then carried out a comprehensive bioinformatics analysis of the KEA gene in cotton. The comprehensive analysis of the characteristics of the cotton KEA gene family will provide a basis for further research.


Evolution and Characterization of the K+ Efflux Antiporter Gene Family in Cotton Species

Genome-wide doubling events occurring in the process of plant evolution have had a lasting and far-reaching impact on plants, and some plants have even experienced whole-genome doubling events repeatedly (Tuskan et al., 2006). Approximately 130 million years ago, the common ancestor of dicotyledons experienced a genome-wide triploid event (Jaillon et al., 2007). Then, cotton independently experienced a genome-wide pentaploid event (Paterson et al., 2012; Wang et al., 2016). Allotetraploid upland cotton enlarged the number of genes after multiple replication events. In this study, 8, 8, 15, and 16 KEA genes were identified in G. raimondii, G. arboreum, G. hirsutum, and G. barbadense, respectively. The number of KEA genes in tetraploid cotton is approximately the sum of KEA genes in G. arboreum and G. raimondii. The unbalanced distribution of KEA genes on each chromosome number proved the existence of genetic variation in the process of evolution (Paterson et al., 2012; Zhu and Li, 2013; Yu et al., 2014). Based on the classification of the KEA gene family in Arabidopsis (Maser et al., 2001), all putative KEA genes in this study can be divided into three subfamilies. The lineal homologous genes of monocotyledons tend to form lineal homologous gene pairs at the end of the branches of phylogenetic trees, while the KEA genes of dicotyledons tend to be clustered together, possibly due to the different functions of KEA proteins in monocotyledons and dicotyledons (Li et al., 2016). Furthermore, the gene members of each subfamily not only have similar gene structure, sequence length and motif structure, but also have the same results of subcellular location prediction. These results suggested that the members of the KEA gene family may show relatively conservative functions in the growth of upland cotton, especially those of the same subfamily (Palusa et al., 2007). The similarities and differences in the gene structure, domain and motif of GhKEAs may be related to the long evolutionary history and gene replication of cotton (He and Zhang, 2005). In the process of gene family evolution, tandem replication and segmented replication contributed to the emergence of gene families to a certain extent. We found that GhKEAs could be amplified only by segmental replication, indicating that segmental replication played a key role in the evolution of the GhKEA gene family. Collinear analysis showed that most of the KEA homologous gene pairs between the At and Dt subgenomes of G. hirsutum and their corresponding A and D diploid genomes were located in the collinear region. Based on these results, we speculated that whole genome replication was the main driving force for the expansion of the KEA gene from diploid to allotetraploid.



GhKEAs May Play an Important Role in Facilitating K+ Homeostasis

Maintaining the homeostasis of intracellular ions is not only the basic cellular activity needed for plant growth, but also the basis for regulating plant growth and development and coping with environmental stress (Yang et al., 2019). Previous studies have shown that AtKEA1, -3, and -4 are induced by low potassium stress (Zheng et al., 2013) and that the AtKEA gene family plays a key role in K+ homeostasis and osmoregulation (Zheng et al., 2013; Kunz et al., 2014; Zhu et al., 2018). In this report, the expression characteristics of GhKEAs under low potassium stress were characterized for the first time, and most of the GhKEAs were induced by low potassium stress. For example, GhKEA12, as an ortholog of AtKEA4, showed significant changes in its expression levels under low potassium stress. Many studies have demonstrated that the KEA family with Na+/H+ exchanger domains and NAD-binding (KTN) domains participates in the absorption and transport of potassium ions (Qiu et al., 2003; Bölter et al., 2020). Therefore, to preliminarily explore the involvement of GhKEAs in K+ transport, the contents of K+ and Na+ in the leaves of silenced GhKEA4 cotton plants and silenced GhKEA12 cotton plants were examined. In addition, silencing GhKEA4 and GhKEA12 decreased the activity of transporting potassium ions in leaves under high salt condition, resulting in higher Na/K ratio in leaves. Silencing GhKEA12 inhibited K+ transport activity and increased Na+ content in cotton leaves under high potassium stress. Silencing GhKEA12 increased K+ transport activity and Na+ absorption capacity under low potassium stress. However, the effect of silencing GhKEA4 gene on K+ transport activity in plant leaves was very low under high and low potassium stresses. GhKEA4 is an ortholog of AtKEA2, and it has been shown that AtKEA2 is involved in K+ homeostasis in chloroplasts or plastids (Aranda-Sicilia et al., 2012), which is consistent with our results. Alternatively, it has also been shown that AtKEA2 has an important function in maintaining local osmotic pressure, ionic and pH homeostasis, and the formation of thylakoid membranes (Kunz et al., 2014; Ali, 2016; Aranda-Sicilia et al., 2016). While GhKEA12 is an ortholog of AtKEA6, AtKEA6 likewise plays a role in maintaining ion homeostasis (Zhu et al., 2018), as indicated by the K+ uptake system (Tsujii et al., 2019). Overall, our results demonstrated that the GhKEAs were involved in regulating the dynamic balance of intracellular K+ during the growth and development of cotton.

It has been shown that AKT1 is involved in K+ uptake in the micromolar concentration range (Spalding et al., 1999); HKT1 and KUP7 have an important role in regulating K homeostasis in plants (Han et al., 2016; Wang et al., 2018); and Na+ and H+ exchange rates are significantly increased in vacuoles of plants overexpressing the AtNHX1 gene (Apse et al., 1999). We found significant changes in the expression levels of these genes in cotton silenced for GhKEA4 or GhKEA12 genes. These results suggest that there may be a “genetic compensation” mechanism for potassium ion absorption and transport in cotton.



GhKEAs Regulate Cotton Response to Salt Stress

We analyzed the cis-acting elements in the promoter region of the upland cotton KEA gene family and found a variety of stress-responsive cis-acting elements such as TC-rich repeats and MBS. Studies have shown that ABA and MeJA played an important role in regulating plant stress responses (Reyes and Chua, 2007; Tavallali and Karimi, 2019). ABA response elements (ABREs) and MeJA response elements (TGACG-elements and CGTCA-motifs) were obtained in the cis-acting elements of the GhKEA gene family. Moreover, qRT-PCR results showed that the GhKEA gene family responded positively to stress in the early or late stages of salt and drought treatments. When plants are subjected to salt stress, a large number of reactive oxygen species accumulate, leading to lipid peroxidation and interfering with the normal physiological process (Jithesh et al., 2006). POD and CAT are important antioxidant enzymes for scavenging reactive oxygen species in plants (Harb et al., 2010). At the same time, proline and soluble sugar, as important substances regulating plant cell osmotic potential, promote the scavenging of intracellular reactive oxygen species to some extent (Ullah et al., 2018). In this study, GhKEA4 and GhKEA12, which were sensitive to salt treatment, were selected for VIGS experiments. The results showed that the water loss rate of detached leaves, the contents of proline and soluble sugar, and the activities of POD and CAT in VIGS plants were lower than those in the blank control to varying degrees. AtKEA2 and AtKEA6, paralogs of GhKEA4 and GhKEA12, have been reported to confer tolerance to high Na+ stress in Arabidopsis (Aranda-Sicilia et al., 2012; Wang Y. et al., 2019). It has been reported that salt stress-induced production of ROS can promote K+ entry into the cytoplasm, thereby reducing the Na+/K+ ratio (Ma et al., 2012). We speculated that excessive accumulation of ROS in plants under salt stress may further promote GhKEAs to transport K+, reduce the Na+/K+ ratio, and then promote the accumulation of osmoregulatory substances to improve tolerance to abiotic stress, and the conclusion needs further verification.




CONCLUSION

Under salt stress, plants accumulate a large amount of Na+ and inhibit the absorption of K+, resulting in an imbalance in the ion dynamic balance. Ion transporters can maintain ion homeostasis in plant inner membrane systems. In the present study, K+ efflux transporters were identified in Gossypium spp. Then, the distribution, sequence structure and expression pattern of the KEA gene family in cotton were analyzed in detail at the whole genome level, as well as its potential function in cotton growth and development and response to abiotic stress. In addition, VIGS experiments were used to be verified that the GhKEAs could maintain a relatively stable Na/K ratio in upland cotton under high salt, high potassium and low potassium stresses, as well as play an important function in salt stress. The comprehensive analysis of KEA genes in this study lays a foundation for future functional research on cotton KEA genes.
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Buckwheat (Fagopyrum genus, Polygonaceae), is an annual or perennial, herbaceous or semi-shrub dicotyledonous plant. There are mainly three cultivated buckwheat species, common buckwheat (Fagopyrum esculentum) is widely cultivated in Asia, Europe, and America, while Tartary buckwheat (F. tataricum) and F. cymosum (also known as F. dibotrys) are mainly cultivated in China. The genus Fagopyrum is taxonomically confusing due to the complex phenotypes of different Fagopyrum species. In this study, the chloroplast (cp) genomes of three Fagopyrum species, F. longistylum, F. leptopodum, F. urophyllum, were sequenced, and five published cp genomes of Fagopyrum were retrieved for comparative analyses. We determined the sequence differentiation, repeated sequences of the cp genomes, and the phylogeny of Fagopyrum species. The eight cp genomes ranged, gene number, gene order, and GC content were presented. Most of variations of Fagopyrum species cp genomes existed in the LSC and SSC regions. Among eight Fagopyrum chloroplast genomes, six variable regions (ndhF-rpl32, trnS-trnG, trnC, trnE-trnT, psbD, and trnV) were detected as promising DNA barcodes. In addition, a total of 66 different SSR (simple sequence repeats) types were found in the eight Fagopyrum species, ranging from 8 to 16 bp. Interestingly, many SSRs showed significant differences especially in some photosystem genes, which provided valuable information for understanding the differences in light adaptation among different Fagopyrum species. Genus Fagopyrum has shown a typical branch that is distinguished from the Rumex, Rheum, and Reynoutria, which supports the unique taxonomic status in Fagopyrum among the Polygonaceae. In addition, phylogenetic analysis based on the cp genomes strongly supported the division of eight Fagopyrum species into two independent evolutionary directions, suggesting that the separation of cymosum group and urophyllum group may be earlier than the flower type differentiation in Fagopyrum plants. The results of the chloroplast-based phylogenetic tree were further supported by the matK and Internal Transcribed Spacer (ITS) sequences of 17 Fagopyrum species, which may help to further anchor the taxonomic status of other members in the urophyllum group in Fagopyrum. This study provides valuable information and high-quality cp genomes for identifying species and evolutionary analysis for future Fagopyrum research.
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INTRODUCTION

As the organelle specialized for carrying out photosynthesis in plants, the chloroplast is descended from cyanobacteria, and occurs in eukaryotic autotrophs such as land plants and algae (Jin and Daniell, 2015; Gao et al., 2019). Chloroplasts are involved in photosynthesis and important biochemical processes including storage of starch, and the biosynthesis of sugars, several amino acids, lipids, vitamins, and pigments within plant cells, as well as sulfate reduction and nitrogen cycle supplying for the driving force of plants growth and development (Neuhaus and Emes, 2000; Jarvis and Soll, 2001; Leister, 2003; Bausher et al., 2006). As the center of photosynthesis, chloroplast has a complete genetic system, in which the genetic material is the cp genome (Zhao et al., 2019). Like nuclear DNA, chloroplasts have the same functions of replication, transcription, and inheritance, and cp genomes in plants are generally 10–20% of total genomes with an average length of about 120–170 kb (kilo-base pair) in tetrad ring structure (Shinozaki et al., 1986; Ruhlman and Jansen, 2014). The average cp genome size of land plants is 151 kb, with most species ranging from 130–170 kb in length, as well as the average GC content is 36.3%. The circle cp genome was separated by two inverted repeats (IRs, 20–28 kb) generating the large single copy (LSC, 16–27 kb) and the small single copy (SSC) (Jansen et al., 2007), which can provide abundant information for solving plant phylogenetic relationships and trends. Gene contents and sequences of cp genomes of angiosperm are generally conserved including 4 rRNAs, 30 tRNAs, and 80 unique proteins (Chumley et al., 2006). With the characteristics of parthenogenetic inheritance (maternal inheritance), relatively small genome and slow genome mutation rate (Palmer et al., 1988), analysis of the phylogenetic relationships of multiple chloroplast DNA can help to understand plant phylogeny, population genetic analysis, and taxonomic status at the molecular level (Alwadani et al., 2019). Although cp genomes of angiosperms are generally conserved in gene numbers and sequences (Jansen and Ruhlman, 2012), levels of structural variation in the genome different from various families and genera existed, such as gene duplication and large-scale rearrangement of genes, introns, and IR domains (Cosner et al., 2004; Lee et al., 2007; Cai et al., 2008; Guisinger et al., 2010; Martin et al., 2014).

The size of the cp genome was correlated with plant habits, environments, and other functional traits (Beaulieu et al., 2008; Li et al., 2018), making it a promising tool in studies of phylogeny, evolution, and population genetics of angiosperms (Tonti-Filippini et al., 2017). For example, the phylogenetic relationships among the main branches of flowering angiosperms were analyzed by using the coding genes from 64 cp genomes in Amborella Baill (Jansen et al., 2007); moreover, the relationship between genome evolution and phylogeny of Zingiberaceae was identified using the complete genome sequences of 14 chloroplasts of Curcuma Species (Liang et al., 2020).

Fagopyrum genus belongs to the Polygonaceae family, which are annual or perennial herb or semi-shrub plants (Zhang et al., 2021a). Wild buckwheats are mainly distributed in the regions of southwest China, which was recognized as the center of buckwheat origin and diversity (Ohnishi, 1995, 1998; Ohsako et al., 2002; Saski et al., 2005; Tang et al., 2010; Shao et al., 2011; Zhou et al., 2018). In 1742, Fagopyrum was established by Tourn, and named Fagopyrum Tourn ex Hall (Linnaeus, 1753). In 1992, the taxonomic status of buckwheat was confirmed, and the embryo position, morphology of cotyledon and perianth segments, characteristics of the pollen grain, and the basic number of chromosomes were taken as the basis for distinguishing Fagopyrum from Polygonum (Ye and Guo, 1992). With the continuous introduction of various buckwheat species, the classification based on morphological features gradually complicated, and plants from Fagopyrum were classified into 22–28 different species comprising two variants and two subspecies until 2021 (Zhang et al., 2021a). Due to the long-term change of buckwheat classification status, a consistent view of buckwheat was scarce, which limited the utilization of wild buckwheat varieties in plant improvement (Sharma and Jana, 2002; Neethirajan et al., 2011; Nagatomo et al., 2014). The controversies on buckwheat classification were including but were not limited to the following: (1) the genetic relationships among F. tataricum, F. esculentum, F. esculentum subsp. ancestrale, and F. cymosum. (2) The evolutionary paths between the cymosum group and urophyllum group are intersected or separated? (3) How to define the taxonomic status and phylogenetic relationship among Fagopyrum species in urophyllum group?

The rapid development of molecular biology and genomics provides favorable conditions for the study of cp genome of buckwheat plants, as well as the important genetic information for taxonomic status, phylogeny, and species identification. At present, five buckwheat cp genomes had been published, including F. tataricum, F. esculentum, F. esculentum subsp. ancestrale, F. cymosum, and F. luojishanense (Liu et al., 2008; Logacheva et al., 2008; Cho et al., 2015; Hou et al., 2015; Wang et al., 2017a; Zhang and Chen, 2018). However, the in-depth and conjoint study of Fagopyrum cp genome data sets was lacking, as well as the researches on buckwheat phylogeny and interspecific differences.

In this study, three cp genomes of Fagopyrum were sequenced, assembled, and annotated, then their cp genome data with five published ones were analyzed comprehensively, including characteristics of Fagopyrum cp genomes, codon usage, expansion of IR regions, SSRs analysis, and phylogenetic analysis of eight Fagopyrum species. Our objectives in this study were: (1) To present the complete sequence of cp genomes of three newly assembled buckwheat plants and to compare the global structure with five other previously published species (including one subspecies) within genus species comparisons; (2) SSR variations in the cp genome sequences of eight buckwheat plants were detected to develop a series of SSRs molecular markers that could be used to distinguish the relationship between different species; (3) The phylogenetic relationship and evolutionary path of buckwheat were reconstructed by combining genetic sequences based on eight cp genomes and six highly variable regions developed. (4) The taxonomic status of 17 buckwheat plants was discussed by using ITS and matK gene sequences.



MATERIALS AND METHODS


Plant Material, Morphological Analysis, and DNA Extraction

In previous reports, we investigated in detail the survival status of Fagopyrum plants in southwest China (Cheng et al., 2020; Zhang et al., 2021a). The mature seeds of these plant materials are collected in the wild, then they are grown in the greenhouse of the institute of crop science, Chinese Academy of Agricultural Sciences (CAAS) in Beijing. The morphological details of eight Fagopyrum species were further observed. We mainly investigated the differences in plant type, leaf, inflorescence, seed and distribution (Cheng et al., 2020).

Further, the fresh leaves from three Fagopyrum species, F. longistylum, F. leptopodum, F. urophyllum were collected in Sichuan Province in 2020 (Supplementary Table 1). Voucher specimens of these samples were deposited in the Institute of Crop Sciences, Chinese Academy of Agricultural Sciences, Beijing, China. Total genomic DNA was isolated from 2 g of silica-dried leaf sample using the modified CTAB method (Doyle, 1987). In addition, we downloaded the available complete cp genomes of five other Fagopyrum species and three Polygonaceae species from GenBank [F. tataricum, MT712164.1; F. cymosum (F. dibotrys), KY275181.1; F. esculentum, MT364821.1; F. esculentum subsp. ancestrale, EU254477.1; F. luojishanense, KY275182.1; Rumex hypogaeus, MT017652.1; Reynoutria japonica (also known as Polygonum cuspidatum) MW411186.1; Rheum officinale MN564925.1] for phylogeny study.



Genome Sequencing, Assembly, Annotation

The total DNA was disrupted by ultrasonic wave, and DNA libraries were read of 350 bp with purified DNA constructed by Library Prep Kit from NEBNext®. Total DNA was sequenced in Hiseq 4000 PE150. After filtering the low-quality data, raw sequencing data were checked and spliced using SPAdes 3.6.1 (Bankevich et al., 2012). Contigs were used to screen the cp genome by Blast Software, using published F. esculentum cp genome (MT364821) as the reference genome (Altschul et al., 1997). Selected contigs of the cp genome were assembled using Sequencher 4.10 Software (GeneCodes Corp., Ann Arbor, MI, United States), and all reads were mapped to validate cp genome using Geneious 8.1 Software (Kearse et al., 2012). Polymerase Chain Reaction (PCR) was done with specific primers of gaps, which were born after assembling genomes. The PCR products were sequenced by ABI 3730, and were involved in manually correcting annotations. The circular structure map was constructed by Organellar Genome DRAW1 (Lohse et al., 2013).



Codon Usage Analysis

Codon Usage analysis was done by codonW 1.4.4 (Peden, 2000), and the values of relative synonymous codon usage (RSCU) were used to evaluate codon preference.



Comparative Genomic Analysis

The divergence of 11 Polygonaceae genomes was counted by mVISTA in LAGAN mode (Frazer et al., 2004), and Rumex hypogaeus (MT017652), Polygonum cuspidatum (MW411186), and Rheum officinale (MN564925) were considered as the reference genomes. MAFFT was used to align all Fagopyrum species genome (Zhang et al., 2018), and the nucleotide diversity (Pi) of all complete cp genome was calculated using Launch DnaSP6 (Rozas et al., 2017), and the results were presented through a sliding window analysis with a window length of 600 bp and step size of 200 bp. Boundaries of inverted repeat (IR) regions, contraction, and expansion of eight cp genomes were determined using IRscope (Amiryousefi et al., 2018).



Simple Sequence Repeats Analysis

To identify the microsatellites, the Perl script MISA70 and the SSRs parameter were used to analyze the SSRs detection based on the following conditions (Beier et al., 2017); thresholds were set as eight repeat units for mononucleotide SSRs, four repeat units for dinucleotide SSRs, four repeat units for trinucleotide SSRs, and three repeat units for tetranucleotide, pentanucleotide, and hexanucleotide SSRs.



Phylogenetic Analysis

We used the 11 above-mentioned cp genomes to analyze the phylogenetic relationships among Fagopyrum species, including eight Fagopyrum species, and three Polygonaceae species (Rumex hypogaeus, Rheum officinale, and Reynoutria japonica) were used as outgroups. These cp sequences were aligned with the default parameters set using MAFFT program (Katoh and Standley, 2013) in GENEIOUS R8, and were manually adjusted in MEGA 6.0. The nucleotide sequence (matK and ITS) data were obtained from NCBI (Supplementary Table 9). The RAxML v7.2.8 program (Stamatakis, 2006) was used to perform the phylogenetic trees based on maximum likelihood analysis with 1000 bootstrap replicates. Bayesian inference was performed using the MrBayes v3.1.27 program (Ronquist and Huelsenbeck, 2003). Markov chain Monte Carlo simulations have two parallel runs with 2000,000 generations independently, and sampling trees every 100 generations. The initial 25% of trees were discarded as burn-in, and the remaining dates were used to construct a majority-rule consensus tree. Convergence diagnostics were monitored by examining the average standard deviation of split frequencies below 0.01.




RESULTS AND ANALYSIS


Morphological Analysis in Eight Fagopyrum Species

The morphological characters of eight Fagopyrum species are further analyzed in this section. Buckwheat is a rare cereal crop that does not belong to Gramineae. Fagopyrum contains plants of both self-compatible (homostyly) and self-incompatible (heterostyly) species. Therefore, Fagopyrum species are good materials for studying the origin and spread of cultivated crops, as well as hot issues such as phylogenetic evolution of plants (Zhou et al., 2018). Morphological characteristics of eight typical different Fagopyrum species (including seven species and one subspecies) were systematically analyzed, and their differences were mainly concentrated in stems, leaves, flowers, and fruits (Figure 1 and Supplementary Table 1). In general, the morphology of Fagopyrum plants is relatively complex and their habits and features are various. In this study, three Fagopyrum species which cp genomes were not revealed were fully considered based on plant characteristics. F. leptopodum, which was commonly found in rocks and dry-hot valley areas, was considered to be a highly drought-resistant and barren resistant species. F. longistylum, a self-compatible but heteromorphic species, was a very rare phenomenon in plants. In addition, F. urophyllum, contained semi-woody branches and perennial rhizomes, which are considered as transitional species from herbaceous to woody plants (Ohnishi and Matsuoka, 1996; Zhang et al., 2021b).
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FIGURE 1. The morphological characters of plants and flowers of eight Fagopyrum species. (A) F. tataricum; (B) F. cymosum; (C) F. esculentum; (D) F. esculentum subsp. ancestrale; (E) F. luojishanense; (F) F. urophyllum; (G) F. leptopodum; (H) F. longistylum.




Characteristics of Fagopyrum Chloroplast Genomes

The cp genomes of three wild Fagopyrum species were sequenced in this study, including two annual species (F. longistylum and F. leptopodum) and one perennial species (F. urophyllum). We obtained the complete cp genome sequences of 159,325 bp for F. longistylum, 159,350 bp for F. urophyllum, and 159,376 bp for F. leptopodum. Other published cp genomes of Fagopyrum were obtained from National Center for Biotechnology Information (NCBI), and all cp genomes ranged in size from 159,265 bp (F. luojishanense) to 159,599 bp (F. esculentum ssp. ancestrale) with 37.78–37.99% GC contents (Figure 2 and Table 1). Similar to other Polygonaceae, all cp genomes of cultivated and wild Fagopyrum species comprised a typical circular structure with four regions (Wu et al., 2020), and two inverted repeats (IR, IRa, and IRb) regions were separated by a LSC and a SSC (Figure 2). The LSC region in Fagopyrum accounted for 52.87–53.19% of the total cp genomes and ranged in size from 84,250 bp (F. urophyllum) to 84,885 bp (F. esculentum ssp. ancestrale); the SSC region in Fagopyrum accounted for 8.22–8.41% and ranged in size from 13,094 bp (F. luojishanense) to 13,406 bp (F. urophyllum); the Fagopyrum IR region accounted for 19.23–19.38% of the total size and ranged from 30,6845 bp (F. esculentum and F. esculentum ssp. ancestrale) to 30,870 bp (F. luojishanense). Moreover, the GC contents of all Fagopyrum cp genomes were similar, and the GC content of IR region was highest (41.26–41.48%), followed by the LSC region (36.01–36.32%) and the SSC region (31.97–32.99%).
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FIGURE 2. Gene map of the eight Fagopyrum species. The genes shown outside of the circle are transcribed clockwise, while those inside are transcribed counterclockwise. Genes belonging to different functional groups are color-coded. The dashed area in the inner circle indicates the GC content of the chloroplast genome.



TABLE 1. Comparison of the complete chloroplast genomes for eight Fagopyrum species.
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There was little difference in coding regions in eight Fagopyrum species. Overall, they encode a total of 108–113 chloroplast genes, including 76–79 protein-coding genes, 28–30 tRNAs, and 4 rRNAs (Figure 2 and Table 2). All the above-mentioned genes were furtherly categorized as three parts, of which 47 genes belong to photosynthesis related genes (including rubisco, photosystem I, assembly/stability of photosystem I, photosystem II, ATP synthase, cytochrome b/f complex, cytochrome c synthesis, and NADPH dehydrogenase), 60 genes belong to transcription and translation related genes (including transcription, ribosomal proteins, and translation initiation factor, ribosomal RNA, and transfer RNA), and the remaining genes belong to biomacromolecule metabolism related genes or other unknown functions (Table 2). Moreover, among these various 113 genes, 15 genes contained one intron comprising 9 protein-coding genes (atpF, petB, petD, ndhA, ndhB, rpoC1, rps12, rpl2, and rpl16) and 6 tRNA genes (trnA, trnG, trnI, trnK, trnL, and trnV), while 2 genes (ycf3, clpP) contained two introns. In addition, rps12 was identified as a noticeable trans-splicing gene of all Fagopyrum species, because the 5′ end of rps12 exon was located in the LSC region but the other end of that was located in the IR domain.


TABLE 2. Genes contained in the chloroplast genome of eight Fagopyrum species.
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Codon Usage

Codon is the connection between the nucleic acids and proteins, and codon usage reflects the preference for selective use of codons encoding specific amino acids with genetic information (Wanga et al., 2021). The codon usage frequency of 79 protein-coding genes for 8 Fagopyrum species were calculated, and 64 codons were involved in encoding proteins containing three termination codons, such as UAA, UAG, and UGA (Table 3). The relative synonymous codon usage (RSCU) analysis showed that 30 codons of 8 Fagopyrum species were > 1, and the UUA encoding leucine had the highest RSCU with 1.85–1.87 in 8 Fagopyrum species. While the lowest RSCU was 0.33–0.36 with the CGC encoding arginine.


TABLE 3. Codon content of amino acids and stop codon of eight Fagopyrum species.
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Comparative Genomic Analysis

The genome of F. tataricum was served as the reference to conduct the mVISTA program for discovering Fagopyrum genome divergence, and three other genomes from Polygonaceae were regarded as the outgroups covering Rumex hypogaeus, Polygonum cuspidatum, and Rheum officinale. Results revealed that 11 cp genomes were relatively conserved (Figure 3). The three cultivated Fagopyrum species, four wild Fagopyrum species, and three outgroup members had higher similarity and low divergence, respectively. Furthermore, the divergence of LSC and SSC regions were higher than that of IR regions, and the non-coding regions exhibited greater variation than the coding regions.
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FIGURE 3. Sequence alignment of chloroplast genome among eight Fagopyrum species and three Polygonaceae species (Rumex hypogaeus, Reynoutria japonica, and Rheum officinale) with F. tataricum as a reference by using mVISTA. The Y-scale represents the percentage of identity ranging from 50 to 100%. Coding and non-coding regions are marked in purple and pink, respectively.


To further know the genetic diversity of various Fagopyrum species and exploit suitable polymorphic genes for identifying novel species, we calculate the nucleotide diversity (Pi) of eight Fagopyrum species. The Pi values were ranged from 0 to 0.10179 in the total cp genomes. The average Pi values of LSC and SSC regions were 0.0356 and 0.0445, respectively, but that of IR regions was 0.0084 (Supplementary Table 2). Most of the variations of Fagopyrum species cp genomes existed in the LSC and SSC regions. That is to say, two IR regions were more conserved than another two regions. A sliding window analysis showed that the Pi values of six regions were > 0.08, and these most divergent regions included ndhF-rpl32, trnS-trnG, trnC, trnE-trnT, psbD, and trnV (Figure 4 and Supplementary Table 2). Among them, three coding genes (ndhF, rpl31, and psbD) were highlighted, because coding genes were generally conserved. These polymorphic regions might be the critical loci for population genetic studies of Fagopyrum species.
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FIGURE 4. Comparison of nucleotide diversity (Pi) values among the eight Fagopyrum species. X-axis, position of the midpoint of each window; Y-axis, nucleotide diversity (Pi) of each window.




Contraction and Expansion of Inverted Repeats Regions Among Eight Fagopyrum Species

As we all know, contraction and expansion of the IR regions are strongly linked to the length of cp genomes (Liang et al., 2020), therefore the IR boundaries were detected to explain the differences in Fagopyrum cp genome size. In general, IRs of wild Fagopyrum species (F. longistylum, F. leptopodum, F. urophyllum, and F. luojishanense) were longer than cultivated Fagopyrum species (F. tataricum, F. cymosum, and F. esculentum). Among them, the size of the IR regions of the two F. esculentum was the shortest (30,685 bp) and that of F. luojishanense was the longest (30,870 bp) (Figure 5).
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FIGURE 5. Comparison of the junctions between the LSC, SSC, and IR regions among eight Fagopyrum species chloroplast genomes. The figure is not scaled LSC, SSC, and IR.


Within the 8 Fagopyrum species, the rps19 genes were located in the boundaries of LSC/IRb regions (JLB) consistently, except for the location of rps19 from F. esculentum ssp. ancestrale in JLB was more forward than other members (1 bp). The SSC and IRb regions (JSB) were connected by ndhF genes, and the length of the ndhF in IRb from the JLB was 54–90 bp. In the JSA (SSC/IRa) regions, only JSA of three species were embedded in rps15 gene, including the two F. esculentum and F. luojishanense. Specifically, the rps15 gene was located on the right of the two F. esculentum with the distance of 2 bp, but that of F. luojishanense was 23 bp. The LSC/IRa (JLA) junctions in the cp genomes of 8 Fagopyrum species were identical. All in all, the IR boundaries of F. tataricum and F. cymosum were similar, as well as two F. esculentum species, and three wild species (F. longistylum, F. leptopodum, and F. urophyllum), respectively.



Simple Sequence Repeats Analysis

Simple sequence repeats, also known as microsatellites, consisted of short tandem repeats of 1–6 bp in length (Li B. et al., 2020). SSRs are widely distributed in the cp genome, and play a key role in the identification of plant genetic relationships and taxonomic status (Yang et al., 2019; Li Y. et al., 2020). In the cp genome sequence of the eight Fagopyrum species, SSRs were mainly located in the intergene region (∼57.72%), followed by the genic region (∼42.28%), while no SSR was observed in tRNAs and rRNAs (Figure 6A and Supplementary Table 3), which is consistent with the report of Wang et al. (2017b). Of note, the SSR numbers of F. leptopodum (133, ∼59.38%), F. longistylum (138, ∼60.26%), F. luojishanense (131, ∼58.48%), and F. urophyllum (143, ∼60.59%) in the intergene region were significantly higher than that of F. tataricum (110, ∼53.66%), F. cymosum (115, ∼56.65%), F. esculentum (119, ∼55.61%) and F. esculentum subsp. ancestrale (120, ∼56.34%). Most SSRs were located in LSC region (∼64.63%), followed by IR region (∼26.38%) and SSC region (∼8.99%) (Figure 6B and Supplementary Tables 4, 5). F. cymosum (129, ∼63.55%) had the least number of SSR in LSC region, followed by F. tataricum (130, ∼63.41%), F. esculentum (139, ∼64.95%) and F. esculentum subsp. ancestrale (138, ∼64.79%), in general, their number was significantly lower than F. leptopodum (146, ∼65.18%), F. luojishanense (145, ∼64.73%), F. longistylum (148, ∼64.35%), and F. urophyllum (156, ∼66.10%). Interestingly, as two typical cultivars, F. tataricum (58, ∼28.29%) and F. esculentum (56, ∼26.17%) showed significant expansion in SSR proportion in IR region. Further, a total of 24 gene located in different regions were found, which may be the result of co-evolution of cp genomes (Zhao et al., 2021). Among them, ndhB, ycf2, and ycf1 are in the IRb/IRa region, atpA, rbcL, rpl20, rpl22, rpoA, ycf4, cemA, petB, ycf3, petA, rpoB, atpF, rpoC1, rpl16, and rpoC2 are located in LSC region, and rps15, ndhF, ndhD are located in SSC region.
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FIGURE 6. Analysis of SSRs in the eight Fagopyrum species cp genomes. (A) Distribution of SSRs in genic and intergenic. (B) Distribution of SSRs in LSC, IRa/IRb, and SSC. (C) The number of different SSR types detected in the eight Fagopyrum species cp genomes. (D) The number of different base SSR types in the eight Fagopyrum species cp genomes.


The distribution range of SSRs ranged from 8 to 16 bp in eight Fagopyrum species, with a total of 66 different types(Figure 6C and Supplementary Tables 4, 5). There

were no hexanucleotide repeats have been found in these SSR sequences, and pentanucleotide repeats were only found in the cp genomes of F. urophyllum (ATTAT), F. tataricum (TTTTA), and F. cymosum (TCTAT/TTTTA). Among all Fagopyrum species, the number of mononucleotide repeats in the cymosum group was significantly lower than that in the urophyllum group. In general, this study supports that mononucleotide repeats may play a more important role in genetic variation in buckwheat than other SSR types (Huang et al., 2017; Liang et al., 2020). Although the chloroplast evolution of Fagopyrum species were relatively conserved, the cymosum group may be subjected to stronger selection and evolutionary pressure, resulting in the decline of SSR genetic diversity. Meanwhile, the number and types of SSR of the eight buckwheat plants in this study were further analyzed (Figure 6D and Supplementary Tables 5, 6). Further, the proportion of mononucleotide repeats for A/T and C/G types were 71.52 and 1.86%, respectively (Figure 6D and Supplementary Tables 5–7). This is similar to Zingiberales, Salicaceae, and Ranunculaceae, etc., indicating that mononucleotide repeats of A/T type may always be the most abundant base of simple repeat sequences (Huang et al., 2017; Liang et al., 2020; Park and Park, 2021). In addition, the number of mononucleotide repeats of A/T types or C/G types in the cymosum group was significantly lower than the urophyllum group, indicating that the number of SSR may still be similar in different subgroups of Fagopyrum species. The dinucleotides of eight Fagopyrum species were divided into four categories, which showed differences in some gene regions and repeated fragments among different groups. For example, repeat sequences of AG/CT and GA/TC types do not differ significantly between the cymosum group and urophyllum group. However, the proportion of CA/TG repeats in the cymosum group (∼0.96%) was much higher than that in the urophyllum group (∼0.44%). Similarly, AT/TA type accounted for the highest proportion of all dinucleotides (∼14.16%), which further confirmed the activity of A/T base in the cp genome. In this study, F. tataricum (27, ∼13.17%)/F. cymosum (27, ∼13.30%), F. esculentum (32, ∼14.95%)/F. esculentum subsp. ancestrale (32, ∼15.02%) had similar AT/TA types in number and proportion, which supported their genetic relationship to a certain extent. In addition, nucleotide repeats of AAT/TTA type did not exist in the four species of cymosum group (0), while F. longistylum (∼0.87%), F. leptopodum (∼0.89%), F. luojishanense (∼0.89%), and F. urophyllum (3, ∼1.27%) had a similar proportion. Therefore, there may exist two divergent evolutionary directions between the cymosum group and the urophyllum group. These results suggest that SSR can be used to identify genetic diversity, study evolution and develop molecular markers in buckwheat.



Phylogenetic Analysis of Eight Fagopyrum Species Based on cp Genome

Chloroplast genome sequences of eight Fagopyrum species and three Polygonaceae plants, which were selected as the outgroup, were used to construct phylogenetic trees to elucidate their genetic relationships (Figure 7). The numbers on the branches show the bootstrap value of the maximum likelihood analysis. The results showed that all Fagopyrum species clustered together at a very high resolution, and the three Polygonaceae plants and the eight Fagopyrum species were divided into two main types, which confirmed the independent differentiation status of the Fagopyrum from other genera of Polygonaceae. Further, eight Fagopyrum species were classified into two typical subclades. Among them, F. tataricum and F. cymosum formed a subgroup different from F. esculentum, which further supports that they may have a relatively high degree of homology and a closer genetic relationship. And then, they gradually converged with F. esculentum and F. esculentum subsp. ancestrale to form a subbranch. In addition, F. longistylum first approximates to F. luojishanense, and then gradually forms with F. urophyllum and F. leptopodum. These results showed that there might be two different subgroups among the eight Fagopyrum species, and the cymosum group and the urophyllum group evolved independently. Further, we developed six molecular marker sequences based on Pi values (Supplementary Figures 1A–F and Supplementary Table 8). And, six cluster trees were constructed based on these sequences using the neighbor-joining method (NJ). Among them, trnS-trnG and trnV trees supported the topological structure of the cp genome, which can be further applied in the identification of genetic relationships in Fagopyrum species.
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FIGURE 7. Phylogenetic tree obtained for eight Fagopyrum species inferred from ML analysis constructed by the complete chloroplast genomes. The number on the branches displayed the bootstrap support values.




Phylogenetic Relationship Based on the ITS and matK

The most widely used chloroplast gene matK and nuclear marker ITS were selected to further speculate the genetic relationship of eighteen Fagopyrum species (including one variety: F. gracilipes var. odontopterum) (Supplementary Figures 2A,B and Supplementary Table 9). In general, the two ML trees based on ITS and matK supported the above-mentioned cp genome tree results: F. tataricum and F. cymosum in the two phylogenetic trees are first clustered into one branch, then clustered with F. esculentum, and then gradually clustered into other wild species. Therefore, phylogenetic trees based on different markers in this study all supported the conclusion that F. tataricum and F. cymosum in the cymosum group has a more close relationship than F. esculentum, which consisted with the previous study (Zhang et al., 2021a). Similarly, F. luojishanense and F. longistylum of the urophyllum group may be closely related, and then cluster with F. leptopodum and F. urophyllum. These results further supported the chloroplast phylogenetic tree results. Therefore, the relationship of Fagopyrum plants was further inferred, F. luojishanense, F. longistylum, F. gracilipes, F. gracilipes var. odontopterum and other wild species may have a close relationship. According to the clustering results, F. gracilipes var. odontopterum as the division of F. gracilipes is considered reasonable. The F. lineare and F. leptopodum may be closely related to each other. They are both short plants, thin stem nodes, and highly adaptable in these Fagopyrum plants. Moreover, the two evolutionary trees supported F. caudatum and F. pugense were closely related. In general, these sequences of molecular markers with stable phylogenetic relationships of Fagopyrum plants will be considered as “references” to further infer taxonomic status among other species. However, it should be pointed out that the phylogenetic trees based on matK and ITS sequences could not completely define the relationships of some Fagopyrum species. For example, the genetic relationship between F. macrocarpum and F. qiangcai is still unstable. Therefore, it is necessary to further analyze the taxonomic status of Fagopyrum plants through extensive molecular marker sequences or complete genome sequencing.




DISCUSSION


Sequence Differentiation

In this study, we compared the complete cp genomes of eight Fagopyrum species, which showed a typical circular tetrad structure. It consisted of a LSC region (84,494.9 bp in average), a SSC region (13,288.5 bp in average), and two reverse repeats (IR) regions (30,801 bp in average). The structures, genome lengths and proportion of these cp genomes were highly conserved. Among the eight cp genomes, the gene spacer is the largest variable region, which is consistent with most angiosperms (Wicke et al., 2011). The total GC ranges from 37.78 to 37.99%, which are higher than that of Euonymus, and Curcuma (Liang et al., 2020; Li et al., 2021). The GC ratios of the cp genome of angiosperms are usually between 34 and 40%, which plays an important role in the transmission of gene information (Zhu et al., 2017). The cp genome differences of different species are obvious through changes in base composition. These GC contents of the Fagopyrum species are the highest in IRa/IRb region, and the uneven distribution of GC ratio and gene conversion between IR sequences, which may be the reason why the IR region is more conserved than the LSC and SSC region (Khakhlova and Bock, 2006; Fan et al., 2018).

The contraction or expansion of the IR boundary is one of the main driving forces of cp genome length and structure difference, and the change of IR/SC connection location is a typical evolutionary phenomenon in plants (He et al., 2017). Interestingly, we found significant expansion of the LSC region in F. esculentum and F. esculentum ssp. ancestrale, which may be direct evidence of both cp genome length expansion and IRb region contraction. In addition, a significant contraction was observed in the SSC region of F. luojishanense (∼13,094 bp), which had the largest IRa/IRb region (∼30,870 bp), resulting in the C terminal of rps15 crossing into the IRb region (∼23 bp). Furthermore, we found that the loss of functional genes in cymosum members were significantly higher than that in urophyllum group. And, this phenomenon was more obvious in many transfer RNAs. Therefore, we hypothesized that this deletion may result from the apparent activity of the highly structured chloroplast genome in cymosum group. For example, trnfM-CAU lost in F. esculentum and F. esculentum ssp. ancestrale. The chloroplast genome structures of urophyllum members were more conserved, and there were little difference in the numbers and positions of encoded genes. In addition, trnfM-CAU/trnM-CAU, trnG-UCC/trnG-GCC in cymosum group were significant differences in gene location in cp genomes. tRNAs are one of the most important and versatile molecules responsible for the maintenance and maintenance of protein translation mechanisms (Mohanta et al., 2019). Differences in the number and distribution of tRNAs in the cp genome may result in significantly influences of post-translational modification processes on genes in the photosynthetic system, especially rpoA, rpoB, and rpoC genes (Little and Hallick, 1988; Zhang, 2020). In addition, deletion of rpl23 gene in cp genomes of two cultivated species (F. tataricum and F. esculentum) were observed. This phenomenon illustrated a typical case of protein (gene) substitution in the evolution of chloroplast ribosomes in Fagopyrum plants, and nuclear genome could progressively exert stronger over the chloroplast translational system (Bubunenko et al., 1994). It is worth noting that F. esculentum, as a Fagopyrum plant which is mostly distributed in the middle and high latitude areas of the northern hemisphere with long sunshine, is observed the most loss of functional genes, such as trnT-UGU, rpl23, trnI-CAU, etc.



Divergence Hotspot Regions

DNA barcoding is widely used in species identification, germplasm management, genetic diversity analysis, phylogeny, and evolution (Gregory, 2005; Liu et al., 2019). In previous studies, the phylogeny of structural Fagopyrum plants was mainly based on SSR markers (Ma et al., 2009; Yang et al., 2020), single-copy nuclear gene (Ohnishi and Matsuoka, 1996; Ohsako and Ohnishi, 1998). The taxonomic analysis and genetic identification of Fagopyrum species are hampered by the lack of genomic information. Cp genome sequences are relatively conserved, which is less affected by non-parallel evolutionary in functional genes of nuclear genes in phylogenetic tree construction. Therefore, the cp genome sequences are often used in angiosperms phylogenetic prediction in recent years (Zhang et al., 2017; Zhao et al., 2020). To determine divergence packaging, the mVISTA program was used to compare the cp genome sequences of eight Fagopyrum species. The results showed that the cp genomes of eight Fagopyrum species were rich in the variable sites, and some regions with high variable frequency could be directly used as potential molecular markers for species identification (Song et al., 2017; Xu et al., 2017). In general, the proportion of variable loci in the non-coding region was higher than that in the coding region. Meanwhile, sequence differentiation in the IR region was slower and more conserved than that in LSC and SSC region. These results are consistent with most cp genome studies in plants, and we speculate that this may be due to higher gene conversion between the two IR regions (Khakhlova and Bock, 2006; Jansen and Ruhlman, 2012; Huang et al., 2014). In addition, the nucleotide diversity (Pi) of eight Fagopyrum species were assessed by sliding window analysis. These results of Pi values were generally consistent with mVISTA analysis, and the nucleotide diversity in the non-coding region was higher than that in the coding region. Six variable regions (ndhF-rpl32, trnS-trnG, trnC, trnE-trnT, psbD, and trnV) were identified as highly variable sites at the species level of Fagopyrum. These variable regions were further used to identify the genetic relationship of eight Fagopyrum species. And, the results showed that trnS-trnG, and trnV trees showed highly consistent results with cp genomes, so that they were further recommended as potential molecular markers in genetic development analysis and assisted breeding in Fagopyrum plants.



Identification of Repeated Sequences

Simple repeat sequences play important role in the combination and arrangement of cp genome structures, which are highly variable in different species of the same genus, Thus, SSRs have been widely used in population genetics and species biodiversity studies (Thiel et al., 2003; Zhou et al., 2019). In this study, it was found that the SSR polymorphism levels of the four major components of these cp genomes were inconsistent. SSRs were mainly found in the LSC region of the eight Fagopyrum species, which was closely related to the interval length. The distribution density of SSRs in the eight Fagopyrum species were uneven, and there may be more SSRs in some sections and gene locus. For example, matK, rpoC2, clpP, ycf1, ycf2, ycf3, and other gene regions showed higher SSR density, which was consistent with Zingiberales and other plants (Liang et al., 2020). Although the cp genome evolution of Fagopyrum plants is generally co-evolutionary, some functional gene regions may respond to important biological effects and thus be subjected to more significant evolutionary pressures (Williams et al., 2019). At present, only a few “star genes,” such as matK, rbcL, ycf1, and ycf2, have been found as common positive selection sites (Liang et al., 2020; Li et al., 2021), other studies on the response evolution and biological role of chloroplast functional genes are still scarce. Nevertheless, it is desirable to select some segments or polymorphism of repeating sequence fragments from the cp genome as new tools for studying systematic differentiation.

A total of 110 (∼F. tataricum) ∼143 SSR markers (∼F. urophyllum) were found in the cp genomes of eight Fagopyrum plants, including mononucleotides, dinucleotides, tetranucleotides, trinucleotides, pentucleotide. Notably, there were no hexonotides found in all Fagopyrum species, which is inconsistent with Euonymus, Zanthoxylum, Curcuma, Wurfbainia Villosa, Amomum, Kaempferia, etc. (Liang et al., 2020; Li et al., 2021; Zhao et al., 2021). A/T and AT/TA repeats are the main SSR types, which may be because A/T bases are more easily changed than G/C bases (Li et al., 2021). However, these AT-rich regions did not contribute significantly to the expansion of cp genome size (Figure 6D). Compared with the gene regions, most of the SSRs were distributed in the intergene region (IGS region), which was more obvious in the members of the urophyllum group. It should be noted that there were significant differences in SSR markers in some gene regions between the urophyllum group and the cymosum group. For example, CA (4) existed only in cymosum group members, while AAT (4), AG (5), GA (5), TCAA (3), and TTA (4) were all found in urophyllum group members. These markers can be further applied to the identification of the two subgroups. In addition, many unique SSR markers were found in some Fagopyrum species, which can be used in the identification of different species. For example, AAAT (3) only existed in tartary buckwheat, AATT (4), A (16), TCTAT (3) only exist in F. cymosum, AATG (4) only existed in F. longistylum. Interestingly, there are still some unique SSR markers in F. esculentum and F. esculentum ssp. ancestrale, which will be effectively used in the identification of cultivated and wild ancestor species. For example, TTGA (3) was found in F. esculentum, while GTA (5), and C (12) were unique to F. esculentum ssp. ancestrale.

Interestingly, we observed significant differences in repeat sequences among some photosystem genes between members of the cymosum group and urophyllum group (Supplementary Table 7). For example, ycf1 and two ribosome large subunit genes (rpl32, rps15) at the IR boundary showed significant SSR expansion in the cymosum group. This may contribute to the light adaptation of cymosum group members, which is conducive to planting (Fan et al., 2018; Liang et al., 2020). Photosystem subunit genes (psaJ, psbK, psbZ) showed significant SSR expansion in F. esculentum and F. esculentum subsp. ancestrale. They are more adapted to the long-sunshine of the northern hemisphere (Ikeuchi et al., 1991; Sugimoto and Takahashi, 2003). In addition, the urophyllum group members have a narrower distribution range, mainly growing in mountainous areas of southwest China. However, they are more adaptable to complex geographical environments, such as mountain areas and sandy areas, which are too harsh for the cultivated species (Zhou et al., 2018). In general, the process of artificial domestication or natural selection pressure leads to a significant decline in genetic diversity in the genome (Louwaars, 2018; Zhu et al., 2019). However, this was not significantly reflected in cp genomes of F. cymosum, F. esculentum, and F. tataricum. Therefore, we speculate that these domestication intervals may exist mainly in the nuclear genome. In conclusion, SSR markers of eight Fagopyrum species were systematically reported for the first time, which can provide a reference for the subsequent study of molecular evolution and phylogeny of Fagopyrum genus and Polygonaceae family.



Phylogenetic Relationships

For a long time, the taxonomic status of Fagopyrum genus has changed frequently, and no consensus has been reached among different species (Linnaeus, 1753; Miller, 1754; Meisner, 1826; Gross, 1913; Stewad, 1930; Zhang et al., 2021b). In this study, the phylogenetic trees based on cp genomes of eight Fagopyrum species and Rumex, Rheum, and Reynoutria supported the independent evolution of Fagopyrum plants. Therefore, it is reliable that Fagopyrum has a separate taxonomic status in the Polygonaceae.

Furthermore, the cymosum members (F. tataricum, F. cymosum, F. esculentum, F. esculentum subsp. ancestrale) had significant independent cluster branches into the urophyllum group. Therefore, we infer that the evolutionary processes of the two groups of Fagopyrum species may be independent rather than overlapping. Similarly, the separation of the cymosum group and the urophyllum group may be earlier than the flower type differentiation of Fagopyrum plants, and then two pollination modes of self-pollination (self-compatibility) and cross-pollination (self-incompatibility) are produced. In addition, this study concluded that the genetic relationship in the cymosum group is clear, the F. cymosum and F. tataricum are more closely related than F. esculentum, although their pollination patterns are not consistent. However, the taxonomic status of the members of the urophyllum group are more complicated, as the urophyllum group consists of 18 species. Although there were significant differences in differentiation rates between nuclear and cp genomes, ITS clearly supported the clustering results of the urophyllum group in the evolutionary tree of cp genomes. Four urophyllum group members can further anchor the taxonomic status of other wild species members, which is further supported by the previous study (Cheng et al., 2020; Zhang et al., 2021a). It should be noted that the taxonomic status of some members of the urophyllum Group cannot be significantly anchored by a single molecular marker, which may require further molecular evidence.
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Supplementary Figure S1 | Phylogenetic tree based on the ndhF-rpl32 (A), psbD (B), trnC (C), trnE-trnT (D), trnS-trnG (E), and trnV (F) sequences of eight Fagopyrum species constructed from NJ analysis.

Supplementary Figure S2 | Phylogenetic tree based on the ITS (A) and matK (B) sequences of eighteen Fagopyrum species constructed from ML analysis.
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Peanuts (Arachis hypogaea L.) offer numerous healthy benefits, and the production of peanuts has a prominent role in global food security. As a result, it is in the interest of society to improve the productivity and quality of peanuts with transgenic means. However, the lack of a robust phylogeny of cultivated and wild peanut species has limited the utilization of genetic resources in peanut molecular breeding. In this study, a total of 33 complete peanut plastomes were sequenced, analyzed and used for phylogenetic analyses. Our results suggest that sect. Arachis can be subdivided into two lineages. All the cultivated species are contained in Lineage I with AABB and AA are the two predominant genome types present, while species in Lineage II possess diverse genome types, including BB, KK, GG, etc. Phylogenetic studies also indicate that all allotetraploid cultivated peanut species have been derived from a possible maternal hybridization event with one of the diploid Arachis duranensis accessions being a potential AA sub-genome ancestor. In addition, Arachis monticola, a tetraploid wild species, is placed in the same group with all the cultivated peanuts, and it may represent a transitional species, which has been through the recent hybridization event. This research could facilitate a better understanding of the taxonomic status of various Arachis species/accessions and the evolutionary relationship among them, and assists in the correct and efficient use of germplasm resources in breeding efforts to improve peanuts for the benefit of human beings.

Keywords: Arachis, whole plastid genome, genetic structure, phylogenomics, maternal hybridization event


INTRODUCTION

The genus Arachis consists of approximately 81 species, which represent nine sections and 16 genome types, and are mainly distributed in the tropics and subtropics of South America (Stalker, 2017). Among these, peanut or groundnut (Arachis hypogaea L.) is a world-famous legume crop and cultivated by more than one hundred countries in the tropical and subtropical regions (Singh and Moss, 1982; Varshney et al., 2009; Pandey et al., 2020). Peanut was domesticated about 3,500–9400 years ago in South America (Bertioli et al., 2019; Chen et al., 2019; Zhuang et al., 2019). It is known as the “longevity fruit,” “poor man’s almonds” because it is an excellent source of good fats and proteins (∼80% of seed content). Peanut has also become one of the most important contributors to human health and food security (Konate et al., 2020). In addition to cultivated peanuts, some wild species including Arachis glabrata, Arachis pintoi, Arachis stenosperma, and Arachis villosulicarpa, etc. are also used as food and medicine (Stalker, 2017). More importantly, some wild Arachis species possess many agronomic traits, such as disease and pest resistances (Subrahmanyam et al., 2001; Tallury et al., 2014), which are important in crop improvement, but these traits are not present in cultivated species (Upadhyaya et al., 2011). Although progress has been made through conventional breeding, yet the confusing species barrier between cultivated peanuts and wild species makes the utilization of genetic resources very difficult. The lack of a robust phylogeny of the Arachis genus has impeded the advances in basic biological research and molecular breeding of the cultivated peanuts.

Allotetraploidy, which are evident in soybean, Brassica, wheat, cotton, and peanut via whole chromosomal genome (Gill et al., 2009; Feldman et al., 2012; Paterson et al., 2012; Chalhoub et al., 2014; Bertioli et al., 2019; Zhuang et al., 2019), plays a critical role in the evolving history of most domesticated crop species. However, how allotetraploids species (e.g., cultivated peanut) have evolved from their diploid parents remains largely unknown (Bertioli et al., 2020; Zhuang et al., 2020). The lack of information is caused by two possible reasons: (1) morphological and molecular phylogenetic studies are not efficient in distinguishing taxonomic species for some horticulture features may have resulted from domestication. (2) Genetic diversity introduced by multiple parental inheritance makes it difficult to detect homology among sequences. According to a few previous studies, cultivated peanuts are allotetraploid (AABB genome type) and derived from two diploids wild species by a recent hybridization event (Bertioli et al., 2019; Zhuang et al., 2019). Many studies suggest that A. duranensis Krapov. & W.C.Greg. (AA) and Arachis ipaensis Krapov. & W.C.Greg. (BB) are the progenitor species, which provide valuable genetic resources to A. hypogaea (Kochert et al., 1996; Koppolu et al., 2010; Bertioli et al., 2011, 2016). However, some other studies support that cultivated peanuts may have been derived from more than two progenitor species, including Arachis diogoi Hoehne (AA), Arachis correntina (Burkart) Krapov. & W.C.Greg. (AA), Arachis cardenasii Krapov. & W.C.Greg. (AA), A. batizocoi Krapov. & W.C.Greg. (KK), A. trinitensis Krapov. & W.C.Greg. (FF), and A. williamsii Krapov. & W.C.Greg. (BB) (Stalker et al., 1991; Singh et al., 1994; Leal-Bertioli et al., 2014; Wang et al., 2019; Zhuang et al., 2019). The origination and evolution of the cultivated peanut species remains elusive, and it is extremely difficult to demarcate the boundary of some peanut species due to gene introgression, ancestral polymorphism and various speciation rates in different species (Moretzsohn et al., 2013; Bertioli et al., 2019).

The previous classification has put cultivated peanuts into two groups, subsp. hypogaea and subsp. fastigiata, based on some morphological and physiological characteristics, such as the presence of flower on main stem, time of maturation, the presence of seed dormancy, etc. (Gibbons et al., 1972; Krapovickas et al., 2007; Belamkar et al., 2011). According to some early classification work, which studied the growth habit, leaflet surface, branching pattern and pod traits of various peanuts (Ferguson et al., 2004; Krapovickas et al., 2007), subsp. hypogaea contain two botanical varieties, var. hypogaea, var. hirsute, while four varieties (var. fastigiata, var. peruviana, var. vulgaris, and var. aequatoriana) are present in subsp. fastigiata. However, classification based on morphological and physiological characteristics is not consistently supported by works done at the molecular level when employing different methods or using different genetic markers (He and Prakash, 2001; Gimenes et al., 2002; Moretzsohn et al., 2004; Koppolu et al., 2010). A molecular analysis using the AFLP approach shows that var. aequatoriana and var. peruviana are closely related to subsp. hypogaea (He and Prakash, 2001). Furthermore, a study carried out with SSRs markers put var. peruviana into subsp. hypogaea. More interestingly, var. hypogaea and var. hirsute, which are originally placed in subsp. hypogaea, are not even closely related according to Ferguson et al. (2004). The conventional classification of cultivated peanuts is supported by one recent study, which looked at high-quality SNPs in the peanut nuclear genomes (Zheng et al., 2018). However, the taxonomic boundaries among some botanical varieties cannot be clearly delimited in this study. Var. hypogaea and var. hirsute could not be distinguished due to difficulties in putting different accessions of the same variety into one cluster. A close evolutionary relationship was inferred between var. hirsute and var. vulgaris when using the plastomics approach (Wang et al., 2018, 2019). This study also supports a close relationship between var. hypogaea and var. fastigiata, which is different from what we would expect based on the previous classification. It seems that nuclear genomic sequence data is not sufficient or reliable in interpreting evolutionary relationship among allotetraploid species. Due to the lack of consistency, a study carried out with a different type of sequence data (i.e., plastomic data) or employing various analytic methods would be appropriate when trying to reconstruct the phylogeny of cultivated peanuts.

Plastomics provide a powerful tool in phylogenetic studies involving particular evolutionary events, such as interspecific hybridization, allopolyploidization, rapid evolution, etc. (Moore et al., 2007). In contrast to nuclear genomes, plastomes are maternally inherited. The evolutionary rate of plastomes is low, and there is no recombination during chloroplast division (Daniell et al., 2016). Therefore, plastomes are good resources for studying maternal evolutionary dynamics (Tonti-Filippini et al., 2017). Chloroplast genomes are highly conserved in angiosperms, which share a quadripartite structure containing a large single copy (LSC; 80–90 kb) and a small single copy (SSC; 16–27 kb) separated by two inverted repeats (IR; 20–28 kb) (Daniell et al., 2016). In green plants, plastomes typically range from 120 to 218 kb in size (Wicke et al., 2011), and such a variety in size is mainly caused by IR contraction and expansion (Choi et al., 2020; Henriquez et al., 2020). To take an extreme example, the IR region is completely lost in Erodium L’Herit. and some papilionoid legumes (Blazier et al., 2016; Lee et al., 2021). Angiosperm plastomes generally encode 110–130 genes, which include approximately 80 protein coding genes, 30 transfer RNA genes, and four ribosomal RNA genes (Daniell et al., 2016). Even though the loss of genes (Song et al., 2017; Alqahtani and Jansen, 2021) or introns (Jansen et al., 2007), and pseudogenization (Abdullah et al., 2021a; Li et al., 2021) have been reported in the plastomes of diverse plant species, plastomics still provide a reliable tool in phylogenetic studies, and plastid genomes have been largely used to reconstruct the phylogeny of many crop and horticulture species in recent years (Li et al., 2017; Xue et al., 2019; Guo et al., 2020; Hassoubah et al., 2020; Moner et al., 2020; Tyagi et al., 2020). However, there are only a limited number of peanut plastomes that have been sequenced and analyzed to date, including that of A. hypogaea and a few other related wild species (Prabhudas et al., 2016; Yin et al., 2017; Wang et al., 2018, 2019, 2021). This is insufficient in gaining a full picture of what has happened in the evolutionary history of cultivated peanuts and some wild species, and the relationship between cultivated peanuts and their potential wild maternal progenitor species is still unclear.

In this study, we assembled 33 Arachis plastomes including both cultivated and wild peanut species. Through comparative analysis with other peanut plastomes, which are currently available at NCBI, we aim to provide insights into species delimitation of Arachis and to identify the potential maternal genome progenitor species of cultivated peanuts. This work will serve as a foundation for the utilization of peanut genetic resources and the development of high-quality peanut varieties through molecular breeding.



MATERIALS AND METHODS


Plant Sampling

In this study, Fresh young leave samples of 33 peanut accessions (24 species) representing 11 different genome types were collected from Henan Academy of Agricultural Sciences, Zhengzhou, China (HNAAS) and used for further analysis (Table 1). These include five botanical varieties of A. hypogaea, var. hypogae (Lainongzao), var. hirsute (Bajisitanhuapi), var. fastigiate (PI493938), var. peruviana (NcAc17090), var. vulgaris (Yiya). Samples were stored immediately in a −80°C freezer prior to DNA extraction. All the voucher specimens were deposited to the Herbarium of Zhengzhou University (Supplementary Table 1).


TABLE 1. Complete plastome features of the 33 Arachis accessions.
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Genomic DNA Extraction and Sequencing

Total genomic DNA of the 33 samples were extracted with the Tiangen Plant Genomic DNA Kit (Tiangen Inc., China) following the protocol provided by the manufacturer. DNA purity was assessed using the Qubit 2.0 (Invitrogen Inc., United States) and a NanoDrop machine (Thermo Scientific Inc., United States). DNA libraries were constructed using the Illumina Paired-End DNA library Kit and sequenced with a NovaSeq 6000 platform (Illumina Inc., United States) with a paired-end read length of 150 bp (NovoGene Inc., China). Upon completion, more than 6.0 GB raw reads were retrieved for each sample. The GetOrganelle toolkit was used for de novo assembling of the complete plastid genomes (Jin et al., 2020). The published plastomic sequences of Arachis (Supplementary Table 1) from GenBank were used as the seed file (“embplant_pt”) for the assembling process, as well as a template to estimate the possible circular sequence pattern.



Plastome Annotation and Comparison

The Plastid Genome Annotator (PGA) software (Qu et al., 2019) was employed in the annotation of the selected peanut plastomes using A. hypogaea (accession no. MT712165) as a reference. The accuracy of annotation was evaluated with GeSeq (Tillich et al., 2017), HMMER (Wheeler and Eddy, 2013), and tRNAscan-SE (Lowe and Eddy, 1997) programs implemented in the CHLOROBOX web toolbox1 with a default setting. Chloroplot was used to visualize the plastid genomes as a physical map (Zheng et al., 2020). MISA-web (Beier et al., 2017) was used to identify simple sequence repeats (SSRs) with the following criteria: 10, 5, 4, 3, 3, and 3 repeat units are for mono-, di-, tri-, tetra-, penta-, and hexa-nucleotides, respectively. In addition, forward, palindrome, reverse, and complement repeated elements were identified using REPuter (Kurtz et al., 2001) with a minimal length of 30 bp, an identity value of more than 90% and a Hamming distance of 3. The comparison among whole chloroplast genomes in genus Arachis species were using data from 33 new sequenced plastomes, and published plastomes of five cultivated peanuts (Prabhudas et al., 2016; Wang et al., 2018), 12 wild peanuts (Wang et al., 2019) which downloaded from the NCBI database (Supplementary Table 1). Nucleotide diversity (Pi) of the plastomic sequences of Arachis species were obtained in this study and the published sequences were calculated using a sliding window method with a window length of 600 bp and a step size of 200 bp by DnaSP (Rozas et al., 2017).



Phylogenetic Analysis

To reconstruct the phylogeny of peanut species and to identify the potential maternal progenitor species, the complete plastomes of 53 species (Supplementary Table 1) were retrieved from various databases and used to make a multiple sequence alignment with MAFFT under a default setting (Katoh and Standley, 2013). Among these species, Dalbergia hupeana Hance from the Tribe Dalbergieae was defined as outgroup. Phylogenetic trees were constructed with the 53 sequences using both the Maximum likelihood (ML) and the Bayesian inference method (BI), which are implemented in IQ-TREE (Nguyen et al., 2014) and MrBayes (Ronquist et al., 2012), respectively. The best fit nucleotide substitution models, TVM + F + R3 for ML analysis and GTR + F + I + G4 for BI analysis, were selected using the ModelFinder (Kalyaanamoorthy et al., 2017) according to the AIC criterion. In the ML analysis, 50,000 bootstrap replicates were carried out with the SH-aLRT branch test. The BI analysis was performed with two independent Markov Chain Monte Carlo chains with 2,000,000 generations, and it was considered to be stationary when the average standard deviation of split frequencies fell below 0.01. The first 25% of trees were discarded as burn-ins, and the remaining trees were used to construct a consensus tree.




RESULTS


Characterization of the Peanut Plastomes

The size of the studied Arachis plastomes ranges from 156,220 bp (Arachis palustris) to 156,630 bp (Arachis dardonoi) in length (Table 1 and Figure 1), while the Arachis species ranging from 156,220 bp (A. palustris) to 156,878 bp (A. hypogaea var. hirsute AHL) in whole chloroplast genome length. Moreover, the cultivated peanut plastomes ranges from 156,354 to 156,878 bp in length, with A. hypogaea var. hirsute AHL being the largest. There is a 10–100 bp difference in length when comparing our sequencing data with the published data of a few species including A. batizocoi, A. cardenasii, A. duranensis, A. ipaensis, Arachis villosa, and A. monticola PI 219824. All the sequenced plastomes share a G + C content of 36.4% except for A. dardonoi, A. pusilla, and A. rigonii, which share a G + C content of 36.3%. All peanut plastomes contain a large single-copy (LSC), a small single-copy (SSC), and two inverted repeats (IRa/IRb). The LSC regions range from 85,736 bp (A. pintoi) to 85,990 bp (A. dardonoi) in length, with the G + C contents falling between 33.8 and 33.9%. The SSC regions vary from 18,789 bp (Arachis hoehnei) to 18,994 bp (Arachis decora) in length and the G + C content falls between 30.2 and 30.3%. A. pintoi has the smallest IRs, which is 25,757 bp in length, while a maximum IR length of 25,862 bp was observed in both A. pusilla and A. rigonii. These regions have a G + C content of 42.9%, which is significantly higher than that of the LSCs and SSCs. All plastomes included in our studies contain 109 unique genes, encoding 76 protein genes, 29 tRNAs, and 4 rRNAs (Table 1 and Figure 1), which is comparable with some well-studied Arachis species. Based on their annotated functions, these genes can be classified into four categories (Table 2), namely self-replication genes, photosynthesis related genes, other genes, and unknown function genes.
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FIGURE 1. Circular plastome map of Arachis. Genes of different functional groups are color coded. The green in the inner circle corresponds to the GC content, while the pink corresponds to the AT content.



TABLE 2. List of the annotated genes in the plastomes of the selected Arachis accessions.
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Comparative Plastomic Analysis

Analysis of the 33 new sequenced plastomes revealed 1,593 tandem repeats with complement, forward, reverse, and palindromic elements (>30 bp). The number of repeats present in each plastome varies considerably, ranging from 38 in A. decora to 50 in most other species (Figure 2A). In average, 17 forward, 27 palindromic, 2 complement, and 3 reverse repeats were estimated in each plastome. Among the species, in which repeats were identified, A. dardonoi lacks complement repeats, while A. pintoi, A. pusilla, and A. rigonii do not have complement or reverse repeats. Most repeats among Arachis species plastomes are present in the intergenic spacer regions. With the MISA analysis, 60 universal SSR loci were detected in the plastomes of A. pusilla and A. rigonii while 83 was in A. dardonoi (Figure 2B). Based on the SSR analysis, 40–57 of the identified SSRs are mononucleotidic, 14–20 are dinucleotidic, 1–4 are trinucleotidic, and 5–9 are tetranucleotidic (Supplementary Table 2). Among these SSRs, most of the identified mononucleotidic SSRs are composed of A/T, and the dinucleotidic ones contain AT/TA. Moreover, the pentanucleotidic SSRs in A. dardonoi and A. ipaensis have a typical sequence of AATAG/CTATT or TATAA/TTATA, and the hexanucleotidic SSRs in A. cardenasii, A. dardonoi, A. duranensis, A. glabrata, Arachis herzogii, and Arachis microsperma contain either AATGGA/TCCATT or ATAGCA/TGCTAT (Figure 2B).
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FIGURE 2. Analyses of repeated sequences in the plastomes of the 33 Arachis accessions. (A) Numbers of repeats and their types; (B) number of identified SSRs motifs and their types.


A total number of 3,416 polymorphic sites (Pi: 0.227%) were detected in the 52 cultivated and wild peanut plastomes (Supplementary Table 1), including 1,670 singleton variable sites and 1,746 parsimony informative sites. The alignment of seventeen peanut complex (see discussion) sharing high sequence similarity revels 54 singleton variable sites and 20 parsimony informative sites, which are also highly conserved across all the analyzed plastomes. Pi values among different plastomes were computed by a sliding window method with a window length of 600 bp and a step size of 200 bp (Figure 3). In addition, six hotspot regions with high Pi values were identified among various cultivated peanut accessions and other wild species, which include two protein-coding genes (rpoC2 and ycf1) and four intergenic spacer regions (trnS-UGA-psbC, atpA-trnR-UCU, psbE-petL, and rpl32-trnL-UAG). These regions could be potentially used as DNA markers in phylogenetic studies of different Arachis species.
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FIGURE 3. Sliding window analysis of the whole plastomes of the 52 Arachis accessions.




Phylogeny of Arachis Based on Whole Plastomes

In our study, Arachis is recovered as monophyletic, which is well supported by both ML and BI analyses (Figures 4A,B). The basal position of A. dardonoi (HH) from section Heteranthae is strongly supported by both methods. Within section Arachis, two major lineages, Lineage I and II, were clearly defined (Figure 4). Another species A. pusilla (HH) from section Heteranthae is grouped into one clade with A. rigonii (PR) from section Procumbentes. However, ML and BI analysis did not provide consistent result in terms of the taxonomic statuses of A. duranensis, A. monticola, and cultivated peanut (Figures 4A,B).
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FIGURE 4. Phylogenetic trees constructed with 52 Arachis plastomic sequences using the Bayesian inferred (A) and Maximum likelihood (B) methods. Numbers above the branch represent the confidence level.


Species with a genome type of AA are mainly distributed in Lineage I, which are further divided into three clades. Based on the BI analysis, the newly sequenced peanut varieties, var. hypogaea and var. hirsuta, are clustered into one clade, while var. fastigiata, var. vulgaris, and var. peruviana are placed in another clade with relatively low bootstrap values (Figure 4A). In the ML analysis, the six varieties are placed in one big clade, and it is impossible to draw a clear boundary between subsp. hypogaea and subsp. fastigiated (Figure 4B). Var. vulgaris (Yiya vs. AHZ) and var. hirsute (Bajisitanhuapi vs. AHL) are placed in two separate clades in this study. The cultivated peanuts and two wild species, A. monticola and A. duranensis (PI219823 and PI 475844), are grouped together as the “peanut complex” clade (Clade A), members of which demonstrate a diversity in morphological features, and the boundary between Clade A and other clades is not well defined or supported by the phylogenetic analyses (Figure 5). Both the ML and BI analyses support that A. duranensis (AA) is the wild diploid progenitor of all cultivated peanuts. In Lineage I, Clades B and C are not monophyletic, which contain species with various genome types, such as A. hoehnei (BB), A. glabrata (R2) from section Rhizomatosae, A. batizocoi (KK), and Arachis paraguariensis (EE) from section Erectoides (Figure 4).
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FIGURE 5. Morphological differences among selected Arachis species (three accessions of A. duranensis, two accessions of A. cardenasii and five cultivated peanuts).


The phylogenetic structure of Lineage II is strongly supported by both ML and BI analyses. It contains nine Arachis species/accessions with diverse genome types. For example, the two accessions of A. ipaensis and Arachis valida contain BB genome type. A. decora and A. palustris (2n = 18), share a genome type of GG and are placed together with high confidence scores. A. valida shows a sisterhood relationship with Arachis trinitensis (FF) and Arachis glandulifera (DD), while A. ipaensis, another possible diploid progenitor of cultivated peanuts, is grouped together with A. batizocoi (AA) and Arachis cruziana (KK).




DISCUSSION


Arachis Plastomes Are Highly Conserved

All Arachis plastomes share a typical quadripartite structure, consisting of one LSC region and one SSC regions separated by a pair of IRs. The same structure has also been reported in other angiosperms (Xu et al., 2015; Daniell et al., 2016; Tonti-Filippini et al., 2017). All the Arachis plastomes covered in this study are highly conserved in genome size and structure, G + C content, and gene number, which are also comparable to the plastomes of previously published Arachis species (Prabhudas et al., 2016; Yin et al., 2017; Wang et al., 2018, 2019). Plastomes of angiosperms tend to vary in size, the size of a typical Arachis plastome is approximately 156 kb (Supplementary Table 1), similar with the plastomes length of soybean (Glycine) in 152 kb, but more than the length of wheat (Tribe Triticeae), which varies from 133 to 137 kb (Middleton et al., 2014), rice (Oryza) of 135 kb in size (Asaf et al., 2017), and less than buckwheat (Fagopyrum) of 159 kb in total length (Wang et al., 2017). Genome size change was suggested to be linked variation of intergenic region, InDel events and oligonucleotide/microsatellites repeats within the related species, while gene loss, expansion/contraction of an IR region among seed plants (Xu et al., 2015; Zheng et al., 2017).

All the published Arachis plastomes share the same number of protein coding genes (Table 2) with only a few exceptions. Prabhudas et al. (2016) was not able to detect NADH dehydrogenase subunit 2 gene (ndhB) in A. hypogaea Co7, and orf42 and ycf68 were miss annotated in another two studies by Yin et al. (2017) and Wang et al. (2019). A closer look at the coding regions reveals that five tRNAs and 11 protein coding genes harbor at least one intron. Among these, ycf3, clpP, and rps12 (a trans-splicing gene) contain two introns (Xu et al., 2015; Liu et al., 2020). The total number of tRNA genes present in our sequenced plastomes is 29, and the same conclusion was reached in two other studies by Schwarz et al. (2015) and Wang et al. (2019). However, one extra tRNA gene was annotated in one previous study carried out by Prabhudas et al. (2016). This one extra gene is trnP-GGG, which overlaps with another tRNA gene2. According to wild Roses, trnP-GGG gene in the region of trnP-UGG gene also exists (Jeon and Kim, 2019). Former studies demonstrated a widely distributed of trnP-GGG gene present in charophyte to gymnosperm, while trnP-UGG gene in plastomes from algae to higher plants (Turmel et al., 2002; Sugiura and Sugita, 2004).

Microsatellites and oligonucleotide repeats play an important role in the identification of regions with a large number of mutations, and are helpful in the study of population genetics (Ahmed et al., 2012; Abdullah et al., 2019). A consistent result was obtained when comparing SSRs and oligonucleotide repeats across different Arachis plastomes (Yin et al., 2017; Wang et al., 2019), with A/T and AT/TA being the most common mononucleotidic SSRs and mononucleotidic SSRs, respectively. A similar pattern is also reported in plastomes of many other angiosperms (Tian et al., 2019; Mehmood et al., 2020; Abdullah et al., 2021b). The SSRs loci identified in this work could serve as potential molecular markers for understanding the population genetic structure among various Arachis species. Here, we also identified some oligonucleotide repeats, which are associated with nucleotide substitution, mutation and InDel events in the genomes (Abdullah et al., 2021b,c). Most of the oligonucleotide repeats were found in the intergenic regions, and a similar pattern is observed in the plastomes of many other vascular plants (Kuang et al., 2011; Li et al., 2017; Sigmon et al., 2017; Wang et al., 2019). Our results also showed a high abundance of complement and forward oligonucleotide repeats across different Arachis species. Oligonucleotide repeats could be used for the identification of regions with mutations and the reconstruction of accurate phylogeny of Arachis species (Mehmood et al., 2020; Abdullah et al., 2021b).



Linking Phylogeny With Genome Type

The genus Arachis consists of 81 species demonstrating a huge diversity in genome types (A, B, AB, C, D, E, EX, F, H, K, PR, R1, R2, T, and TE). Linking phylogenetic analysis with their genome type information could allow us to better understand the origination and evolution of cultivated peanuts. Based on our study, hybridization seems to play a major role in the evolution history of cultivated species (Garcia et al., 1995; Jarvis et al., 2003). However, problems within several clades are still unsolved. Our results show that the taxonomic relationship based on morphology should be revised (He et al., 2014; Vishwakarma et al., 2017). Two studies working with plastomics data (Wang et al., 2019) and microsatellite markers (Moretzsohn et al., 2013) also reached the same conclusion. In addition, one clade may contain species with various genome types, which is supported by this study and two other phylogenetic studies working with intron sequences and microsatellite markers (Moretzsohn et al., 2013). Again, it is very difficult to delimit the boundary of different Arachis species. In fact, all Arachis species look very similar morphologically, and leaf shape could probably be the only morphological trait, which could potentially be used in putting species into different taxonomic groups (Supplementary Figure 1). We speculate that recent speciation events play an important role in the evolution of Arachis. Both underground fruiting and clistogamy are thought to limit gene flows and seed dispersal in peanuts (Tan et al., 2010; Zhang et al., 2017), which should allow each species to keep its distinct identity (Yu et al., 2020). However, it is very interesting to see that the flowers and stems of Arachis plant could attract small insects, such as ants (Supplementary Figure 2). The movement of ants between different plants could cause the pollen of one species to be transferred to another species, and therefore promote gene flow between different Arachis species. In fact, genome introgression was detected among the interspecific hybrid population of peanuts (Garcia et al., 1995).

Plastomes are highly conserved and tend to have low nucleotide variations (Sigmon et al., 2017; Wang et al., 2018; Nock et al., 2019) (Figure 4). In this study, only 74 nucleotide polymorphisms were detected among different species of the cultivated peanut complex, indicating that the plastomes of cultivated peanuts are highly conserved (Wang et al., 2018). This observation could also be explained with a low nucleotide substitution rate. Peanut has only been domesticated for several thousand years, there is not enough time to accumulate many genetic variations (Bertioli et al., 2019). Although most botanical varieties examined in this study do demonstrate differences in their morphology (Figure 5), there are no distinguishable morphological features, which could be used to put different species into the two subspecies groups. For example, var. fastigiate, var. vulgaris and var. hirsute coming from two different groups all have three or more seeds in each shell (Figure 4A). The overall phylogeny obtained in this study is in agreement with the conventional classification based on studies looking at other features, including morphology (Krapovickas et al., 2007), AFLP markers (He and Prakash, 2001), simple sequence repeats (Ferguson et al., 2004), and single nucleotide polymorphisms (Zheng et al., 2018). However, violations do exist when it comes to the phylogenetic relationship of different varieties, such as, var. peruviana does not belong to subsp. fastigiata (He and Prakash, 2001; Ferguson et al., 2004). Var. hypogaea and var. hirsute should not be placed in subsp. hypogaea according to the conventional classification.



Maternal Hybridization Event in the History of Cultivated Peanuts

Our results strongly support the hypothesis that A. duranensis is the wild diploid progenitor (with a genome type of A) of cultivated peanuts (Figure 4). This result is compatible with the earlier view, which is based on multiple lines of evidence from comparative genomics, geographic distribution, phylogenetic reconstruction, etc. (Kochert et al., 1996; Seijo et al., 2004; Fávero et al., 2006; da Cunha et al., 2008; Bertioli et al., 2016; Chen et al., 2016; Wang et al., 2019). Furthermore, phylogenomic investigation using both ML and BI methods suggests that A. duranensis have diverged into two groups. A. duranensis (PI219823 and PI 475844) shows a closer relationship with A. hypogaea, while A. duranensis PI 468200, PI 468323, and PI263133 (Genbank no. MK144822) are grouped in another clade containing A. batizocoi, A. glabrata, A. hoehnei, Arachis kempff-mercadoi, and A. paraguariensis (Figure 4). This topology was generally consistent with that of the ML tree, in which the three botanical accessions of A. duranensis (ICG 8138, ICG 8123, and PI 262133) are distributed in different clades (Zhuang et al., 2019). Moreover, the 42 accessions of A. duranensis demonstrate clear variations in morphological features (Singh et al., 1996). In agreement with Bertioli’s work (Bertioli et al., 2019), some accession of A. duranensis may have served as the AA sub-genome maternal progenitor of A. hypogaea. However, the status of A. diogoi (former known as Arachis chacoensis) and A. cardenasii as another two potential progenitors is not supported by our study.

This does not contrary to the earlier view that A. monticola is the direct progenitor of cultivated peanuts, and that it plays a vital role in the transition of diploid wild species to tetraploid cultivated species (Simpson et al., 2001; Yin et al., 2020). Cultivated peanut (A. hypogaea) and wild A. monticola are allotetraploids (AABB), while other 30 described wild species are diploid (Stalker, 2017). The previous phylogeographical analyses often group these two species (A. hypogaea and A. monticola) together (Gimenes et al., 2002; Seijo et al., 2004). As former documented, A. monticola is a weedy subspecies of cultivated peanuts, and it is placed in one group with A. hypogaea in earlier phylogenetic studies (Koppolu et al., 2010; Stalker, 2017; Vishwakarma et al., 2017; Wang et al., 2019). Their close relationship can be further supported with the following evidence. Firstly, A. hypogaea is able to produce fertile hybrids when hybridized with A. monticola (Stalker and Moss, 1987). Secondly, this is in agreement with the results of previous studies focusing on somatic chromosomes, such as the virtually identical centromeric bands and in situ hybridization between A. hypogaea and A. monticola (Raina and Mukai, 1999). Thirdly, A. monticola may have been derived from a more ancient hybridization event according to the phylogenetic studies on the two FAD2A alleles, while the accessions of A. hypogaea may have evolved latter (Jung et al., 2003). During its evolution, A. monticola has accumulated more mutations in its plastome than most other cultivated peanuts do, which could be possibly traced back to different evolution rates or natural selection. Nevertheless, plastomics approach is very useful in inferring the maternal origin of cultivated peanuts and explaining the close phylogenetic relationship between A. monticola and A. hypogaea.




CONCLUSION

In summary, 33 Arachis plastomes were sequenced and analyzed in a comparative framework with the published plastomics data of cultivated and wild peanut species. These plastomes share similar structural organization with low nucleotide variations. The phylogenetic topology obtained in this study shows that plastomics could facilitate a better understanding of the phylogeny among deep lineages of Arachis. Based on our result, it is speculated that cultivated peanuts have experienced a multi-maternal hybridization event with a recent origin. Some wild species of the A. duranensis accessions might have contributed the maternal sub genomes to cultivated peanuts and A. monticola, which represents a transitional species between wild diploid species and tetraploid cultivated species. Owing to interspecific gene flow and recent speciation, the relationship among different Arachis species inferred based on phylogeny do not always go along with their genome types. As a result, more Arachis species with various genome types should be included in future study to fully elucidate the origin and evolutionary history of Arachis.
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Three-amino-acid-loop-extension (TALE) transcription factors comprise one of the largest gene families in plants, in which they contribute to regulation of a wide variety of biological processes, including plant growth and development, as well as governing stress responses. Although sweet orange (Citrus sinensis) is among the most commercially important fruit crops cultivated worldwide, there have been relatively few functional studies on TALE genes in this species. In this study, we investigated 18 CsTALE gene family members with respect to their phylogeny, physicochemical properties, conserved motif/domain sequences, gene structures, chromosomal location, cis-acting regulatory elements, and protein–protein interactions (PPIs). These CsTALE genes were classified into two subfamilies based on sequence homology and phylogenetic analyses, and the classification was equally strongly supported by the highly conserved gene structures and motif/domain compositions. CsTALEs were found to be unevenly distributed on the chromosomes, and duplication analysis revealed that segmental duplication and purifying selection have been major driving force in the evolution of these genes. Expression profile analysis indicated that CsTALE genes exhibit a discernible spatial expression pattern in different tissues and differing expression patterns in response to different biotic/abiotic stresses. Of the 18 CsTALE genes examined, 10 were found to be responsive to high temperature, four to low temperature, eight to salt, and four to wounding. Moreover, the expression of CsTALE3/8/12/16 was induced in response to infection with the fungal pathogen Diaporthe citri and bacterial pathogen Candidatus Liberibacter asiaticus, whereas the expression of CsTALE15/17 was strongly suppressed. The transcriptional activity of CsTALE proteins was also verified in yeast, with yeast two-hybrid assays indicating that CsTALE3/CsTALE8, CsTALE3/CsTALE11, CsTALE10/CsTALE12, CsTALE14/CsTALE8, CsTALE14/CsTALE11 can form respective heterodimers. The findings of this study could lay the foundations for elucidating the biological functions of the TALE family genes in sweet orange and contribute to the breeding of stress-tolerant plants.
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INTRODUCTION

In plants, numerous transcription factors (TFs) have been identified and shown to play significant roles in the regulation of developmental processes, stress responses, and genetic control (Liu X. et al., 2019). TFs in the three-amino-loop-extension (TALE) gene family have established to be relatively numerous and highly conserved in different plant species (Choe et al., 2014). These genes are classified into two subfamilies, namely, the KNOX (KNOTTED-like homeodomain) and BEL (BEL1-Like homeodomain) subfamilies, which normally function as heterodimeric TF complexes that contribute to modifying physiological and biochemical properties, particularly those associated with the metabolism and biosynthesis of lignin (Yoon et al., 2014, 2017). TALE proteins have a distinctive common characteristic in that interactions can occur either between TALE and non-TALE members or among different TALE family members (Hudry et al., 2014). In barley, for example, BKN3 (KNOX protein) has been shown to interact with JUBEL1 and JUBEL2 (BEL proteins; Müller et al., 2001), whereas SHOOT MERISTEMLESS (STM), a MEINOX domain protein, has been demonstrated to be a common interacting partner of three BEL homeodomain members (ATH1, BLH3, and BLH9; Cole et al., 2006).

The nutritional and economic value of fruits is dependent to a large extent on their developmental status, which is often determined by TALE genes. In tomato (Solanum lycopersicum), for example, the TALE gene TKN2/4 has been demonstrated to specifically influence fruit chloroplast development and thereby nutrient composition and flavor (Nadakuduti et al., 2014). Similarly, LeT6/TKn2 has been reported to be involved in tomato fruit morphological development (Avivi et al., 2000). In addition, CcBLH6 had been found to play an active role in the lignification and lignin biosynthesis pathway of Camellia chekiangoleosa fruit (Yan et al., 2021). Moreover, the activity of TALE family members is believed have a considerable influence on the size, yield, and quality of fruit in many fruit crops, including Actinidia chinensis, Fragaria vesca, and Litchi chinensis (Shahan et al., 2019; Zhao et al., 2020; Brian et al., 2021).

In recent years, an increasing amount of evidence has accumulated to indicate that TALE genes play important roles not only in growth and development but also in the adaptation of stress responses in different plant species (Butenko and Simon, 2015). For instance, GmSBH1, the first TALE gene identified in Glycine max, has been shown to influence leaf phenotype and enhance plant tolerance to high temperatures or humidity (Shu et al., 2015). In Populus, the type I KNOX gene PagKNAT2/6b has been demonstrated to directly suppress gibberellin biosynthesis, thereby promoting phenotypic alteration and enhancing plant drought stress tolerance (Song X. et al., 2021). Similarly, POTH15, a type I KNOX gene, has been characterized as a regulator of photoperiodic development, meristem maintenance, and leaf development, and is believed to be involved in responses to plant hormone signal transduction and biotic or abiotic stresses, based on RNA sequencing and quantitative real-time PCR (qRT-PCR) validation (Mahajan et al., 2016).

Citrus species are among of the most widely cultivated and economically significant fruit crops (Xu et al., 2021). Given the large planting areas, citrus producers face multiple challenges relating to the dynamic environment and myriad stresses (Yu et al., 2020). Recent research showed that agricultural producers are facing several problems due to biotic and abiotic stresses like ubiquitous phytopathogens and changeable weather (high or low temperature, and soil salinity) which seriously reduce the Citrus yield and quality. For example, melanose disease caused by the fungal pathogen Diaporthe citri, which harms both leaves and fruits, contributes to massive reductions in yield and loss of quality (Mondal et al., 2007; Chaisiri et al., 2020), whereas citrus greening disease (Huanglongbing, HLB) is recognized as the most serious and fatal bacterial diseases threatening the citrus industry worldwide (Qiu et al., 2020; Yao et al., 2021). Unfortunately, HLB remains incurable, with all diseased plants eventually succumbing to the disease (Thapa et al., 2020). Currently, there are no known commercial citrus varieties with effective resistance to the phloem-residing HLB-associated bacterium Candidatus Liberibacter asiaticus (CLas; Iftikhar et al., 2016). Within a plant, the phloem is the predominant passageway for the long-distance transport of solutes and signaling, at the same time, provides an effective avenue of phloem-inhabiting bacteria spread systemically throughout a host plant (Welker et al., 2021). With respect to the breeding of resistant varieties, it is anticipated that on the basis comparative pathological, transcriptomic, and anatomical investigations using HLB-tolerant and -sensitive cultivars, phloem regeneration will become one of the most important and promising research directions in citrus production (Deng et al., 2019; Curtolo et al., 2020). It has long been established that KNAT6 (KNOX subfamily) is particularly enriched in phloem and required for correct lateral root formation in Arabidopsis (Dean et al., 2004). Similar findings have been reported in potato, in which the KNOX subfamily protein POTH1 interacts with the BEL subfamily protein StBEL5, a phloem-mobile messenger that regulates phloem transport activities (Mahajan et al., 2012; Hannapel et al., 2013). Thus, it would be of interest to investigate the potential function and underlying regulatory mechanisms of TALE family genes in host plant resistance to HLB pathogens.

To date, however, there has been no relevant research on the TALE family in sweet orange. Nevertheless, recent publication of the complete genome sequence of sweet orange now makes it feasible to conduct genome-wide identification and comparative analyses of the TALE gene family in sweet orange. In this study, we identified CsTALE genes in sweet orange, using which, we performed a comprehensive analysis, examining gene phylogeny, chromosomal position, duplication events, gene/protein structures, cis-acting regulatory elements (CREs), PPI networks, subcellular localization, and transcriptional activation, and undertaking yeast-two-hybrid validation. Moreover, we also examined expression profiles of all CsTALE genes in different sweet orange tissues and in response to different abiotic and biotic stresses. By adopting this integrative approach, we provide a basis for further elucidating the functional and mechanistic characteristics of the TALE genes. In addition, identification of stress resistance genes will provide a basis for effective engineering strategies to improve crop stress tolerance.



MATERIALS AND METHODS


Identification and Phylogenetic Analysis

Publicly available information relating to the sweet orange genome sequences and gene annotations were downloaded from the National Center for Biotechnology Information (NCBI) and the Citrus sinensis Genome Annotation Project (Xu et al., 2013; Wu et al., 2018). All Hidden Markov Model (HMM) profile files of the TALE domain (Accession no. PF05920) were downloaded from the Pfam database, version 34.01.

Sequences of Arabidopsis thaliana TALEs (AtTALE), Oryza sativa TALEs (OsTALE), and Populus trichocarpa TALEs (PtTALE) were obtained from previous studies (Hamant and Pautot, 2010; Zhao et al., 2019). Multiple alignments of TALE member amino acid sequences were performed using ClustalX software V2.1, employing default parameters with subsequent manual adjustment. A phylogenetic tree was generated using MEGA-X v10.2.4 software based on the neighbor-joining (NJ) algorithm, with the following parameters: Poisson correction, pair-wise deletion and bootstrap sampling (1000 replicates; random seed).



Chromosomal Distribution of CsTALE Genes and Duplication Events

The chromosomal positions of CsTALE genes were extracted from the sweet orange genome annotation information in GFF3 format and visualized using Toolkit for Biologists stand-alone software v1.0986 (Chen et al., 2020). Chromosome size and gene density were determined with reference to the sweet orange genomic annotation information. CsTALE gene replication events were identified using a multiple collinear scan kit (MCScanX) program with default settings. For synteny analysis, the genome sequence and gene structure annotation files of sweet orange and Arabidopsis were inputted into One Step MCScanX, followed by the visualization with Dual Synteny Plot plugin embedded in TBtools software. KaKs_Calculator2.0 (MA model) was selected to calculate non-synonymous (Ka), synonymous (Ks), and Ka/Ks values.



Gene Characteristic and Structural Analyses

The theoretical isoelectric point (pI) and molecular weight (MW) of entered protein sequence were estimated using Expert Protein Analysis System 3.02 (Duvaud et al., 2021). The subcellular localization of CsTALE proteins was predicted using the online bioinformatics tools Plant-mPLoc3 and WoLF PSORT4. On the basis of the genome and coding sequences, the gene structure of each TALE gene was obtained using the Gene Structure Display server5. The conserved motifs of CsTALE proteins were identified using the online MEME Suite Programs in classic mode. Domain-based analyses were performed using the SMART server6 in default mode (Letunic et al., 2021).



Cis-Acting Regulatory Elements and Protein Interaction Network Predictions

In order to identify CREs in the promoter sequence of sweet orange TALE genes, we extracted genomic DNA sequences extending 2000 bp upstream of the transcription start site, and then submitted these to the PlantCare website7. Potential PPIs were predicted using the STRING online portal (Version 11.08).



Plant Materials and Treatments

The sweet orange materials used in tissue-specific expression pattern and stress response analyses were obtained from the National Center for Citrus Improvement, Hunan Agricultural University, Hunan Province, China. For analysis, three samples of different tissues (leaf, stem, and flower) were sampled from the same sweet orange plant at the flowering stage, and ripe fruits were subsequently obtained.

The different stress treatments performed in this study were carried out as previously described, with each experiment being conducted with three replicates (Song N. et al., 2021). For the purposes of stress analysis, we used 1-month-old sweet orange plants that had been grown in greenhouse at 25°C under an 8-h dark/16-h light photoperiod.


Salt Stress Assays

Sweet orange seedlings with good health and the same growth potential were transferred to flasks containing 100 mM NaCl, with sterile distilled water serving as a control. Samples then collected at 0, 12, 24, and 48 h after treatment.



Wounding Assays

The leaves of the well-growth sweet orange were gently stab a wound with a pipette tip, with non-wounded plants as a control. Samples were taken at 0, 12, 24, and 48 h after treatment.



High or Low Temperature Stress Assays

Sweet orange seedlings with good health and the same growth potential were transferred to plant growth cabinet at 40 or 4°C for high temperature and low temperature treatments, with normal growth conditions as a control. Samples were taken at 0, 12, 24, and 48 h after treatment.

For each stress type, three independent samples were harvested at 0, 12, 24, and 48 h after treatment, and then immediately snap-frozen in liquid nitrogen and thereafter maintained at –80°C until used for RNA extraction.

Diaporthe citri spores were incubated on oat agar medium at 25°C until germinating, A suspension of these spores (1 × 106 spores/mL) was subsequently used to inoculate 1-month-old sweet orange plants using the spray method as previously described (Agostini et al., 2003). CLas inoculation was performed using to a slightly modified version of the method described by Martins Cristina de Paula Santos et al. (de Paula Santos Martins et al., 2015). Clas-infected sweet oranges showing typical HLB symptoms were collected from commercial citrus growing plantations in the central south region of Hunan Province, China. The seedlings were graft-inoculated with budwood from CLas-free and CLas-infected sweet orange to obtain healthy and infected plants, respectively, as described previously (Suh et al., 2021). For all new mature leaves, the presence of CLas was examined based on qRT-PCR analysis for 6 months post inoculation (Maheshwari et al., 2021). Three independent samples were collected at 0, 24, and 48 h post inoculation and maintained as described above.




RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted from sweet orange leaves using TransZol (TransGen Biotech, Beijing, China) in accordance with the manufacturer’s instructions. One microgram of total RNA was used for first-strand complementary DNA synthesis using a Goldenstar RT6 cDNA Synthesis Kit (Tsingke Biotechnology, Beijing, China). All qRT-PCR reactions were run and analyzed using a CFX96 Touch Deep Well Real-Time PCR Detection System (Bio-Rad, Munich, Germany) with a SYBR Green PCR Mastermix (Solarbio, Beijing, China). qRT-PCR was conducted following standard procedures and conditions as previously described (Peng et al., 2021b). qRT-PCR gene-specific primers were designed using Oligo7 software (Supplementary Table 7).



Subcellular Localization

Amplified full-length TALE fragments were cloned into a linearized pCAMBIAI1132 vector between a CaMV35S promoter and green fluorescent protein tag using ClonExpress II One Step Cloning Kit (Vazyme, Nanjing, China). The resulting vectors were introduced into Agrobacterium tumefaciens EHA105 by electroporation, followed infiltration into Nicotiana benthamiana leaves using a needleless syringe. Subsequently, samples were viewed under a CarlZeiss LSM710 confocal laser scanning microscopy.



Transcriptional Activation and Yeast Two-Hybrid Assay

The transcriptional activation of TALE was analyzed according to a previously reported method (Liu et al., 2021). The full-length sequences of TALE proteins were fused in a pGBKT7 vector. Subsequently, pGBKT7-TALE recombinant vectors and a negative control pGBKT7 empty vector were separately transformed into the yeast strain AH109 in accordance with the manufacturer’s protocol (Weidi Biotechnology, Shanghai, China). The resulting culture was diluted and dropped on SD/–Trp, SD/–Trp/–His/–Ade and SD/–Trp/–His/–Ade/X-α-Gal synthetic dropout medium (Clontech, Mountain View, CA, United States), followed by incubation at 28°C for 3 days.

In order to validate the interactions between members of the CsTALE gene family, we performed a yeast two-hybridization (Y2H) assay using the constructed bait (pGBKT7) and prey (pGADT7) vectors. Yeast transformation was performed using Yeastmaker Yeast Transformation System 2 (Takara, Tokyo, Japan) according to the manufacturer’s instructions. Recombinant vectors and negative (pGBKT7/pGADT7) and positive (pGBKT7-53/pGADT7-T) control vectors were separately transformed into yeast strain AH109 as described above. Thereafter, the transformed yeasts were plated on SD/–Trp/-His, SD/–Trp/–Leu/–His, and SD/–Trp/–Leu/–His/–Ade/X-α-Gal synthetic dropout medium and incubated at 28°C for 3 or 4 days.




RESULTS


Genome-Wide Identification and Phylogenetic Analysis of TALE Genes in Sweet Orange

To identify TALE genes in sweet orange, initial candidates were retrieved from the NCBI and Citrus sinensis Genome Annotation Project databases. HMMER (Hidden Markov Model) matrices specific to TALE family were then constructed using HMMBUILD (HMMER-3.1) and scanned against the PFAM domain (PF05920). On the basis of a rigorous two-staged screening process, we identified a total of 18 TALE superfamily genes were identified in sweet orange, which account for approximately 0.06% of the entire sweet orange genome (29,445 predicted genes in sweet orange). These 18 TALE family members were named based on the order of their chromosomal location (CsTALE1–CsTALE18) and different transcripts were distinguished by the postscripts a/b/c/d. Lengths of the open reading frames of sweet orange TALE genes ranged from 582 to 2520 bp, and calculated theoretical MWs of the TALE proteins varied ranged 22.16–92.52 kDa. The gene id, protein sequence, physicochemical properties and subcellular localization prediction of the characterized TALE genes/proteins are presented in Supplementary Table 1. A pairwise identity (%) matrix revealed similarities among of the sweet orange TALE family nucleotide and amino acid sequences, among which, the highest degree of similarity (93.44/96.89%) was obtained for CsTALE4 and CsTALE16 (Supplementary Table 2).

In order to reconstruct the evolutionary relationships among sweet orange and Arabidopsis TALE members, 39 aligned TALE protein sequences from sweet orange (18 TALE proteins), Arabidopsis (21 TALE proteins), rice (26 TALE proteins), poplar (35 TALE proteins) were used to generate a phylogenetic tree using MEGA X software and the neighbor-joining method (Figure 1). The phylogenetic distribution clearly indicated that the TALE genes clustered into two subfamilies (KNOX and BEL). The KNOX and BEL subfamilies were found to contain 10 and seven CsTALE genes, respectively, whereas CsTALE7 forms a separate evolutionary branch. According to the current classification, these two clusters show obvious differences with respect to TALE sequence length, with the average length of KNOX and BEL subfamily proteins being 626 and 336 amino acids, respectively. The relevant grouping information, gene ids, and gene names are provided in Supplementary Table 3.
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FIGURE 1. Phylogenetic tree of Citrus sinensis, Arabidopsis thaliana, Oryza sativa, and Populus trichocarpa TALE proteins. The phylogenetic tree was constructed from amino sequences using MEGA-X v10.2.4 software by the neighbor-joining method with 1000 bootstrap replicates. The TALE proteins are clustered into 2 subgroups, marked by different colors. Red star indicates Citrus sinensis TALEs (CsTALE), blue square indicates Arabidopsis thaliana TALEs (AtTALE), green triangle indicates Oryza sativa TALEs (OsTALE), and yellow circle indicates Populus trichocarpa TALEs (PtTALE).




Chromosomal Position and Duplication Analysis of CsTALE Genes

In order to determine the chromosomal distribution of CsTALE genes, the positions of CsTALEs were mapped on the chromosomes of sweet orange based on the NCBI Citrus sinensis genome sequence (Assembly Csi_valencia_1.0). The assessment results revealed a sparse distribution of the 18 CsTALE genes across all chromosomes, with the exception of chromosome 9 (Supplementary Figure 1), with variable CsTALE gene densities on individual chromosomes. The highest CsTALE gene frequency (three) was detected on chromosome 7, whereas chromosomes 1 and Un each harbored only a single gene (CsTALE1 and CsTALE18, respectively). For the purposes of the present study, we defined tandem duplicated pairs as a genomic region harboring two or more neighboring CsTALE genes residing within a 20 kb sequence. Among all CsTALE genes, we detected only a single tandem duplicated pair (CsTALE4/CsTALE5) located adjacent to each other in a chromosomal region.

To further examine the relationship between genetic divergence and gene duplication, we performed comparative syntenic and duplication pair analyses. On the basis of our analysis of the sweet orange genome, we identified 10 segmental duplication events involving 10 CsTALE genes (Figure 2A). With the exceptions of chromosomes 4 and 9, segmental duplicates were detected on all chromosomes. CsTALE3/9/11 were found to be involved in three duplication events, whereas others have been involved in two events (CsTALE8/14/18) or one event (CsTALE1/4/15/16). To assess the direction and strength of natural selection pressure, we estimated the rates of Ka to Ks substitution. The ratios of Ka to Ks for the 10 pairs of CsTALE genes were less than 1, ranging from 0.11 to 0.38, which indicates that the CsTALE gene pairs in sweet orange have undergone purifying selection during the course of evolution (Supplementary Table 4). Ks values are routinely used to obtain approximate estimates of the evolutionary dates of segmental duplication events. We established that the duplication of CsTALE genes occurred during the from 3.70 Mya to 12.72 Mya, with a mean date of 8.86 Mya. In order to clarify the evolution and collinearity of sweet orange TALE family members among species, we sought to identify members of the CsTALE family that had colinear relationships with those in the model plant A. thaliana, and accordingly identified 15 colinear gene pairs (Figure 2B and Supplementary Table 5). Syntenic relations of the TALE members among C. sinensis, A. thaliana, O. sativa, and P. trichocarpa are visualized in Supplementary Figure 2.
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FIGURE 2. Duplication events of CsTALE genes. (A) Circle plot displayed duplication events of CsTALE genes based on the sweet orange genome. Colored lines indicated duplication of CsTALE genes. (B) The homologous gene pairs between sweet orange and Arabidopsis. Gray lines indicate all the collinear blocks within sweet orange and Arabidopsis. Other colored lines indicate TALE homologous gene pairs.




Structural and Cis-Acting Regulatory Element Analysis of CsTALE Genes

Bioinformatics data obtained for proteins can enable us to establish correlations between structure and function, and in this regard, we determined motif/domain and exon/intron structures based on the corresponding amino acid and genome sequences (Figure 3). Structural analyses of these genes revealed that members of the BEL subfamily have the same number of exons, namely four, whereas KONX subfamily members are characterized by a diverse exon complement, ranging from three to six (Figure 3B). Moreover, all BEL subfamily members contain a 5′-UTR (except CsTALE17) and truncations to the 5′-UTR and/or 3′-UTR were found to be common among the CsTALE genes. In addition, BEL subfamily proteins all contain POX domains, whereas in the KONX subfamily, all proteins contain KONX1 and KONX2 domains, which are notably consistent with the subfamily clustering (Figure 3C). Some KONX subfamily proteins (CsTALE2/3/9/14) are also characterized by an additional ELK domain. Conversely, with the exception of individual variants (CsTALE6c/13c/13d), both BEL and KONX subfamily proteins possess a Homeobox_KN domain. In total, we identified 9 conserved motifs, designated motifs 1–9, in CsTALE, with the number of conserved motifs in each CsTALE ranging from 2 to 9 (Figure 3D). Notably, some characterized motifs were found to be present exclusively in one or the other subfamily, namely, motifs 5 and 8 in the BEL subfamily and motifs 3, 4, and 6 in the KONX subfamily.
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FIGURE 3. Phylogenetic relationships and gene/protein structure of CsTALE. (A) NJ phylogenetic tree was created in MEGAX software according to the CsTALE amino acid sequence. (B) Gene structure. Exons, UTR and introns are indicated by yellow rounded rectangles, green rounded rectangles and black lines, respectively. (C) Conserved domains. Different domains are represented in different color patches. (D) Protein motif. Schematic diagram of the conserved motifs of CsTALE proteins and the motif name indicated in the bottom right corner. The scale bar at the bottom is used to estimate the sizes of protein structure and gene structure.


cis-acting regulatory elements (CREs), located upstream of the promoter region, are essential sites for TFs that are associated with the initiation of transcription, and function as control centers for gene transcription. Among the CREs identified, abiotic stress responsive elements and phytohormone-related elements were selected for analysis. We detected marked differences in the number, location, and type of CREs among the promoters of different CsTALE genes (Supplementary Figure 3A), and also observed the presence of two or three-tandem CREs, some of which may overlap with others. Supplementary Figure 3B presents details of the analyzed CREs, including the total number of each CRE type and the corresponding CREs in each gene. Among these, most CsTALE genes contain all types, with CREs involved in abscisic acid response occurring at the highest frequency.



Expression Profile of CsTALE Genes

Spatial patterns of gene expression can often provide valuable clues regarding gene function. Accordingly, to assess the potential functions of CsTALE genes in sweet orange development, we characterized the expression profiles of all 18 CsTALE genes in different tissues (stem, leaf, flower, and fruit) based on qRT-PCR analyses. Associated heat-maps revealed diverse patterns in the relative expression of CsTALE genes in different tissues (Supplementary Figure 4). In general, 11 CsTALE genes were found to be highly expressed in stems, whereas 14 show relatively low expression in fruit. CsTALE13 is notably expressed at a high level in all examined tissues, and CsTALE1/3/9/10 are highly expressed in stems, leaves, and flowers. In contrast, CsTALE12/14 were observed to be weakly expressed in all tissues.

To identify those CsTALE genes that play a potential role in stress responses, we exposed Citrus seedlings to bacterial and fungal infection (CLas and D. citri, respectively) and abiotic stresses (high and low temperature, salt, and wounding), and examined the expression patterns of the 18 CsTALE genes at 0, 12, 24, and 48 h post-treatment using qRT-PCR (Figure 4). qRT-PCR analyses revealed that most of the CsTALE genes underwent changes in expression in response to different stresses over the course of the experiment. For example, CsTALE7/8 were found to be induced by salt and high and low temperature treatments, whereas CsTALE11/16 were induced in response to both salt and high temperature, and CsTALE1/17 were induced by wounding or high temperature treatment. Intriguingly, some CsTALE genes showed significantly contrasting expression patterns in response to different stress types. For example, whereas CsTALE1/2/10/11/16/17 were induced by a high temperature, their expression was significantly inhibited by exposure to a low temperature treatment. In contrast, CsTALE6 was characterized by the converse pattern of expression.
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FIGURE 4. Expression levels of CsTALE genes under different abiotic stress treatment. The Y-axis represent the relative expression level of CsTALE genes and the X-axis indicate different time points post abiotic stress treatment. Different colors represent different stress treatment. The standard errors are plotted using vertical lines. * Represents significant difference (p < 0.05). The experiments in all panels were repeated three times with similar results.


We also investigated the expression of CsTALE in sweet orange infected with the fungal pathogen D. citri and bacterial pathogen CLas. Figure 5A shows the CsTALE genes differentially expressed in response to D. citri infection at 0, 24, and 48 h post-infection. Eight CsTALE genes were observed to be significantly up-regulated by D. citri inoculation, with greater than threefold changes, among which, CsTALE4/6/9/12/16 showed highest up-regulated expression at 24 h, whereas the expression of CsTALE2/3/8 peaked at 48 h. Conversely, the expression of four BEL subfamily genes (CsTALE11/15/17/18) and one KNOX subfamily gene (CsTALE10) was markedly inhibited. The expression profiles of CsTALE genes in CLas-infected sweet orange revealed that most of these genes were up-regulated in CLas-infected plants compared with healthy plants, although exceptions were noted. Specifically, we detected no appreciable changes in the relative expression of CsTALE4/5/9, whereas the expression of CsTALE15/17 appeared to be strongly suppressed (Figure 5B).
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FIGURE 5. Expression levels of CsTALE genes under different biotic stress. (A) The Y-axis represent the relative expression level of CsTALE genes and the X-axis indicate different time points post Diaporthe citri inoculation. (B) The X-axis represented the different CsTALE genes and the Y-axis represent the relative expression level after Candidatus Liberibacter asiaticus-infected. The gene transcription levels in CLas-free plants were normalized as 1. The standard errors are plotted using vertical lines. * Represents significant difference (p < 0.05). The experiments in all panels were repeated three times with similar results.




Subcellular Localization and Transcriptional Activation

To examine the subcellular localization of CsTALE, we initially employed both the Plant-mPLoc and WoLF PSORT web-servers to predict subcellular localizations. Prediction results indicated that all these proteins are localized in the nucleus (Supplementary Table 1). To further substantiate these results, we generated 35S:TALE-GFP constructs and used these to observe transient expression in N. benthamiana leaves. This accordingly enabled us to confirm nuclear localization of the CsTALE3/10 proteins (Figure 6).
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FIGURE 6. Subcellular localization of CsTALE. The fusion constructs (35S:TALE-GFP) and GFP (control) were separately transiently expressed in tobacco leaves and visualized under a confocal laser scanning microscopy. Bar denotes 50 μm.


In order to ascertain whether these TALE proteins have transcriptional activation, we constructed yeast expression vectors (pGBKT7-TALE), which were used to transform the AH109 yeast strain. We accordingly found that all transformed yeasts grew normally on the SD/–Trp medium (Figure 7). pGBKT7-CsTALE14 co-transformed yeast cells grew well on SD/–Trp/–Leu medium and turned blue on X-α-gal-supplemented SD–Trp/His/Ade medium, thereby indicating that they have transcriptional activation ability. However, yeast transformed with pGBKT7-CsTALE3/5/6/7/8/10/11/12/16 and the negative control pGBKT7 empty vector were only able to grow on the SD/–Trp, and were neither able grow nor turned blue on the SD–Trp/His/Ade + X-α-gal medium. These observations thus tended to indicate that pGBKT7-CsTALE3/5/6/7/8/10/11/12/16 did not show the transcriptional activation in transformed yeast.
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FIGURE 7. Transcriptional activation of CsTALEs. Transactivational analyses. Fusion constructs (pGBKT7-CsTALE) and negative control (pGBKT7 empty vectors), were transformed into yeast AH109 strain and incubated in SD/-Trp, SD/-Trp/–His/-Ade and SD-Trp/His/Ade + X-α-gal medium.




CsTALE Protein Interaction Network and Interaction Analysis

The web-based database for PPI networks, with predicted and known protein interactions, including direct (physical) and indirect (functional) associations, provides a valuable basis assessing the biological functions of uncharacterized proteins. The PPI network we constructed for CsTALE proteins comprised 28 nodes and 49 edges, with an average node degree of 3.5 (Figure 8A and Supplementary Table 6). The network revealed that several CsTALE proteins interact directly or indirectly with other CsTALE members, among which CsTALE8 and CsTALE10 are predicted to interact with five and four CsTALE proteins, respectively, and thus could represent the key connector proteins in the PPI network.
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FIGURE 8. Interaction network and protein interaction of CsTALEs. (A) Interaction network of TALE. Nodes represent proteins, and lines represent protein interaction pairs. Line colors represent different types evidence of protein interaction pairs. (B) Yeast two-hybrid assays. The co-transformed yeast cells were diluted to different concentrations (1, 10–1, 10–2) and cultured in SD/–Leu/Trp, SD/–Leu/Trp/His and SD/–Leu/Trp/His/Ade + X-α-gal medium.


On the basis of this network, we performed Y2H assays to systematically assess the interactions between predicted pairwise CsTALE proteins. These assays revealed that yeast co-transfected with CsTALEs, including pGADT7-CsTALE3/pGBKT7-CsTALE8, pGADT7-CsTALE3/pGBKT7-CsTALE11, pGADT7- CsTALE10/pGBKT7-CsTALE12, pGADT7-CsTALE14/pGBKT7 -CsTALE8, and pGADT7-CsTALE14/pGBKT7-CsTALE11 complex vectors, can grow well on SD/-Trp/–Leu, and SD/–Trp/–Leu/–His media and colonies turned blue on SD/–Trp/–Leu/–His/–Ade medium supplemented with X-α-gal (Figure 8B). Moreover, the growth of all five recombinant yeast was comparable to that of the positive control and clearly distinct from negative controls (Supplementary Figure 5). These results unequivocally provide evidence to indicate the interaction between these pairs of CsTALE proteins.




DISCUSSION

TALE family genes, which are widely distributed in both plant and animal genomes, play prominent roles in numerous cellular processes, growth, and stress responses (Wang et al., 2021). In recent years, benefiting from the notable advances in bioinformatics and genomic technologies, TALE family genes in A. thaliana (Bellaoui et al., 2001), Solanum tuberosum (Sharma et al., 2014), Gossypium hirsutum (Ma et al., 2019), and G. max (Wang et al., 2021) have been systematically studied and characterized. In contrast, there have been no comparable genome-wide studies and characterization of the TALE gene family in sweet orange. To rectify this deficiency, we performed a comprehensive integrative genomic analysis of CsTALE genes in sweet orange.

Different species have been found to vary considerably with respect to the number of TALE family members they harbor. In this study, we identified a total of 18 CsTALE family genes in sweet orange, which compares with the 35 in Populus trichocarpa (Zhao et al., 2019), 18 in Ananas comosus (Ali et al., 2019), and 14 in Medicago truncatula (Dolgikh et al., 2020), which could reflect differences in genome size and ploidy level. We established that the 18 CsTALE proteins differ notably in terms of amino acid residues and physicochemical properties. In lines with expectations, as TFs, all identified CsTALE members are predicted to be nuclear localized. Similar to the soybean and poplar TALEs, we found that the number of amino acid residues and MWs of KNOX subfamily CsTALEs are considerably smaller than those in the BEL subfamily (Zhao et al., 2019; Wang et al., 2021).

In order to gain a better understanding of evolutionary relationships among the identified TALE proteins, we constructed a neighbor-joining phylogenetic tree, on the basis of which, the CsTALE proteins were classified into two subfamily, BEL and KNOX, which is consistent with previously reported observations (Ruiz-Estévez et al., 2017). Notably, CsTALE7 and AtTALE15 were found to cluster in the branch of the phylogenetic tree separate from the other assessed TALES. Given that members of the same phylogenetic cluster are generally assumed have similar functions, we speculate that CsTALE7 in sweet orange has a growth-related function comparable to that of AtTALE15 (ATH1), which has been demonstrated to influence the growth of either vegetative or reproductive organs and represses stem development (Song et al., 2020). In addition, it has been established that the domains/motifs of BEL and KNOX subfamily proteins tend to show a strong subfamily specificity, which is also consistent with our classification results. Particular protein domains/motifs have been shown to contribute in defining the functionality of certain DNA binding and PPIs (Liu M. et al., 2019). For example, POX, a plant-specific domain found in BEL subfamily members, is reported to function in association with homeobox domains. In Arabidopsis, VAAMANA, a BEL1-like homeodomain protein, interacts specifically with KNAT6 and STM to promote appropriate inflorescence development (Bhatt et al., 2004). KNOX1 is known to exert potent effects in inhibiting the expression of downstream target genes, whereas KNOX2 has been found to be essential for homodimer formation, and a combination of both KNOX1 and KNOX 2 can form a MEINOX domain (Nagasaki et al., 2001). Furthermore, the ELK domain has been speculated to serve as a nuclear localization signal, as well as a PPI domain (Jia et al., 2020). Accordingly, we would anticipate the different domain/motif types of CsTALE members might provide clues as to the distinct or specialized functions of these proteins, which thus should be examined by future studies. Gene structure analysis revealed that 13 and 11 of the 18 CsTALE genes contain 5’- and 3’-UTRs, respectively. Previous study has demonstrated that 5’-UTRs plays a role in regulating mRNA stability, whereas 3’-UTRs may function as miRNA binding sites, which would thus confer CsTALE genes with rich and complex properties with respect to the regulation of downstream genes (Peng et al., 2012). In summary, we detected similarities in protein/gene structures of CsTALEs grouped within the same subfamily or clade, although structures typically differ between members of the different subfamilies. Hence, structural consistencies or discrepancies may also contribute to similarities or diversity in the function of CsTALE members.

Common patterns of duplication events, including tandem, segmental, and genomic duplications, are among the most important factors influencing biological evolution and the expansion of different gene families in eukaryotic genomes (Peng et al., 2021a). Most CsTALE genes appear to have originated from segmental duplication, which has been established to be the main evolutionary driving force, followed by tandem duplication. By determining the ratios of Ka to Ks, we were able to characterize the evolutionary history and differentiation paths of CsTALE genes, which indicated that these genes have primarily evolved under the influence of purifying selection, and that KONX subfamily members appeared later than those in the BEL subfamily. These evolutionary patterns of CsTALE gene origin and divergence are similar to those reported for G. max, which thus tends to indicate that TALE gene families have evolutionarily conserved mechanisms and functions (Wang et al., 2021).

The correct identification of orthologous genes in extensively studied model plants may provide important clues as to the properties of newly discovered members (Kristensen et al., 2011). Accordingly, we sought to identify the biological functions of CsTALE genes based on comparative synteny analysis of these genes and TALE genes from the Arabidopsis genome. We detected a total of 15 collinear gene pairs between sweet orange and Arabidopsis, and can thus speculate that these paired genes may have originated from a single common ancestral gene and that their role may have been broadly conserved over the subsequent course of evolution. For example, AtTALE21 (BEL1) and AtTALE15 (ATH1) have been reported to play roles in complex networks involved in early developmental stages of the inflorescence meristem (Smith and Hake, 2003), and AtTALE3 (KNAT7) and AtTALE15 (BLH6) have been demonstrated to influence secondary cell wall development by specifically interacting with one another (Liu et al., 2015). In addition, several reports have described certain functionally enriched homologous genes, including AtTALE3 (STM; Cole et al., 2006), AtTALE17 (BLH2; Xu et al., 2020), and AtTALE20 (KNAT3; Pagnussat et al., 2007). Although numerous genetic resources provide valuable insight into the molecular bases of different gene functions, further investigations are required to define the biological functions and associated molecular mechanisms for each candidate gene. In this regard, our CRE analysis revealed the potentially diverse roles of the identified CsTALE genes implicated in regulation of different biological processes in sweet orange, including responses to different phytohormones and stress.

The findings of previous studies have indicated that the transcript abundances of TALE family members differ considerably among different tissues, in which they perform different biological functions (Wuddineh et al., 2016). Thus, TALE gene expression patterns can provide important information regarding the function of candidate genes. Our subcellular localization analysis based on gene expression profiles indicated that most CsTALE genes are expressed in the stem at a high level of expression, thereby indicating that these genes may have certain tissue-specific properties and fulfill different functions in different tissues. For example, potato POTH1, a KNOX family protein, has been shown interact with seven BEL family proteins based on Y2H screening, and thereby regulates shoot tip cytokinin levels and tuber formation (Chen et al., 2003).

Various environmental stresses, both abiotic and biotic, can have pronounced detrimental effects that contribute to substantial reductions in citrus crop yields and productivity (Sun et al., 2019). In this regard, the findings of a recent study provide evidence to indicate that the GhBLH7/GhOFP complex in cotton functions as a negative regulator in regulating resistance to Verticillium wilt by inhibiting lignin biosynthesis and the JA signaling pathway (Ma et al., 2020). Furthermore, on the basis of regulatory network analyses, TALE family genes have been predicted to be key factors mediating resistance to bacterial spot disease in pepper (Zhu et al., 2021). However, there have been comparatively few studies that have investigated the involvement of CsTALE genes in biotic stress responses, although we assume that their roles in this respect have been underestimated. Thus, in the present investigation, we utilized qRT-PCR analysis and integrated the overall levels of gene expression profiles to assess the magnitude of the responses of all identified CsTALE genes to different biotic and abiotic stresses. We accordingly observed that in response to D. citri infection, 13 of the 18 CsTALE genes were upregulated and five were down-regulated. Interestingly, in conjunction with PPI network analysis, we found that the expression profiles of CsTALE genes in response to D. citri infection indicate that for two CsTALE proteins with predicted interactions, one is up-regulated and the other is down-regulated (e.g., CsTALE14–CsTALE18– CsTALE9–CsTALE11–CsTALE3 and CsTALE8–CsTALE10–CsTALE12). Moreover, when we examined the expression profiles of CsTALE genes in response to both D. citri and CLas infection, we found that CsTALE3/6/8/12/16 were significantly upregulated and CsTALE15/17 were strongly suppressed, thus indicating that these genes might play conserved roles in sweet orange disease resistance, via either positive or negative regulation. Moreover, CsTALE10/11/18 were significantly upregulated in response to CLas infection, although were strongly inhibited by D. citri infection, which indicates that these genes may play unique immunological roles in HLB resistance. Given that CsTALE genes respond to different abiotic and biotic stresses to varying degrees, we speculate that these genes may play a dynamic regulatory role in the stress-induced gene regulation network of sweet orange; however, the underlying mechanisms need to be further investigated.

To gain further insights into the functions of CsTALE proteins, we proceeded to investigate the subcellular localization and transcriptional activation of these proteins. Consistent with the established characteristic of TFs, we observed that CsTALE3/10 localize exclusively to the nucleus. Subsequently, transcriptional activity experiments indicated that CsTALE14 has transcriptional activation activity and may thus regulate the coordinate expressions of downstream genes. In contrast, CsTALE3/5/6/7/8/10/11/12/16 showed no comparable transcriptional activation, which may indicate that these proteins initially need to form complexes with partners to exert their transcriptional activation function.

Protein–protein interactions network analysis revealed the identity of several functional partners among CsTALE members. With respect to non-TALE interacting partners, OFP and MYB family proteins have been the most frequently reported TALE-interacting proteins (Gong et al., 2014; Wang et al., 2015), which is consistent with the interactions depicted in our PPI networks. In Arabidopsis, interaction between KNOX and BEL subfamily members has repeatedly been reported and demonstrated to play a key role in growth and developmental processes. The most well-studied and representative example of this phenomenon is the formation a transcriptional activation complex among BEL1 and KNAT1, KNAT2, STM, and KNAT5 proteins (Bellaoui et al., 2001). In this context, it is worth noting that the interaction of Arabidopsis protein pairs orthologous to CsTALE14/CsTALE11 and CsTALE14/CsTALE8 have previously demonstrated, and that the former pair has clearly characterized functions in the regulation of inflorescence development (Bhatt et al., 2004; Ragni et al., 2008). Somewhat surprisingly, in the present study, we identified interactions between the pairs CsTALE10/CsTALE12, CsTALE3/CsTALE8, and CsTALE3/CsTALE11, which have not previously been reported and could thus be species-specific.

Collectively, our characterization of the interactions of CsTALE proteins reveals a certain degree of conservation, as indicated by comparisons with the homologous proteins in Arabidopsis. Nevertheless, we also identified certain differences indicative of multiple novel regulatory mechanisms among the CsTALE family genes in sweet orange. A determination of complete or near complete interaction networks in further studies will hopefully enable us to clarify these mechanisms.



CONCLUSION

In this study, we undertook a comprehensive and systematic analysis of the TALE family proteins in sweet orange. In total, 18 CsTALE genes were identified, which were unevenly distributed on nine chromosomes. We analyzed their phylogenetic relationships, duplication events, and protein/gene structures, and complemented these analyses with predictions of cis-acting regulatory elements and PPIs. In addition, we examined the expression of the 18 CsTALE genes in different tissues and in response to different abiotic and biotic stresses. Furthermore, yeast two-hybrid assays enabled us to determine the interaction between BEL and KNOX subfamily members. Taken together, the findings of this study yielded important new information that will provide a basis for further studies examining the roles of CsTALE genes in regulating sweet orange growth and stress tolerance, as well as contributing to future sweet orange breeding programs.
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Supplementary Figure 1 | Chromosomal location of CsTALE genes. Left bar represents chromosome length. The chromosome numbers are labeled on left of the chromosomes. Gene density was calculated based on the annotation information within a genomic region.

Supplementary Figure 2 | Syntenic relations of the TALE members among Citrus sinensis and three representative plant species. Light-colored lines in the background represents the collinear relationship within Citrus sinensis and other plant genomes, and the deep red lines represent the collinearity of CsTALEs. Cs stands for Citrus sinensis, At for Arabidopsis thaliana, Os for Oryza sativa and Pt for Populus trichocarpa.

Supplementary Figure 3 | Diagram of CREs in promoter sequences of CsTALE genes. (A) The box in different colors indicated different CREs. The description of the eight CREs were depicted on the right side. (B) The details of the CREs analysis statistics. Left bar chart showed the total number of each type CREs of the CsTALE genes. Upset plot showed the corresponding CREs of each gene. The black point indicated which sets are included in CsTALE genes.

Supplementary Figure 4 | Quantitative real time-PCR analysis of CsTALE gene expression levels in various sweet orange tissues. Heatmap showing the expression of CsTALE genes in different tissues. qRT-PCR analysis of CsTALE genes expression in different tissues. The heat map was generated on the basis of log2 normalized intensity value. The color bar from blue-to-red indicated expression levels from high to low.

Supplementary Figure 5 | The control of yeast two-hybrid analysis. pGBKT7-53/pGADT7-T were used as a positive control. TALE and the empty vector (pGADT7 or pGBKT7) were used as a negative control.


FOOTNOTES
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2https://web.expasy.org/protparam/
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As a major plant-specific transcription factor family, SPL genes play a crucial role in plant growth, development, and stress tolerance. The SPL transcription factor family has been widely studied in various plant species; however, systematic studies on SPL genes in the genus Ipomoea are lacking. Here, we identified a total of 29, 27, 26, and 23 SPLs in Ipomoea batatas, Ipomoea trifida, Ipomoea triloba, and Ipomoea nil, respectively. Based on the phylogenetic analysis of SPL proteins from model plants, the Ipomoea SPLs were classified into eight clades, which included conserved gene structures, domain organizations and motif compositions. Moreover, segmental duplication, which is derived from the Ipomoea lineage-specific whole-genome triplication event, was speculated to have a predominant role in Ipomoea SPL expansion. Particularly, tandem duplication was primarily responsible for the expansion of SPL subclades IV-b and IV-c. Furthermore, 25 interspecific orthologous groups were identified in Ipomoea, rice, Arabidopsis, and tomato. These findings support the expansion of SPLs in Ipomoea genus, with most of the SPLs being evolutionarily conserved. Of the 105 Ipomoea SPLs, 69 were predicted to be the targets of miR156, with seven IbSPLs being further verified as targets using degradome-seq data. Using transcriptomic data from aboveground and underground sweet potato tissues, IbSPLs showed diverse expression patterns, including seven highly expressed IbSPLs in the underground tissues. Furthermore, the expression of 11 IbSPLs was validated using qRT-PCR, and two (IbSPL17/IbSPL28) showed significantly increased expression during root development. Additionally, the qRT-PCR analysis revealed that six IbSPLs were strongly induced in the roots under phytohormone treatments, particularly zeatin and abscisic acid. Finally, the transcriptomic data of storage roots from 88 sweet potato accessions were used for weighted gene co-expression network analysis, which revealed four IbSPLs (IbSPL16/IbSPL17/IbSPL21/IbSPL28) clusters with genes involved in “regulation of root morphogenesis,” “cell division,” “cytoskeleton organization,” and “plant-type cell wall organization or biogenesis,” indicating their potential role in storage root development. This study not only provides novel insights into the evolutionary and functional divergence of the SPLs in the genus Ipomoea but also lays a foundation for further elucidation of the potential functional roles of IbSPLs on storage root development.

Keywords: Ipomoea, SPL transcription factor, evolutionary patterns, root development, expression profiles


INTRODUCTION

The SQUAMOSA promoter-binding protein-like (SPL) genes are of the plant-specific transcription factor families, which play fundamental roles in plant growth, development, and stress tolerance (Guo et al., 2008; Chen et al., 2010; Preston and Hileman, 2013; Chen et al., 2015; Wang and Wang, 2015). The SPL genes predominantly contain the SQUAMOSA promoter-binding (SBP) domain, which comprises three distinct motifs: two non-interleaved zinc-binding sites (Cys-Cys-Cys-His and Cys-Cys-His-Cys) and one nuclear localization signal (NLS) at the C-terminus (Guo et al., 2008). SPL genes (AmSBP1 and AmSBP2) were first discovered in snapdragon (Antirrhinum majus), following their role in flower development (Klein et al., 1996). Since then, numerous homologs have been identified and characterized in model species, such as Arabidopsis thaliana (Cardon et al., 1999), rice (Oryza sativa) (Xie et al., 2006), and tomato (Solanum lycopersicum) (Salinas et al., 2012). With the increasing number of sequenced genomes, SPL members have been increasingly annotated and reported in non-model plants, such as apple (Malus domestica) (Li et al., 2013), Jatropha curcas (Yu et al., 2020), pepper (Capsicum annuum) (Zhang et al., 2016), poplar (Populus trichocarpa) (Li and Lu, 2014), and soybean (Glycine max) (Tripathi et al., 2017).

SPL genes in model plants have been well studied, showing functional divergence. In A. thaliana, AtSPL3, AtSPL9, and AtSPL10 have been reported to regulate root development (Yu et al., 2015; Barrera-Rojas et al., 2020). Similar roles have also been reported in rice (Shao et al., 2019) and apple (Xu et al., 2017). Various studies have further found that SPL proteins participate in vegetative and reproductive phase transitions, for example, AtSPL3/4/5 promotes flowering by directly inducing AP1, FUL and LFY expression, which are flowering integrator genes (Yamaguchi et al., 2009). Additionally, SPL proteins are involved in fruit development and grain yield. For example, LeSPL-CNR regulates cell wall disassembly and carotenoid biosynthesis during fruit ripening in tomato (Orfila et al., 2002; Manning et al., 2006); OsSPL16 expression promotes cell division and grain filling, with positive results in grain width and yield in rice (Wang et al., 2015). SPL genes are also considered as miR156 targets, thus forming a functional miR156-SPL regulatory network (Wang and Wang, 2015). In the miR156-SPL network, AtSPL9 negatively affects anthocyanin accumulation (Gou et al., 2011), whereas OsSPL7 enhances disease resistance against bacterial blight (Liu et al., 2019). The functions of SPL genes have been comprehensively studied in Arabidopsis and other model plants; however, their functionality in Ipomoea are relatively scarce.

The genus Ipomoea, which includes 500–600 species, possesses the largest number of species in the family Convolvulaceae (Austin and Huáman, 1996). Ipomoea species are widely and globally distributed with great value in the fields of industry and agriculture (Austin and Huáman, 1996; Liu, 2017; Morita and Hoshino, 2018). For example, Japanese morning glory, Ipomoea nil (L.) Roth. (2n = 2x = 30), is cultivated as an ornamental plant due to its diverse flower color patterns (Morita and Hoshino, 2018). Sweet potato, Ipomoea batatas (L.) Lam. (2n = 6x = 90), is ranked as the seventh most important crop globally due to its strong adaptability, stable yields, and high nutritional value (Liu, 2017). The storage roots of sweet potato, which are mainly harvested, have significant nutrient content and yield (Zhang et al., 2020). The initiation and development of storage roots is known as a complex and genetically programmed process (Ravi et al., 2014). Although several studies have reported the formation and development of storage root at the morphological, physiological, and molecular level (Nakatani, 1991; Wang et al., 2005; Tanaka et al., 2008; Noh et al., 2010; Dong et al., 2019; Huan et al., 2020), the underlying mechanisms of storage root development have not yet been fully elucidated. Up to now, the genomes of four species (I. batatas, Ipomoea trifida, Ipomoea triloba, and I. nil) have been sequenced in Ipomoea (Hoshino et al., 2016; Yang et al., 2017; Wu et al., 2018). Among these species, I. trifida is the most closely related diploid to I. batatas, followed by I. triloba and I. nil (Wu et al., 2018). The reported haplotype-resolved genome assembly of I. batatas is of low-quality, making it difficult to accurately identify and characterize genes. Contrastingly, the genome assembly of the other three diploid relatives is of high-quality and can be used as robust references for I. batatas. Therefore, genome availability makes it possible to perform a genome-wide comparative analysis of SPL genes in Ipomoea.

In this study, genome-wide identification and characterization of SPL genes were performed in four publicly available Ipomoea species, including I. batatas, I. trifida, I. triloba, and I. nil. Following this, the phylogenetic relationships and evolutionary patterns of SPL genes were investigated in these four species. IbSPL gene expression patterns were determined using transcriptome and qRT-PCR in different organs or under various hormone treatments. Finally, weighted gene co-expression network analysis (WGCNA) was used to construct the co-expression network and infer the putative functions for the IbSPL genes in the storage root of sweet potato. This work not only provides insights into the evolutionary conservation and diversification of SPL genes in the genus Ipomoea but also lays the foundation for further research on IbSPL genes related to storage root development in sweet potato.



MATERIALS AND METHODS


Identification of SQUAMOSA Promoter-Binding Protein-Like Genes in I. nil, I. triloba, I. trifida, and I. batatas

The genomes of four Ipomoea species (including I. nil, I. triloba, I. trifida, and I. batatas) were downloaded from the ‘‘Ipomoea nil Genome Project1 “ (Hoshino et al., 2016), ‘‘Sweetpotato Genomic Resource2 “ (Wu et al., 2018), and ‘‘Sweet potato genome browser3 “ (Yang et al., 2017), respectively. SPL genes in these four species were identified using the following three methods. First, the 16 A. thaliana SPL proteins4 were used as queries to find SPL homologs using BLASTP program with a threshold of e-value < 1e-3. Second, the Hidden Markov Model (HMM) of the SBP (PF03110) domain was downloaded from the Pfam database (El-Gebali et al., 2019) and used to identify putative SPL proteins using the hmmsearch (El-Gebali et al., 2019) program. Third, all the candidate SPL proteins obtained from the BLASTP and hmmsearch analysis were submitted to the SMART (Letunic and Bork, 2018) and ScanProsite databases (de Castro et al., 2006) to confirm an SBP domain presence. Proteins lacking the SBP domain were excluded, while the remaining were considered as the SPL proteins. Additionally, a manual examination was performed on the structures of identified IbSPLs to correct genome assembly errors.

The BUSCA online software (Savojardo et al., 2018) was used to predict the subcellular localization of Ipomoea SPL proteins. An in-house Perl script was used to analyze the physical and chemical properties of Ipomoea SPL proteins, such as protein length, molecular weight (MW, kD) and isoelectric point (pI).



Phylogenetic Analysis of SQUAMOSA Promoter-Binding Protein-Like Proteins

Phylogenetic analysis was performed on the SPL proteins from Chlamydomonas reinhardtii, A. thaliana, J. curcas, M. domestica, O. sativa, P. trichocarpa, S. lycopersicum, and the four Ipomoea species using the following steps: first, MAFFT software (v7.45) (Katoh and Standley, 2013) was used to obtain full-length SPL proteins’ multiple alignments; second, Gblocks program (v0.71b) (Castresana, 2000) was used to select conserved blocks from the multiple alignments; third, MEGA X software (Kumar et al., 2018) was used to construct a neighbor-joining phylogenetic tree with 1000 bootstrap replications, with the CRR1 protein from C. reinhardtii was set as an outgroup; finally, Evolview website was used to visualize the tree (Subramanian et al., 2019). Similarly for the Ipomoea SPL proteins, a neighbor-joining phylogenetic tree was constructed using the aforementioned.



Analysis of the Gene Structure, Protein Domain, and Motif

The exon/intron positions of all Ipomoea SPL genes were obtained from the downloaded GFF3 files of the genomic database. The domain organizations of Ipomoea SPL proteins were annotated based on the SMART database results (Letunic and Bork, 2018). The conserved sequences in each domain were shaded at four levels using GeneDoc. The motif compositions of Ipomoea SPL proteins were analyzed through MEME online database (Bailey et al., 2009), with the maximum number set to 10. Finally, the gene structure, domain organization, and motif composition were drawn using Tbtools (Chen et al., 2020).



Gene Duplication, Orthology, and Selection Analysis

MCScanX software (Wang et al., 2012) was used to identify collinear blocks within or between species to classify the SPL genes into five different types: singleton, dispersed, proximal, tandem, and segmental duplication. The synteny relationships of the collinearity blocks in each Ipomoea species were visualized using Circos (Krzywinski et al., 2009). OrthoMCL software (Li et al., 2003) was used to detect orthologous groups among the diverse SPL genes. For each orthologous gene pair, Ks (synonymous substitution rate), Ka (non-synonymous substitution rate), and Ka/Ks ratio (evolutionary constraint) were calculated using PAML (Yang, 2007).



Prediction of miR156-Targeted Genes

Publicly available datasets were used to identify miR156 sequences in Ipomoea. A total of 58 miRNA transcriptomes deposited in National Center for Biotechnology Information (NCBI) (Coordinators, 2018) (16 in PRJNA471495, 2 in PRJNA474012, 11 in PRJNA592001, 12 in PRJNA599544, 12 in PRJNA600587, and 5 in PRJNA638516) were collected (Supplementary Table 5; Kuo et al., 2019; Saminathan et al., 2019; Yang et al., 2020; Liu et al., 2021). Trimmomatic software (version 0.39) (Bolger et al., 2014) was used to filter the raw miRNA sequencing data, which removed low-quality reads and sequencing adaptors. Finally, using I. batatas as the reference genome, the miRDeep2 (version 1.1.4) pipeline (Kuang et al., 2019) was employed to identify miR156 sequences with default parameters.

For the Ipomoea SPL genes, miR156 target sites were predicted using the psRNATarget server (Dai et al., 2018) with default settings. The predicted miR156-SPL interactions in I. batatas were validated using five degradomes (one in PRJNA592001 and four in PRJNA600587) (Yang et al., 2020; Liu et al., 2021) downloaded from public databases (Supplementary Table 5). After filtering out the low-quality reads and sequencing adaptors, the CleaveLand4 pipeline (Addo-Quaye et al., 2009) was used to identify miR156 cleavage sites. The identified targets with categories 0–3 and p-values < 0.05 were considered to be reliable miR156 target genes.



Promoter Analysis of Ipomoea SQUAMOSA Promoter-Binding Protein-Like Genes

The 2000 bp sequence upstream of the start codon for all Ipomoea SPL genes was retrieved using an in-house Perl script and submitted to the PlantCARE program (Lescot et al., 2002) to predict cis-acting elements as previously described (Chen et al., 2019). The distribution of cis-acting elements in each promoter was determined using TBtools (Chen et al., 2020).



Plant Materials and Hormone Treatments

Sweet potato (I. batatas cv. Xuyu34) plants used in this study were provided by the Xuzhou Academy of Agricultural Sciences, Xuzhou, Jiangsu, China. According to institutional, national, and international guidelines, these samples do not require specific permissions for research purposes. The plants were grown in greenhouses on the campus of Jiangsu Normal University, Xuzhou, China. For organ-specific expression analysis, the tissues of young leaves, mature leaves, flowers, and roots (10, 20, 40, 60, 80, 90, and 100 DAT roots with 0.3, 2, 7, 25, 37, 52, and 60 mm in diameter, respectively) were collected. For hormone treatments, stems with 4–5 leaves were cut and planted in 1/8 Hoagland solution to initiate adventitious root development for 10 days. Then stem cuttings with similar growth conditions were chosen and planted in 1/8 Hoagland solution separately containing 100 μM abscisic acid (ABA), indole-3-acetic acid (IAA), zeatin (ZT), and methyl-Jasmonate (MeJA). Stem cuttings without any hormone treatment were set as a control. Adventitious roots from the stem cuttings were collected at 0, 6, 12, 24, and 48 h post the treatments. Three biological replicates were collected for each sample. All samples were frozen in liquid nitrogen and finally stored at –80°C for subsequent use.



RNA Extraction and qRT-PCR Analysis

For analyzing expression patterns of IbSPL genes in different tissues or under phytohormone treatment, total RNA for each sample was extracted using the RNApure Plant Kit (CWBio, Beijing, China), following the manufacturers’ instructions. For investigating the miR156-SPL interactions, total RNA was extracted using TRIzol reagent (Invitrogen, CA, United States) according to the manufacturers’ instructions. The first cDNA strand was synthesized from 1.0 μg total pure RNA using the HiFiScript cDNA Synthesis Kit (CWBio, Beijing, China). The reverse transcription primer and qRT-PCR primer for miR156 were designed as previous study described (Zhou et al., 2020). Gene-specific primers for each IbSPL gene were designed using primer3 (Untergasser et al., 2012). qRT-PCR was performed via the Bio-rad CFX Connect™ Real-Time System (Bio-Rad, CA, United States) using 2 × Q3 SYBR qPCR Master Mix (Universal) premix (Tolo Biotechnology, Shanghai, China). IbARF gene was used as a reference gene for normalizing the expression levels (Park et al., 2012). The relative transcript abundance for each gene was calculated with mean ± SD of biological triplicate samples using the 2–ΔΔCT approach (Livak and Schmittgen, 2001). The primers used are listed in Supplementary Table 10.



Analysis of the Expression Patterns of IbSPLs Using Published Transcriptomic Data

To explore tissue- and developmental stage-specific expression patterns of IbSPL genes, publicly available transcriptome datasets from two previous studies (Ding et al., 2017; Wu et al., 2018; Supplementary Table 8) were used: one included eight different tissues from cultivar Xuzi3 and Yan252 under the BioProject accession number PRJCA000640 in National Genomics Data Center (NGDC) (National Genomics Data Center and Partners, 2020), and the other included eight different stages during root development from cultivar Beauregard under the BioProject accession number PRJNA491292 in NCBI (Coordinators, 2018). Transcriptome analysis was performed as described in our previous study (Zhang et al., 2020). The downloaded raw fastq files were filtered using Trimmomatic (version 0.39) (Bolger et al., 2014), and then were mapped to sweet potato genome Taizhong6 (Yang et al., 2017) using STAR (version 2.7.1a) software under the 2-pass mapping mode (Dobin et al., 2013). RSEM (Li and Dewey, 2011) was used to calculate Fragments Per Kilobase of transcript per Million mapped reads (FPKM) values for each gene. Finally, a heatmap was plotted based on the normalized expression values of 29 IbSPL genes using the pheatmap package in R.



Construction of Co-expression Networks Involving IbSPL and Other I. batatas Genes in Sweet Potato Storage Root

Transcriptomic datasets of mature storage roots of 88 sweet potato accessions were obtained from a previous study (Supplementary Table 11; Ding et al., 2017) under the BioProject accession number PRJCA000642 in NGDC (National Genomics Data Center and Partners, 2020). Weighted co-expression network construction and module detection were performed using the R package WGCNA (version 1.4.9) (Langfelder and Horvath, 2008) with the following parameters: power = 9, minModuleSize = 30, cutHeight = 0.25, and network module export weight threshold = 0.05. The sub-network was subsequently visualized using Cytoscape (Smoot et al., 2011). eggNOG-mapper (version 2) (Huerta-Cepas et al., 2017) was used to assign the functional annotation to sweet potato genes, and Clusterprofiler (Yu et al., 2012) was used to perform GO enrichment analysis for genes co-expressed with IbSPLs (adjusted P-value < 0.05).



Statistical Analysis

The qRT-PCR results were analyzed using ANOVA (one-way analysis of variance) followed by LSD test. Statistically significant differences at p < 0.05 are indicated using different letters.




RESULTS


Identification of SQUAMOSA Promoter-Binding Protein-Like Genes in Four Ipomoea Species

BLASTP and HMM were used to identify the SPL genes in Ipomoea species, while SMART and ScanProsite were used to validate the results. A total of 29, 27, 26, and 23 SPL genes were identified in I. batatas (Ib), I. trifida (Itf), I. triloba (Itb), and I. nil (In), respectively. The Ipomoea SPL genes were renamed according to their chromosomal location (Supplementary Table 1). The numbers of SPL genes and their total percentage in each species are displayed in Figure 1A. The results showed that the I. nil genome had the least number of SPL genes compared to the other three species.
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FIGURE 1. Comparison of SPL genes in four Ipomoea species. (A) Comparison of the number and ratio of SPL genes in four Ipomoea species, with different colors representing each clade. (B–D) Comparison of SPL protein lengths, MWs, and pIs in four Ipomoea species, respectively.


Subcellular localization analysis showed the nuclear localization of most Ipomoea SPL proteins (94, 89.52%) (Supplementary Table 1), suggesting their critical role in regulatory functions. Furthermore, the physical and chemical properties of SPL proteins were significantly differed within species but exhibited similar patterns among the four species (Figures 1B–D and Supplementary Table 1). Moreover, amino acid numbers in the Ipomoea SPL proteins ranged from 103 (InSPL9) to 1141 (IbSPL11), the MWs varied between 12.01 (InSPL9) and 126.51 (IbSPL11) kDa, and the pIs ranged from 5.40 (ItfSPL14) to 10.55 (InSPL15).



Comparative Phylogenetic Analysis of Ipomoea SQUAMOSA Promoter-Binding Protein-Like Genes

The evolutionary relationship between the Ipomoea SPL genes was explored via a rooted neighbor-joining phylogenetic tree, which was constructed using 105 SPL proteins from four Ipomoea species and 124 SPL proteins from seven other plant species (A. thaliana, J. curcas, M. domestica, O. sativa, P. trichocarpa, S. lycopersicum, and Chlamydomonas reinhardii) (Figure 2 and Supplementary Table 2). Based on the classification of SPLs from A. thaliana, S. lycopersicum, and O. sativa (Cardon et al., 1999; Xie et al., 2006; Salinas et al., 2012), Ipomoea SPL genes were classified into eight clades (I–VIII) (Figures 1, 2). All clades had at least one SPL gene in each Ipomoea species, indicating SPL conservation across Ipomoea genomes. However, the number of SPLs in certain clades was highly variable among Ipomoea species, suggesting a diversity of SPLs in the genus Ipomoea. Clade I was the smallest subfamily, containing only one member for each Ipomoea species while clade IV had the highest number of SPLs (>26%) in genus Ipomoea, with further divisions into three subclades: IV-a, IV-b, and IV-c. Members of the IV-b and IV-c subclades only comprised SPL genes from the Ipomoea species and no homologs of other species, indicating that the Ipomoea SPL genes in these two subclades were evolutionary conserved. Additionally, the phylogenetic analysis also indicated that most IbSPL genes were closer to ItfSPL genes than either ItbSPL or InSPL genes, supporting the fact that I. trifida is the most closely related diploid to hexaploid sweet potato (Wu et al., 2018). Moreover, the number of SPL genes in Ipomoea species (the average number of SPL genes in the four Ipomoea species was 26) greatly increased by approximately 2 times compared to that in S. lycopersicum (13), respectively. These results indicate the extensive expansion of Ipomoea SPL genes after the speciation of S. lycopersicum.
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FIGURE 2. Phylogenetic analysis of SPL proteins from I. batatas, I. trifida, I. triloba, I. nil, C. reinhardtii, A. thaliana, J. curcas, M. domestica, P. trichocarpa, S. lycopersicum, and O. sativa. The rooted phylogenetic tree was constructed based on the conserved domain of 229 SPLs using the neighbor-joining method with 1000 bootstrap replications. The CrCRR1 protein from C. reinhardtii was used as an outgroup to root the tree. Numbers on the tree indicate bootstrap support (values <50% not shown). Each colored arcs indicates the different clades of the SPLs. SPL members from the same species are marked with the same colors: Blue, I. nil; red, I. triloba; green, I. trifida; purple, I. batatas; gray, C. reinhardtii; orange, O. sativa; brown, A. thaliana; pink, S. lycopersicum; tan, J. curcas; turquoise, M. domestica; khaki, P. trichocarpa.




Gene and Protein Structure of the Ipomoea SQUAMOSA Promoter-Binding Protein-Like Family

The structural diversity of the Ipomoea SPL genes was explored using intron/exon structure analysis (Supplementary Figure 1). Gene structure illustrations showed a high variation in the number of exons, ranging from 2 to 15 (Supplementary Figure 1a and Supplementary Table 1). For example, IbSPL20 contained the highest exons (15), whereas most Ipomoea SPL genes in Clade VI contained the least exons (2). Moreover, most Ipomoea SPL genes in the same clade exhibited similar gene structures, despite belonging to different species. SPL gene in clades I and II contained the highest exons, ranging from 10 to 15, while SPL genes in the remaining clades had 2–7 exons (except IbSPL19). These results suggested that the gain or loss of exon/intron had occurred during the Ipomoea SPL gene evolution, resulting in their functional divergence.

Ipomoea SPL protein features were investigated by analyzing the conserved domains using multiple sequence alignment. The results showed that the SPL members had the SBP domain, which comprised two non-interleaved zinc finger-like structures (Zn-1/2) and one NLS motif (Supplementary Figures 1c, 2). Based on the alignments of the Ipomoea SPLs, the Zn-2 motif showed higher conservation than the Zn-1 and NLS motifs, which was consistent with the results in Rosaceae (Jiang et al., 2021) and Oryza species (Zhong et al., 2019; Supplementary Figure 2). The Zn-2 motif in all Ipomoea SPLs was a Cys-Cys-His-Cys (C2HC) type (except IbSPL23) whereas the Zn-1 motif showed varied types: Cys-Cys-Cys-Cys (C4) type in clade I and Cys-Cys-Cys-His (C3H) type in the remaining clades. Moreover, other conserved domains were identified in specific clades. For instance, SPLs in clade I and II possessed a DEXDc domain (Supplementary Figure 3), which is involved in ATP-dependent DNA unwinding (Caruthers and McKay, 2002); SPLs in clade II contained Ankyrin repeats (Supplementary Figure 4), which are considered to be significant for mediating protein-protein interactions (Li et al., 2006).

To gain a better understanding of Ipomoea SPL protein characteristics, the MEME software was used to explore the motif compositions (Supplementary Figures 1d, 5). The results showed that Ipomoea SPL proteins within the same clade showed similar motif compositions, while those in different clades exhibited distinct variations in motif composition. In brief, all Ipomoea SPL proteins had two motifs (motif 2 and 3), which were a part of the SBP domain (Supplementary Figure 2); clade I and II had four motifs (motif 4, 5, 6, and 7), with motif 4 being the DEXDc domain (Supplementary Figure 3);clade II had motif 8, which consisted of Ankyrin repeats (Supplementary Figure 4); clade IV had motif 10, which had unknown functions.



Gene Duplication, Orthology Relationship, and Selective Pressure of Ipomoea SQUAMOSA Promoter-Binding Protein-Like Genes

To investigate the gene duplication modes of Ipomoea SPL genes, MCScanX (Wang et al., 2012) was used to perform gene collinearity analysis in each Ipomoea species. All Ipomoea SPL genes were estimated to be duplicated (absence of singleton mode), with segmental (51, 48.57%) mode as the dominant mode compared to the other duplication modes: dispersed (39, 37.14%), tandem (13, 12.38%), and proximal (2, 1.90%) (Figures 3A,B; Supplementary Table 1; Supplementary Figure 6). These results indicate that segmental duplication has played a predominant role in the evolution and expansion of Ipomoea SPL genes. Additionally, tandem duplication was found to be the predominant model in the IV-b and IV-c subclades, suggesting the expansion of SPL genes in these two clades via tandem duplication.
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FIGURE 3. Syntenic relationships and selective pressure of Ipomoea SPLs. (A) The collinear relationship of SPL genes in I. batatas, wherein the colored lines indicate syntenic regions. IbSPL genes are classified into four duplicated types, each indicated by a different color. (B) The distribution of SPLs duplication modes in four Ipomoea species. (C) The mean Ka/Ks values in each clade.


The orthologous relationships among the SPL genes were determined using OrthoMCL (Li et al., 2003) across O. sativa, A. thaliana, S. lycopersicum, and the four Ipomoea species. A total of 25 (1, 2, 2, 8, 3, 5, 2, and 2) orthologous groups in the eight clades (clade I to VIII) were identified, respectively (Supplementary Table 3). Among these groups, nine groups had genes originating from O. sativa, suggesting that these SPL genes may have originated prior to the split of monocots and dicots; four groups had genes from A. thaliana but were absent in O. sativa, implying that they originated after the divergence of monocots and dicots; ten groups had genes that existed only in the genus Ipomoea, indicating their origination via a common ancestor of the Ipomoea lineage. Furthermore, the potential functions of certain Ipomoea SPL genes could be inferred from their orthologs in O. sativa, A. thaliana, and S. lycopersicum.

To understand the divergence of Ipomoea SPL genes, the Ka, Ks, and Ka/Ks ratios for all orthologous groups were calculated using PAML software (Yang, 2007; Figure 3C; Supplementary Table 4). As a result, the mean Ka/Ks values of all clades were lower than 1.0, suggesting the evolution of Ipomoea SPL genes under the pressure of purifying selection. Genes in clade VIII showed the lowest mean Ka/Ks values (0.15) compared to those in the other clades, indicating their evolution under strong positive selection. Contrastingly, genes in subclades IV-b and IV-c exhibited the highest Ka/Ks values, implying that these two subclades have generally diverged much more rapidly than the other clades.



miR156 Target Site of Ipomoea SQUAMOSA Promoter-Binding Protein-Like Genes

A total of nine IbmiR156 members were identified in I. batatas (Figure 4A) using the publicly available miRNA transcriptomes (Supplementary Table 5). To explore the roles of miR156-mediated post-transcriptional regulation of SPLs in the genus Ipomoea, the transcripts of all the 105 Ipomoea SPL genes were searched for the target site of miR156 using psRNATarget (Dai et al., 2018). As a result, a total of 69 SPL genes were found to be potential miR156 targets, including 10 InSPLs, 19 ItbSPLs, 18 ItfSPLs, and 22 IbSPLs (Figure 4B and Supplementary Table 1). Among the miR156 target SPL genes, most of which (84%) the sites recognized by miR156 were located downstream of the SBP domain in the CDS region, then followed by the 3′-UTR (Figure 4B).
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FIGURE 4. miR156 target site of the Ipomoea SPL genes. (A) Multiple alignments of identified IbmiR156 sequences. (B) The summary of miR156-targeted SPL genes in the Ipomoea genus. (C) Schematic diagram of IbSPL genes targeted by IbmiR156. The top diagram represents the complementary sequences between IbmiR156 and their targets. The gray box indicates the CDS region, the blue box represents the SBP domain, and the red box indicates the IbmiR156 target site. The diagram below is the target plots (t-plots) of IbmiR156 targets confirmed by degradome sequencing. (D) Expression correlation between IbmiR156 and IbSPLs. The lines represent the abundance of IbmiR156 and IbSPLs in different tissues. The Y-axis on the left and right indicates the relative expression levels of the IbmiR156 and IbSPLs, respectively. Relative expression was calculated using the 2–ΔΔCT method. The error bars indicate the standard deviations of the three biological replicates. Different letters indicate statistically significant differences at p < 0.05.


The predicted miR156-SPL interactions in I. batatas were validated using publicly available degradomes (Supplementary Table 5). The results showed that seven miR156-SPL interactions predicted by psRNATarget were confirmed by degradome sequencing (Figure 4C and Supplementary Table 1). Notably, the miR156 target sites of IbSPL9, IbSPL10, IbSPL12, and IbSPL15 were located in the CDS region, while the target sites of IbSPL16, IbSPL17, and IbSPL28 were located in the 3′-UTR region. The four IbmiR156-IbSPL pairs (IbmiR156b-IbSPL10, IbmiR156d-IbSPL17, IbmiR156e-IbSPL9, and IbmiR156h-IbSPL15) validated through degradomes data, were further selected for expression analysis by qRT-PCR. To understand the regulatory mechanisms of selected miR156 genes, correlation in the expression pattern of miR156 and their target SPLs was determined in different tissues (Figure 4D). The expression pattern of IbmiR156e was higher in flower, followed by mature leaf, young leaf, 10DAT root, 60DAT root, 20DAT root, and stem; conversely, the opposite trend was observed for its target IbSPL9. The expression of IbmiR156d and IbSPL17 also showed negative correlation in different tissues. While the expression of IbmiR156b-IbSPL10 and IbmiR156h-IbSPL15 were partially negatively correlated in some tissues.



Cis-Acting Elements in the Promoters of Ipomoea SQUAMOSA Promoter-Binding Protein-Like Genes

To understand the regulatory mechanisms and potential functions of Ipomoea SPL genes, cis-acting elements were analyzed in the 2000 bp upstream sequence from the start codon for all SPL genes by using the PlantCARE database (Lescot et al., 2002). A total of 4088 putative cis-acting elements were identified and divided into four categories: light responsiveness, plant growth, phytohormone, and abiotic/biotic stress response (Supplementary Tables 6, 7). As shown in Supplementary Figure 7a, SPL genes in the same clades exhibited similar cis-acting element compositions in the promoter, indicating their conserved biological functions. Among these categories, the abiotic/biotic stress response category covered the largest portion (43.66%), followed by the light response (25.93%), phytohormone response (20.77%), and plant growth (9.64%) categories (Supplementary Figure 7b). In the abiotic/biotic stress response category, MYB/MYC (responds to abiotic stress signals), STRE (metal-responsive element), WUN-motif (wound-responsive element), and LTR (low-temperature-responsive element) elements were found. In the light responsiveness category, Box 4, G-box, GT1-motif, TCT-motif, GATA-motif, and MRE elements were found, with the Box 4 motif as the most common (24%) element. As for the phytohormone response category, the ABRE element (responds to ABA), CGTCA-motif (responds to MeJA), ERE (responds to ethylene), TCA-element (responds to salicylic acid), and as-1 (responds to auxin) were commonly found, appearing in more than 60 Ipomeoa SPL genes. In the plant growth category, ARE elements essential for the anaerobic induction, CAT-box related to meristem expression and O2-site involved in zein metabolism regulation were the three major elements. Therefore, analysis of the cis-acting elements suggested that Ipomoea SPL genes participate in various biological processes.



Expression Profiles of IbSPL Genes in Different Tissues

Among the four Ipomoea species, I. batatas is the most important crop cultivated globally. To explore the putative roles of IbSPL genes, the tissue-specific expression patterns of IbSPLs were analyzed in eight tissues (four aboveground and four underground tissues) of two sweet potato cultivars (Xuzi3 and Yan252) using publicly available transcriptomic data (Supplementary Table 8; Ding et al., 2017). FPKM values were calculated to evaluate gene expression levels (Supplementary Table 9). As shown in Figure 5A, the expression patterns of IbSPLs were classified into three groups. The first group included seven IbSPL genes (IbSPL6/IbSPL15/IbSPL22/IbSPL23/IbSPL24/IbSPL25/IbSPL26), with lowest expression levels [log2(FPKM) < 2] in all tissues. The second group included five IbSPL genes (IbSPL4/IbSPL8/IbSPL11/IbSPL17/IbSPL20), with relatively high expression levels in all tissues. The third group included the remaining 17 IbSPL genes, with high expression in some aboveground tissues, especially in shoots or young leaves. Additionally, the gene expression profiles in underground tissues (fibrous and tuberous root) were investigated, with seven IbSPL genes highly expressed in underground tissues (mean FPKM > 10), such as IbSPL1, IbSPL4, IbSPL11, IbSPL17, IbSPL20, IbSPL21, and IbSPL28, implying their potential functionality in root development. Furthermore, these results showed that IbSPL genes within the same clades exhibit distinct expression patterns, such as IbSPL14, IbSPL17, IbSPL28, and IbSPL29 in clade VI.
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FIGURE 5. Expression profiles of IbSPL genes in different tissues and developmental stages using transcriptome analysis. (A) Heatmap representing the expression patterns of IbSPL genes in eight different tissues of two sweet potato cultivars (Xuzi3 and Yan252). Xuzi3: sweet potato cultivar Xuzi3, Yan252: sweet potato cultivar Yan252, S: shoot, YL: young leaf, ML: mature leaf, T: stem, FR: fibrous root, IR: initial tuberous root, ER: expanding storage root, MR: mature storage root. (B) Heatmap representing the expression patterns of IbSPL genes in eight different stages of root development. 10DAT_TR: undifferentiated root (10 days after transplanting), 20DAT_TR: undifferentiated root (20 days after transplanting), 30DAT_FR: fibrous root (30 days after transplanting), 40DAT_FR: fibrous root (days after transplanting), 50DAT_FR: fibrous root (50 days after transplanting), 30DAT_SR: storage root (30 days after transplanting), 40DAT_SR: storage root (40 days after transplanting), 50DAT_SR: storage root (50 days after transplanting). Heatmaps were generated based on the log2(FPKM + 1) values for each IbSPL gene.


To further investigate the expression profiles of IbSPL genes in underground tissues, publicly available transcriptomic data of eight different stages during root development from the cultivar ‘Beauregard’ were used (Figure 5B and Supplementary Tables 8, 9). The results showed that the overall expression patterns of IbSPL genes in the roots of the cultivar ‘Beauregard’ were similar to those of cultivar ‘Xuzi3’ and ‘Yan252.’ Specifically, the expression levels of IbSPL17, IbSPL28, and IbSPL29 were the highest in storage roots compared with undifferentiated and fibrous roots. IbSPL1 showed the highest expression in undifferentiated roots whereas IbSPL10 showed the highest expression in fibrous roots. However, the expression levels of IbSPL4, IbSPL8, IbSPL11, IbSPL20, and IbSPL21 showed no distinct variation in all tissues. These results, therefore, imply that these genes may play important roles in root development.

To confirm the expression patterns of IbSPLs derived from the transcriptomic data, a total of 11 IbSPL genes (IbSPL1, IbSPL4, IbSPL5, IbSPL12, IbSPL16, IbSPL17, IbSPL20, IbSPL21, IbSPL27, IbSPL28, and IbSPL29) highly expressed in aboveground or underground tissues were selected for qRT-PCR analysis in 11 tissues of cultivar ‘Xuyu34’ (Figure 6). The results showed consistent expression patterns of IbSPL genes between the transcriptomic data and qRT-PCR results. Moreover, the expression levels of IbSPLs differed in various tissues. For example, IbSPL27 and IbSPL29 were highly expressed in young leaves, while IbSPL12, IbSPL16, and IbSPL21 were highly expressed in flower. Moreover, the gradual increase in IbSPL17 and IbSPL28 expressions indicated their differential roles in storage root development in sweet potato.
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FIGURE 6. Expression profiles of 11 IbSPL genes in different tissues and at different developmental stages using qRT-PCR. (A) Different tissues from cultivar Xuyu34 are shown, including stem, leaf, flower, and root. Black bar is scale of 1 cm. (B) Expression patterns of 11 IbSPL genes determined using qRT-PCR. The x-axis indicates different tissues. The y-axis represents the relative expression calculated using the 2–ΔΔCT method. The error bars indicate the standard deviations of the three biological replicates. Different letters indicate statistically significant differences at p < 0.05.




IbSPL Genes in Response to Exogenous Phytohormones

The promoter analysis revealed that IbSPL genes could be regulated by various phytohormones, which are known regulators of plant growth and development. To reveal the potential roles of IbSPLs in hormone signaling pathways, six IbSPL genes (IbSPL1, IbSPL4, IbSPL16, IbSPL17, IbSPL21, and IbSPL28) highly expressed in roots were selected to perform qRT-PCR analysis under exogenous phytohormone treatments, which included IAA, MeJA, ZT, and ABA. The expression analysis indicated that the six IbSPL genes exhibited highly divergent response patterns under phytohormone treatment in the adventitious root (Figure 7). Under IAA treatment, IbSPL16 and IbSPL21 were rapidly upregulated after 6 h of treatment, while the other four genes were upregulated after 12 or 24 h of treatment. Under MeJA treatment, all IbSPL genes were significantly upregulated after 48 h of treatment, with IbSPL4 and IbSPL21 upregulated around 45.3 and 178.1 folds, respectively. Under ZT treatment, all IbSPL genes were highly upregulated after 6 h of treatment, with a subsequent decline followed by approximately 10-fold increased expression than CK. Notably, IbSPL21 showed a particularly positive response to ZT treatment. Under ABA treatment, all examined IbSPL genes, particularly IbSPL1, IbSPL4, IbSPL16, IbSPL17, and IbSPL21, were rapidly upregulated after 6 h of treatment, whereas IbSPL28 showed significantly upregulation after 24 h of treatment.
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FIGURE 7. Expression patterns of six IbSPL genes under phytohormone treatment. (A) Expression patterns of the six IbSPL genes under IAA treatment. (B) Expression patterns of the six IbSPL genes under MeJA treatment. (C) Expression patterns of the six IbSPL genes under ZT treatment. (D) Expression patterns of the six IbSPL genes under ABA treatment. Samples were collected at 0, 6, 12, 24, and 48 h after treatment. The x-axis indicates different samples, while the y-axis represents the relative expression calculated using the 2–ΔΔCT method. The error bars indicate the standard deviations of the three biological replicates. Different letters indicate statistically significant differences at p < 0.05.




Regulatory Sub-Networks Involving IbSPLs and Other I. batatas Genes in the Storage Root of Sweet Potato

To identify the regulatory sub-networks involving IbSPLs in the storage root of sweet potato, WGCNA was performed based on transcriptomic data of mature storage roots from 88 sweet potato accessions (Supplementary Figure 8 and Supplementary Table 11). A total of 19 modules were obtained from this analysis, with three modules (turquoise, blue and yellow) containing totally eight IbSPL genes (Figure 8A). In the yellow module, IbSPL20 showed co-expression with only one gene. In the blue module, IbSPL9 and IbSPL10 were co-expressed with 17 and 107 genes, respectively. In the turquoise module, IbSPL1, IbSPL16, IbSPL17, IbSPL21, and IbSPL28 had 12, 147, 370, 732, and 198 co-expressed genes, respectively (Supplementary Table 12). Interestingly, IbSPL16, IbSPL17, IbSPL21, and IbSPL28 in the turquoise module share 101 co-expressed genes (Figure 8B), indicating functionality in similar biological processes.
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FIGURE 8. Regulatory sub-networks involving IbSPLs and other I. batatas genes in the storage root of sweet potato. (A) Co-expression sub-network visualization for IbSPLs in the storage root of sweet potato. Only the edges with a weight above a threshold of 0.05 are displayed. (B) Venn diagram of the number of co-expressed genes for IbSPL1, IbSPL16, IbSPL17, IbSPL21, and IbSPL28 in the turquoise module. (C) GO enrichment analysis of co-expressed genes for IbSPL16, IbSPL17, IbSPL21, and IbSPL28.


To further explore the putative functions of the SPLs in the storage root, GO enrichment analysis was performed on the co-expressed genes. For IbSPL1, IbSPL20, and IbSPL9, GO enrichment results could not be obtained due to the small number of co-expressed genes. For IbSPL10 in the blue module, co-expressed genes related to “response to chitin” and “response to organonitrogen compound” were enriched (Supplementary Table 13). For IbSPL16, IbSPL17, IbSPL21, and IbSPL28 in the turquoise module, the similar GO terms were enriched, such as “regulation of root morphogenesis,” “cell division,” “cytoskeleton organization,” “plant-type cell wall organization or biogenesis,” and “cellulose biosynthetic process” (Figure 8C and Supplementary Table 13). It is known that the cytoskeleton, cell division, and cell wall organization/biogenesis are important biological processes involved in storage root development and formation (Dong et al., 2019). Therefore, these results indicated that IbSPL16/IbSPL17/IbSPL21/IbSPL28 may play a key role in storage root development in sweet potato.




DISCUSSION

SPL genes are important plant-specific transcription factors with a highly conserved SBP domain. Since its discovery in A. majus, SPL gene members have been increasingly identified in plants (Klein et al., 1996; Cardon et al., 1999; Xie et al., 2006; Salinas et al., 2012; Li et al., 2013; Zhang et al., 2016; Tripathi et al., 2017). However, comprehensive molecular, evolutionary and functional analysis of the SPL genes in the genus Ipomoea are lacking. The genus Ipomoea has significant nutritional and economic value for humans, including the seventh most important crop I. batatas and ornamental plant I. nil. Up to now, four Ipomoea species have been sequenced: I. nil, I. triloba, I. trifida, and I. batatas. Utilizing these genomes, this study systematically analyzed the Ipomoea SPL genes, including molecular characteristics, evolutionary process, post-transcriptional regulation, and physiological function.


Comparative Analysis of SQUAMOSA Promoter-Binding Protein-Like Genes in the Genus Ipomoea

Recently, some important transcription factor gene families have been investigated in Ipomoea species, such as bZIPs (Yang et al., 2019), WRKYs (Li Y. et al., 2019), GRPs (Lu et al., 2019), MADS (Zhu et al., 2020), and DEAD-box (Wan et al., 2020). However, these studies have focused only on the gene families in a single Ipomoea species, and comparative analysis of gene families in the genus Ipomoea are scarce. This study dissects the evolutionary dynamics of SPL genes in the genus Ipomoea, identifying SPL genes in four Ipomoea species: 29 IbSPLs, 27 ItfSPLs, 26 ItbSPLs, and 23 IniSPLs (Figure 1). Notably, the number of SPL genes in sweet potato is approximately equal to that of the diploid wild relatives (I. nil, I. triloba, and I. trifida), owing to the haplotype-resolved genome assembly of hexaploid sweet potato (Yang et al., 2017). Following the classifications of A. thaliana, S. lycopersicum, and O. sativa (Cardon et al., 1999; Xie et al., 2006; Salinas et al., 2012), the Ipomoea SPL genes were also divided into eight clades (Figure 2), with clade IV comprising the highest members (32) and clade I comprising the lowest (four). Gene and protein structure analysis revealed that most Ipomoea SPLs from the same phylogenetic clade share similar intron/exon structures, domain organizations, and motif compositions (Supplementary Figure 1), indicating that SPLs within the same clade may have similar functions in Ipomoea species. Interestingly, apart from the conserved domain and motifs present in the SPL proteins, other domains or motifs were found in clades I, II, and IV, such as DEXDc domain (motif 4) and Ankyrin repeats (motif 8), which were also observed in papaya (Xu et al., 2020) and barley (Tripathi et al., 2018). These results suggest that the SPLs in these clades may have undergone evolutionary functional differentiation and/or neofunctionalization.

Ipomoea species were found to possess more SPL genes than dicotyledonous model plants, such as A. thaliana and S. lycopersicum (Cardon et al., 1999; Salinas et al., 2012), implying the genus-specific expansion of the SPL gene family in Ipomoea species. The expansion of gene families is a result of evolutionary duplication events (Moore and Purugganan, 2005). This study showed that segmental duplication plays a major role in the evolution and expansion of Ipomoea SPL genes (Figure 3B), which is consistent with findings in cotton (Cai et al., 2018), Rosacea species (Abdullah et al., 2018) and Euphorbiaceae species (Li J. et al., 2019). Previous studies have reported that a whole-genome triplication event occurred 46.1 million years ago (Mya) in the progenitor of the genus Ipomoea (Yang et al., 2017), and thereby the derivation of the segmental duplication of SPLs from this event was speculated. Furthermore, tandem duplication was found to be the most frequent event in the IV-b and IV-c subclades (Supplementary Table 1) and orthologs were found to be absent in dicots (Supplementary Table 3), implying that the SPL members in these two subclades were tandem duplicated from a recent event. Therefore, the SPL genes were speculated to have undergone replication expansion in the progenitor of the genus Ipomoea and that various SPL members were retained due to their important role in growth and development during the Ipomoea species differentiation. Additionally, the Ka/Ks ratios were less than 1 for all Ipomoea SPL ortholog gene pairs, indicating that the Ipomoea SPL genes were under strong purifying selection (Supplementary Table 4).

Many SPL genes are miR156 targets, thus forming a functional regulatory network of miR156-SPL, which plays an important role in plant growth and development (Gou et al., 2011; Wang and Wang, 2015; Liu et al., 2019). More than half of the SPL gene family members have been reported to be targeted by miR156 in various plant species, such as rice (Xie et al., 2006), tomato (Salinas et al., 2012), and apple (Li et al., 2013). In this study, two-thirds of SPL genes in each Ipomoea species were predicted to be miR156 targets (Figure 4B). Phylogenetic analysis showed that all SPL genes in clade III lacked miR156 binding sites, which is consistent with the reported results of A. thaliana, rice, and tomato (Preston and Hileman, 2013). Additionally, two binding site types of miR156 were identified in SPL genes: one located in CDS and the other located in the 3′-UTR (Figure 4B), which is consistent with the observation in other plants, such as rice (Xie et al., 2006), tomato (Salinas et al., 2012), apple (Li et al., 2013), and papaya (Xu et al., 2020). The degradome data of I. batatas further confirmed seven IbSPL genes as the targets of miR156 (Figure 4C and Supplementary Table 1). Among these IbSPL genes, the miR156 binding site for IbSPL17 and IbSPL28 is located in the 3′-UTR, which is consistent with the miR156 binding site of their orthologous genes (AtSPL3 and LeSPL-CNR) in A. thaliana and tomato (Gandikota et al., 2007; Chen et al., 2015). This suggests the high conservation of the miR156-SPL regulatory module in plants. Additionally, our results showed a negative correlation in the expression pattern of miR156 and their target SPL genes, suggesting that SPLs might be regulated by miR156 at the post-transcriptional level. However, most of the miR156-SPL interactions in this study were predicted using in silico analysis, requiring further experimental verification for the miR156-SPL interactions in the genus Ipomoea.



IbSPL Genes Are Putatively Involved in Storage Root Development

Sweet potato, the seventh most important crop globally, has strong adaptability, stable yield, and high nutritional value (Liu, 2017). The storage root of sweet potato is economically useful for its nutrient content and yield, and thus, dissecting the mechanisms underlying storage root formation and development is significant to improve sweet potato nutrient content and yield. Considering the key regulatory roles of SPL genes in root architecture (Yu et al., 2015; Barrera-Rojas et al., 2020) and biomass enhancement (Wang et al., 2015), the expression patterns of IbSPL genes in different tissues or at different developmental stages were evaluated using the public transcriptome data. Most of the IbSPLs were found to be highly expressed in aboveground tissues, especially in shoots or young leaves; however, only some IbSPLs were found to be highly expressed in underground tissues (Figure 7). qRT-PCR analysis of the expression levels of two IbSPL genes (IbSPL17/IbSPL28) revealed a significant increase with storage root development (Figure 6). This study provides evidence that SPL genes have important functions during storage root development in sweet potato.

The formation and development of storage roots is a complex physiological process that includes the cessation of root elongation, genesis and development of the primary and secondary vascular cambium, increase in radial growth and accumulation of starch and storage proteins (Ravi et al., 2009). These processes are closely related to the endogenous phytohormones, such as IAA, cytokinins (CTKs), JA, and ABA (Nakatani, 1991; Tanaka et al., 2008; Ravi et al., 2009; Dong et al., 2019). For instance, IAA is involved in early stages of storage root formation and primary storage root thickening (Noh et al., 2010); ABA plays a significant role in storage root bulking by activating cell division (Huan et al., 2020) and CTKs play a key role in storage root initiation and expansion as a pre-requirement for cambial cell proliferation (Dong et al., 2019). Moreover, storage root yields are positively correlated with ABA and CTK contents (Wang et al., 2005). In the present study, different kinds of hormone-responsive elements were found by analyzing the IbSPL promoters (Supplementary Figure 7), implying that IbSPL genes may participate in hormone signaling pathways. qRT-PCR analysis further confirmed that the expression of the tested IbSPLs (IbSPL1, IbSPL4, IbSPL16, IbSPL17, IbSPL21, and IbSPL28) was strongly induced under exogenous phytohormone treatments, particularly ZT and ABA, suggesting their crucial roles in root development.

Storage root formation and development is maintained by coordinated cellular behaviors, such as cell division, expansion, and differentiation. Previous studies have revealed that cell wall biosynthesis and cytoskeleton organization are critical in these cellular behaviors (Bashline et al., 2014; Brasil et al., 2017). The regulatory sub-networks in this study were analyzed using WGCNA, which indicated that eight IbSPL genes were co-expressed with at least one other I. batatas genes (Figure 8A). GO enrichment analysis of co-expressed genes speculated the role of IbSPL genes in stress responses, root morphogenesis, and cell division (Supplementary Table 13). Moreover, the genes co-expressed with IbSPL16/IbSPL17/IbSPL21/IbSPL28 in the turquoise module were all significantly enriched for “regulation of root morphogenesis,” “cell division,” “cytoskeleton organization,” “plant-type cell wall organization or biogenesis,” and “cellulose biosynthetic process.” These enriched processes are essential for cell morphogenesis and cell cycles, implying their key roles in storage root development. In the future, functional characterization is needed to elucidate the specific roles of IbSPLs in storage root development.




CONCLUSION

In summary, a genome-wide analysis of the SPL gene family in four Ipomoea species, including I. batatas, I. trifida, I. triloba, and I. nil was performed. A total of 105 Ipomoea SPL genes were identified and divided into eight clades. Genes in one clade were found to harbor similar gene structures, domain organizations, motif compositions, and cis-acting elements, suggesting potential functional similarity. Moreover, segmental duplication was predominantly responsible for the expansion of the Ipomoea SPL gene family. On combining the results from the expression patterns and regulatory sub-networks, IbSPL16/IbSPL17/IbSPL21/IbSPL28 were found to play an important role in storage root development. Therefore, this study not only provides novel insights into the evolutionary and functional divergence of the SPL genes in the genus Ipomoea but also lays a foundation for further elucidation of the potential functional roles of IbSPL genes during storage root development.
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Musa (family Musaceae) is monocotyledonous plants in order Zingiberales, which grows in tropical and subtropical regions. It is one of the most important tropical fruit trees in the world. Herein, we used next-generation sequencing technology to assemble and perform in-depth analysis of the chloroplast genome of nine new Musa plants for the first time, including genome structure, GC content, repeat structure, codon usage, nucleotide diversity and etc. The entire length of the Musa chloroplast genome ranged from 167,975 to 172,653 bp, including 113 distinct genes comprising 79 protein-coding genes, 30 transfer RNA (tRNA) genes and four ribosomal RNA (rRNA) genes. In comparative analysis, we found that the contraction and expansion of the inverted repeat (IR) regions resulted in the doubling of the rps19 gene. The several non-coding sites (psbI–atpA, atpH–atpI, rpoB–petN, psbM–psbD, ndhf–rpl32, and ndhG–ndhI) and three genes (ycf1, ycf2, and accD) showed significant variation, indicating that they have the potential of molecular markers. Phylogenetic analysis based on the complete chloroplast genome and coding sequences of 77 protein-coding genes confirmed that Musa can be mainly divided into two groups. These genomic sequences provide molecular foundation for the development and utilization of Musa plants resources. This result may contribute to the understanding of the evolution pattern, phylogenetic relationships as well as classification of Musa plants.

Keywords: Musa, chloroplast genome, genetic structure, comparative analysis, phylogenetic analysis, interspecific relationships


INTRODUCTION

Musaceae is a small family of Zingiberales in monocotyledonous plants, mostly distributed in tropical regions in Australia, Africa, and Asia. It is closest to Strelitziaceae, Lowiaceae, and Heliconiaceae in phylogenetic position (Kress et al., 2001). Three genera are commonly recognized within Musaceae. Ensete is a small genus with eight to nine species found in Madagascar, sub-Saharan Africa and Asia, Musella is a monotypic genus native to southwest China (Li et al., 2010). While most species of the family, which occur mainly in Southeast Asia, are classified into the Musa group (Häkkinen and Väre, 2008). Musa grow in tropical and subtropical regions and is one of the most important tropical fruit trees in the world. According to molecular analysis, wild Musa species are reclassified into two groups, Musa L. sect. Musa (by merging Eumusa with Rhodochlamys) and Musa sect. Callimusa, including the previously classified M. sect. Australimusa and M. sect. Ingentimusa (Häkkinen, 2013). Banana fiber has become one of the high potential biological resources in new material field due to it’ s characteristics such as sustainability, low cost and environmental friendliness (Pappu et al., 2015; Vishnuvarthanan et al., 2019). For example, the leaf fibers of abaca (Musa textilis) are ideal raw materials for manufacturing specialty paper (del Río and Gutiérrez, 2006). Many organs of Musa plants are being used in various fields. Banana peels not only have effect in purifying Cr(III), Cr(VI), Cu(II), and radioactive substances (uranium and thorium) in water (Pakshirajan et al., 2013; Oyewo et al., 2016), but also were used as a new type of bio-sorbent to adsorb aflatoxins and ochratoxin A (Shar et al., 2016). Tree trunks and leaves can be used as precursors for the production of adsorbents for the purification of various pollutants (Ahmad and Danish, 2018). The dry biomass of banana pseudo stem can remove the reactive blue 5G (RB5G) dye (Jarvis and López-Juez, 2013). At the same time, many parts of banana can be used to produce industrial raw materials, such as ethanol, polyhydroxy butyrate (PHB), etc. (Oberoi et al., 2011; Ingale et al., 2014; Naranjo et al., 2014). Banana starch also plays an important role in the food, pharmaceutical, and cosmetic industries (Ramírez-Hernández et al., 2017; Arias et al., 2021; Taweechat et al., 2021; Thanyapanich et al., 2021).

Chloroplasts are an energy converter that provides energy for higher plants and algae, which are a unique structure of plant cells. At the same time, chloroplasts play a vital role in many functions of plant growth, including starch storage, sugar synthesis, the production of several amino acids, lipids, vitamins and pigments, essential sulfur and nitrogen metabolic pathways (Jarvis and López-Juez, 2013; Martin et al., 2013; Nielsen et al., 2016). In angiosperms, chloroplast (cp) genome is mainly a circular structure with the length is between 120–180 kb (Provan et al., 2001). The chloroplast genome is a circular double-stranded structure, which is divided into four parts, two of which are called single-copy regions, including a large single-copy region (LSC) and a small single-copy region (SSC) (Kolodner and Tewari, 1979), and the other two almost identical regions separating the single-copy regions are called inverted repeat sequences A and B (IRa, IRb) (Wicke et al., 2011). Compared with the nuclear and mitochondrial genomes, the chloroplast genome is relatively conserved in gene structure and composition (Asaf et al., 2017a). With the rapid development of Next Generation Sequencing (NGS), the National Center for Biotechnology Information (NCBI) database provides more and more chloroplast genomes, enabling people to have a better understanding of the relationship between chloroplast structure and genetic evolution, which also heavily facilitated the research of chloroplast genomes (Yang et al., 2014; Li et al., 2017; Amiryousefi et al., 2018b). The polymorphic sites of the chloroplast genome can be used to develop reliable and stable molecular markers, which will help us to study population genetics and phylogeny (Ahmed et al., 2013; Sheng et al., 2021).

The relatively conservative chloroplast genome is an ideal research method for studying genetic relationship identification. It is of great significance to analyze the chloroplast genome of Musa, including structural characteristics, phylogenetic relationships and population genetics. As a supplementary technology, chloroplast sequencing not only provide part of the genetic diversity information about Musa germplasm resources, but also clarifies the genes and potential functions of Musa plants. So far, the complete chloroplast sequences of Musa plants have been obtained in Musa acuminata (Martin et al., 2013), Musa balbisiana (Shetty et al., 2016), Musa beccarii (Feng et al., 2020) and Musa ornate (Liu et al., 2018) and so forth. Here, we reported the complete chloroplast genomes of nine Musa species, which was the first comprehensive comparison of these nine species. We compared the structure and content patterns of nine Musa chloroplast genomes; explored the sequence differences in nine Musa cp genomes; detected simple sequence repeats (SSR) and long repeats; calculated codon usage bias and putative RNA editing site. We also studied the genetic variation between Musa species, including inverted repeat (IR) contraction/expansion; gene duplication and loss during evolution; the ratio of non-synonymous (Ka) to synonymous substitutions (Ks), which may help uncover the genetic relationship between Musa species. We also performed phylogenetic analyses using chloroplast genome sequences from other related species to further determine the taxonomy of Musa genus. These results perfect the existing genetic information of Musa species and provide a valuable reference for the DNA molecular research of Musa species. Application of these results will help assess the genetic variation and phylogenetic relationships between closely related species and support the development of wild germplasm resources.



MATERIALS AND METHODS


Sample Collection, DNA Extraction, and Sequencing Plants

In this study, the nine species of Musa were collected from Plant Germplasm and Genomics Center, Kunming Institute of Botany, the Chinese Academy of Sciences, and was approved by Kunming Institute of Botany and local policy. The voucher specimen and DNA were deposited at Qingdao University of Science and Technology (specimen code BJ210253-BJ210261). Total genomic DNA was extracted from fresh leaves using modified CTAB (Porebski et al., 1997). According to the manufacturer’s protocol, the Illumina TruSeq Library Preparation Kit (Illumina, San Diego, CA, United States) was used to prepare approximately 500 bp of paired-end libraries for DNA inserts. These libraries were sequenced on the Illumina HiSeq 4000 platform in Novogene (Beijing, China), generating raw data of 150 bp paired-end reads. About 3 Gb high quality, 2 × 150 bp pair-end raw reads were obtained and were used to assemble the complete chloroplast genome of Musa.



Chloroplast Genome de novo Assembly and Annotation

Trimmomatic 0.39 software were used preprocessed the raw data (Bolger et al., 2014), including removal of adapter sequences and other sequences introduced in the sequencing, removing low-quality and over-N-base reads, etc. The quality of newly produced clean short reads was assessed using FASTQC v0.11.9 and MULTIQC software (Ewels et al., 2016), and high-quality data with Phred scores averaging above 35 were screened out. According to the reference sequence (Musa balbisiana), the chloroplast-like (cp) reads were isolated from clean reads by BLAST (Shetty et al., 2016). Short reads were de novo assembled into long contigs using SOAPdenovo 2.04 (Luo et al., 2012) by setting kmer values of 35, 44, 71, and 101. Furthermore, the long-contigs was expanded and gap-filed using Geneious ver 8.1 (Muraguri et al., 2020), which forms the whole chloroplast genome. The complete chloroplast genome was further validated and calibrated by using de novo splicing script NOVOplsty 4.2 (Dierckxsens et al., 2017). In addition, GeSeq (Tillich et al., 2017) was used to annotate the de novo assembled genomes, RNAmmer (Lagesen et al., 2007) was used to validate rRNA genes with default settings, and tRNAscanSE ver 1.21 (Lowe and Eddy, 1997) was applied to detect tRNA genes with default settings. Finally, we compared the results with the reference sequence and corrected the misannotated genes by GB2Sequin (Lehwark and Greiner, 2019) in an artificial way. The circular map of the genomes was drawn by using Organellar Genome DRAW (OGDRAW) (Lohse et al., 2007). The nine newly assembled Musa chloroplasts genomes were deposited in GenBank with the accession numbers NC_056826 - NC_056834.



Plastome Structural Analysis

Chloroplast Microsatellites or simple sequence repeats (SSRs) were detected in the perl script MISA (Beier et al., 2017). The basic repeat setting of SSRs was determined: ten for mononucleotide, five for dinucleotide, four for trinucleotide and three for tetranucleotide pentanucleotide hexanucleotide. The REPuter tool (Kurtz et al., 2001) was applied to analyze forward (F), reverse (R), complement (C), and palindromic (P) oligonucleotide repeats. The following parameters were used to identify repeats with: (1) hamming distance equal to 3; (2) minimal repeat size set to 30 bp; and (3) maximum computed repeats set to 300 bp. Relative synonymous codon usage (RSCU) and amino acid frequency in the protein coding gene region were determined by MEGA-X (Kumar et al., 2018). The putative RNA editing sites in 35 genes were investigated in the coding gene using PREP-cp (Predictive RNA Editors for Plants chloroplast) (Mower, 2009).



Genome Comparison

We compared and analyzed the basic features of nine chloroplast genomes using Geneious software, including calculating the length of the region sequence, GC content in different regions, and the proportions of different sequences. The junction sites of various regions of the chloroplast genome were analyzed in IRscope (Amiryousefi et al., 2018a) to visualize the expansion and contraction of reverse repeats (IR). We used KaKs_Calculator 2.0 software (Wang et al., 2010) to calculate the rate values of Ks (synonymous substitution) and Ka (non-synonymous substitution) with the YN method. Shuffle-LAGAN mode alignment program in mVISTA (Brudno et al., 2003) was used to evaluate structural similarity for the nine species, with the annotation of M. balbisiana as the reference.



Phylogenetic Analysis

The complete chloroplast genomic sequences from 17 species of Musa (nine sequences newly generated and eight species obtained from GenBank) were performed for phylogenetic analyses (Supplementary Table 8). Heliconia collinsiana (accession number NC_020362) and Ravenala madagascariensis (accession number NC_022927) were downloaded from the NCBI (National Center of Biotechnology Information) as an outgroup of the evolutionary tree. Multiple sequence alignment was aligned using MAFFT and GTR-GAMMA (GTR + G) model was selected using model test applying the Bayesian information criterion (BIC) (Posada and Crandall, 1998). All InDels were excluded from the alignment sequence to construct a phylogenetic tree based on only substitutions. The maximum likelihood (ML) trees were conducted by MEGA-X and 1,000 bootstrap replicates were set to evaluate the branch support values. Finally, the 79 protein-coding genes from the 19 species were also extracted to reconstructed ML trees using the same methods.




RESULTS


Assembly and Annotation of the Chloroplast Genomes of Nine Musa Species

Genome-skimming data were generated about 3.2–5.7 GB by the Illumina HiSeq 2500 in each of the sequenced Musa species. The complete chloroplast genomes of these nine species were typical circular double-stranded structures and ranged from 167,975 bp (Musa jackeyi) to 172,653 bp (Musa rubinea) (Table 1). All nine sequence presented the quadripartite structure, including large single copy (LSC) region, the small single copy (SSC) region and a pair of inverted repeat (IR) regions. The length of the LSC region ranged between 88,330 and 89,997 bp, with the GC content of 34.8–35.2%. The length of the SSC region was distributed between 10,773 and 11768 bp. The GC content of SSC regions was similar in nine species, ranging from 30.1% in M. rubinea to 31.2% in Musa laterita. 33,864–35,522 bp was the length range of the IR region of nine Musa species, which contains 39.5–40.0% GC content. The complete chloroplast genome sequences of the nine Musa species were provided in GenBank (under accession number NC_056826–NC_056834).


TABLE 1. Chloroplast genome features of nine species of Musa.

[image: Table 1]
Although the length of the chloroplast genomes of the nine species was some different, the analyses of the genetic composition showed that they have some similarities. The positions of the genes were visualized in Figure 1. A total of 135 functional genes were predicted in all nine Musa. sps, including 113 unique genes comprising 79 protein-coding genes, 30 transfer RNA (tRNA) genes and four ribosomal RNA (rRNA) genes. These genes, represented by Musa nagensium, can be roughly divided into three categories: photosynthesis-related genes, chloroplast self-replication genes, and other genes (Table 2). Among the genes, 18 intron-containing genes (ICG) were found, covering 12 protein-coding genes and 6 tRNA genes (Supplementary Table 1). Among these ICG, ycf3, and clpP possessed two introns, respectively, while the rest of ICG contained only one intron. The rps12 gene has trans-splicing, and its 3′-end is duplicated in the IRs region, while its 5′-end is present in the LSC region. As a regional demarcation gene, the ndhA gene starts at the IRs region and ends at the SSC region.
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FIGURE 1. Complete genome map of the chloroplast genome of Musa. The inner gray ring is divided into four areas, Clockwise, and they are: small single-copy region (SSC), inverted repeat sequences B (IRb), large single-copy region (LSC), and inverted repeat sequences A (Ira). The genes in the outer ring region are transcribed clockwise, while those in the inner ring are transcribed counterclockwise. The inner ring dark gray indicates the GC content, the light gray reaction AT content. In the lower left is a legend that classifies chloroplast genes according to their functions.



TABLE 2. List of predicted genes in the Musa chloroplast genome.
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Codon Usage Bias

In this study, we analyzed the codon usage bias and relative synonymous codon usage (RSCU) based on the protein coding gene of Musa’s chloroplast genome, and a total of 28,690–29,360 codons were identified (Supplementary Table 2). Analysis showed that codons containing A or T instead of C or G at the 3′-end of the codon have a higher encoding rate. The RSCU of codons containing A/T at the 3′-end was mainly greater than 1, and the codons containing C or G at the 3′-end mostly have RSCU ≤ 1. In addition, there were 29 codons with RSCU values greater than 1, 2 of them were equal to 1, and 30 of them are less than 1. Among them, AUU (4.15–4.24%, Isoleucine), AAA (4.15–4.36%, Lysine), and GAA (4.21–4.39%, Glutamic acid) were the most frequently used codons, while UGC (0.30–0.31%, Cysteine) and CGC (0.31–0.33%, Arginine) had the lowest usage rates. In addition, most amino acids possessed at least two synonymous codons, except for methionine (AUG) and tryptophan (UGG), which had no codon usage preference since they only have one coding codon. Among all codons with an RSCU value greater than 1, the vast majority of codons presented a higher A/T appreciation in the third codon. Overall, we found that the nine Musa species have high similarities in codon usage and amino acid frequency. This result is very common in the chloroplast genome of higher plants (Gichira et al., 2017).



Positive Selection Analysis and Putative RNA Editing Site

The ratio of non-synonymous (Ka) to synonymous substitutions (Ks), Ka/Ks, has been widely used to evaluate the natural selection pressure and evolution rates of nucleotides in genes (Li et al., 1985). The results of the statistical neutrality test indicated that 77 protein-coding genes were relatively stable during the evolution process, but two genes (ycf1 and ycf2) were under positive selection (Supplementary Table 3). The Ka/Ks ratio of the ycf2 gene of the nine species in Musa are all greater than 1 (2.66–5.22). Except for the Ka/Ks ratio of the ycf1 gene of Musa mannii (0.9), that of the other eight species are also all positive selection status (1.16–2.29).

In order to gain a deeper insight into the RNA metabolism of Musa species, we used PREP to predict 74–77 post-transcriptional RNA editing modifications of 26 protein-coding genes (Supplementary Table 4). Most RNA editing sites were located in ndhB (11 editing sites, 14.3–14.8%), while ndhD (5–7 editing sites, 6.6–9.2%), ndhF (6–7 editing sites, 7.8–9.4%), and rpoB (5–6 editing sites, 6.7–8.0%) also had a great portion of editing sites. The types of RNA editing sites reported here were all C to U and all affect a single site. All changes occurred in the first or second nucleotides of the codon. Among the amino acid conversions caused by RNA editing sites, the transformation of serine to leucine accounted for one-third of the total.



Inverted Repeat Contraction and Expansion

Our research revealed that all nine Musa species have ndhA genes that spanned the SSC and IRa regions (Figure 2). Only the ndhA gene of Musa yunnanensis was longer in the SSC region than in the IRa region. In comparison, the length of the ndhA gene of the remaining eight species were not much different in the SSC and IRa regions. We speculated that this may be due to the expansion of the IRa region of M. yunnanensis. Primarily, at the junction of LSC/IRb (JLB), the rpl2 gene was located in the IRb region, while the rpl2 genes of Musa ingens and M. yunnanensis spanned the LSC and the IRb region. According to the distribution of rps19 gene, nine Musa species can be roughly divided into three categories. The rps19 gene of M. laterita, M. mannii, M. nagensium, and M. rubinea in the first category were entirely located in the IR region, 100–131 bp apart from LSC/IRb and IRa/LSC. The second type of species (M. jackeyi, Musa lolodensis, and Musa troglodytarum) were where the rps19 gene was situated at the junction of LSC/IRb and were 18–19 bp away from the IRb region. Moreover, the rps19 genes were entirely located in the IRb region (M. ingens and M. yunnanensis), suggesting that this phenomenon may occur with the contraction IRb area. However, at the junction of IRa/LSC (JLA), M. yunnanensis processed two rps19 genes, so we speculated that rps19 was deleted in M. ingens.
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FIGURE 2. Comparison of SSC, LSC, IRB, and IRB boundary regions in the chloroplast genomes of nine species of Musa. Comparative analysis of junction sites in Musa chloroplast genomes. The coordinate position of the start or end of each gene from the corresponding junction is shown with arrows. All the genes those integrate from one region of chloroplast genome to another region are shown with the T bar above or below. The T bars show the length of base pair for which the integration of genes has been occur. JLA (IRa/LSC), JLB (IRb/LSC), JSA (SSC/IRa), and JSB (IRb/SSC) denote the junction sites between each corresponding two regions on the genome.




Repeat Sequence and Simple Sequence Repeats Analysis (Analysis of Microsatellites and Oligonucleotide Repeats)

This study counted all the interspersed repetitive sequences in the Musa chloroplast genome with a repeat unit length of more than 30 bp. At the same time, we detected four types of repeats, including forward repeats (F), inverted repeats (R), complementary repeats (C), and palindromic repeats (P) (Supplementary Table 5). Repeat analysis showed 50–170 forward duplications, 0–26 inverted duplications, 0–13 complementary repeats and 37–140 palindromic repeats in nine Musa species (Figure 3A). The length of the repetitive sequence varied from species to species, but most of the repetitive sequence length existed in the range of 30–50 bp (40.76–82.1%) (Figure 3B). Compared with the LSC and SSC regions, the IR region contained most of the repetitive sequences, and the chloroplast genome regions also shared most of the repetitive sequences. Among them, the repetitive sequences in the IR region of M. nagensium accounted for the highest proportion of all repetitive sequences (96.3%), and the IR region of M. troglodytarum had the lowest proportion of repetitive sequences (60%) (Figure 3C).
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FIGURE 3. Comparison of microsatellites and long repeats in the chloroplast genomes of Musa species. (A) The number of SSRs of different types of SSR for nine Musa species. (B) Details in SSR types among nine Musa species. (C) The number of SSR markers in the LSC/SSC/IR region along with coding region and IGS. (D) Number of four long repeat sequences in nine species: complement repeats. F represents forward repeats, P represents palindromic repeats, R represents reverse repeats, C represents complement repeats. (E) Number of long repeat sequences with different lengths in nine species. (F) The distribution of long repeats in LSC, SSC and IR regions.


We analyzed the simple sequence repeats (SSRs) in the chloroplast genomes of nine Musa species (Figure 3D). A total of six types of SSR (mono-/di-/tri-/tetra-/penta-/hexa-nucleotide repeats) were detected, the first four microsatellites accounted for 86.17–94.52%, and the penta- or hexanucleotide repeats was very small (no more than 8) or even non-existent (Figure 3E). In the MISA analysis, the number of SSRs detected in the nine Musa species was 73–93. At the same time, the distribution of SSR in the LSC region (61.54–72.29%) was higher than that in the IR region (21.69–28.57%) and SSC region (6.02–11.54%) (Figure 3F). Analysis revealed that SSRs were mainly distributed in the non-coding areas (51.9–60.26%). The number of SSRs in the coding region of M. rubinea (41) were the largest, while that of M. mannii (31) was the lowest.



Sequence Divergence in the Nine Musa Chloroplast Genomes

Using M. Balbisiana as a reference, we used the DnaSP6 to detect single nucleotide polymorphisms (SNPs) in the chloroplast genomes of nine Musa species (Table 3). Through analysis, we divided these nine species into two groups. The first group contained four species (M. ingens, M. jackeyi, M. lolodensis, and M. troglodytarum). In comparison, the second group comprised five species (M. laterita, M. mannii, M. nagensium, M. rubinea, and M. yunnanensis). Among them, 1,419–1,459 SNPs were detected in the first group of four species, and 628–716 SNP sites were seen in the second group. We found that the distribution of SNPs of the nine species in the LSC region is not much different, and the SNP of each species accounted for the highest proportion in the LSC region (61.17–65.29%) (Supplementary Table 6). However, in the statistics of SNP content in the IR region, the ratio of the first group (16.30–19.97%) was slightly lower than that of the second group (21.85–22.62%), and the proportion of SNP in the SSC region was slightly higher (the first group: 15.45–21.04%, the second group: 14.16–14.59%). The mutation frequencies of the corresponding LSC, SSC, and IR regions of the first group were 1.020–1.035, 1.846–1.953, and 0.448–0.487%, respectively, while the second group was 0.452–0.497, 0.876–1.281, and 0.155–0.202%. We also analyzed the insertions and deletions of the chloroplast genomes of nine species, which found they have similar rules in SNPs. 126–160 insertions were detected in nine species, respectively. The detection rates of LSC, SSC and IR were 61.90–67.42, 3.79–14.81, and 20.99–30.60%. The deletion mainly occurred in the LSC region (the first group: 58.66–66.64%, the second group: 59.09–66.04%), followed by the IR region (the first group: 26.06–30.60%, the second group 16.39–24.82%), and finally, the SSC region (the first group: 9.84–15.08%, the second group: 13.21–22.13%).


TABLE 3. Details of single nucleotide polymorphisms (SNP) and InDel sites in large single-copy region (LSC), small single-copy region (SSC), and inverted repeat (IR) regions in the complete chloroplast genomes of nine Musa species.
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Comparative Genomic Analysis in the Nine Musa Chloroplast Genomes

To study the level of sequence polymorphism, we used DnaSP6 and mVISTA programs to calculate the genetic differences between nine Musa plants and compared the whole chloroplast genomes (Figure 4) with reference sequence of M. balbisiana set. In this study, the IR region variation of the Musa chloroplast genome was lower than that of LSC and SSC. In the coding region, the ycf1, accD, and ycf2 of were quite different from each other. In general, non-coding regions were more susceptible to mutations than coding regions. Chloroplast genome of Musa is also consistent with this characteristic, and high variable regions are mainly found in IGS, such as psbI–atpA, atpH–atpI, rpoB–petN, psbM–psbD, ndhF–rpl32, psaC–ndhE, and ndhG-ndhI. These hot spots can be applied to DNA barcode encoding and phylogenetic analysis of Musa genus. With the rapid development of the chloroplast genome, comparing the differences in chloroplast genome sequences of different taxa can, it not only effectively screen out information-rich DNA fragments, but also promote the development of species identification and population diversity. The nucleotide variation (Pi) of nine species ranged from 0 to 0.08264, with an average value of 0.00792 (Supplementary Table 7). The average Pi of the SSC area was 0.01188, the average Pi of the LSC area was 0.00862, and the average Pi of the IR area was 0.00502. It can be seen that inverted repeats were more conservative than the single copy regions, and the coding regions were more conservative than the non-coding regions (Figure 5).


[image: image]

FIGURE 4. mVISTA map of chloroplast genome of nine species of Musa. Sequence identity plot comparing the chloroplast genome of nine Musa species. The vertical scale indicates the percentage of identity, ranging from 50 to 100%. The horizontal axis indicates the coordinates within the chloroplast genome. Genome regions are color-coded as protein-coding, rRNA, tRNA, intron, and conserved non-coding sequences (CNS).
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FIGURE 5. Nucleotide diversity in chloroplast genomes of nine species of Musa. The abscissa represents the position, and the red line represents the average of the nucleotide variations of the nine species (Pi).




Phylogenetic Analyses

To further understand the phylogenetic status of Musa plants and their relationship with other closely related species, the chloroplast whole genome and the shared protein-coding genes of 22 Zingiberales plants (including 18 Musa species) were used to constructed phylogenetic tree using maximum-likelihood (ML) method and bootstrap with 1,000 times iteration (Figure 6). The 22 Zingiberales plants were clustered as a large group, including many important crops, such as abaca (M. textilis), an excellent raw material for making specialty paper, and the primary sources of high-quality fiber-Abacá and Chinese dwarf banana, which was regarded as an essential Chinese medicinal material and rare ornamental plant, etc. The bootstrap values for almost all relationships inferred from all chloroplast genome data were very high. The results of the evolutionary tree we constructed can be divided into approximately four parts, which are M. mannii–M. yunnanensis, M. balbisiana–Musa formobisiana, Musa coccinea–M. troglodytarum and outgroups. In third part of the two evolutionary trees, there is a slight divergence, the Figure 6A showed that M. textilis and the sub-branches containing M. beccarii, M. lolodensis, M. jackeyi, and M. troglodytarum had sister relationship, and Figure 6B indicated that M. textilis and M. beccarii were sister species. Musa lasiocarpa is closer to Ensete glaucum of outgroups than to other 17 Musa species. The phylogenetic tree of nine Musa plants showed that Musa L. sect. Musa and Musa sect. Callimusa had a sister relationship, which was further verifying the latest Musa species classification (Weiner et al., 2019).
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FIGURE 6. Phylogenetic analysis. (A) Phylogenetic tree based on the complete chloroplast genome. (B) Phylogenetic tree based on shared protein-coding genes. Costus viridis and Amomum compactum were selected as out groups. Numbers at branch nodes are bootstrap values.





DISCUSSION


Comparison of Chloroplast Genomes in the Musa Species

The chloroplast genome of angiosperms has made essential contributions to the study of phylogeny and the analysis of evolutionary relationships in phylogeny (Lee et al., 2019). The rich information in the chloroplast genome is very suitable as a DNA barcoding for species identification (Millen et al., 2001). However, among the 86 species belonging to Musa genus, there was very little analysis of complete chloroplast genomes. At this stage, only the complete chloroplast genomes of few species have been reported (Martin et al., 2013; Shetty et al., 2016; Liu et al., 2018; Feng et al., 2020), herein, we have added nine Musa species. The chloroplast genomes of most land plants are highly conserved, while during the evolution of angiosperms, one of the most fluid chloroplast genes, infA, was discovered (Millen et al., 2001). The chlB, chlL, accD, ycf1, ycf68, infA, ycf15, ycf2, rpl22, rps16, rpl23, ndhF, chlN, and trnP (GGG) genes in the plastid genome of some angiosperms were observed to be missing (Liaud et al., 1990; Liu and Xue, 2005; Jansen et al., 2007; Sheng et al., 2021). Among them, the deletion of four genes [chlB, chlL, chlN and trnP (GGG)] represents the homomorphism of flowering plants (Shahzadi et al., 2020). The deletions of the above four genes were found in the chloroplast genomes of all nine Musa species, including the missing of ycf15 and ycf68. M. laterita, M. mannii, M. nagensium, M. rubinea, and M. yunnanensis all had two rps19 genes, but only one in the chloroplast genomes of the other four species. This phenomenon is consistent with the classification of previous studies that the first five Musa sps. belong to Musa L. sect. Musa, and the last four species belong to Musa sect. Callimusa (Jiang et al., 2017).

Codon usage bias helped revealing the interaction between the chloroplast genome and its nuclear genome (Yang Y. et al., 2018). In many previous studies, the codons for leucine and isoleucine are the most common codons in the chloroplast, and the codons for cysteine are the least (Asaf et al., 2017b; Yang Y. et al., 2018; Shahzadi et al., 2020). The nine Musa species in this study also meet this feature. In the chloroplast genome of angiosperms, most codons showed higher A/T preference in the third codon. Our results followed this trend, and this phenomenon was also observed in Forsythia suspensa (Tian et al., 2018), Epipremnum aureum (Abdullah et al., 2020), Zingibereae sp. (Saina et al., 2018a), two Artemisia species (Piot et al., 2018), and other species. The main reason for this situation may be related to the abundance of A or T in the IR region (Chen et al., 2015).

Long repeats (LR) were essential when analyzing genome reorganization, rearrangement, and phylogeny, or inducing substitutions and insertions in the chloroplast genome (Chumley et al., 2006). We detected 86–324 LRs in nine Musa species, most of which were located in the IR region. This phenomenon was different from some species (Tian et al., 2018; Abdullah et al., 2020; Zhu et al., 2021). The IR regions of Musa sp. stabilizes plastid chromosomes through a repair mechanism induced by homologous recombination (Maréchal and Brisson, 2010). At the same time, our analysis shows that the proportion of LRs of M. laterita, M. mannii, M. nagensium, M. rubinea, and M. yunnanensis in the IR regions were greater than that of the other four species, which also may play a role in the genetic diversity and evolution of different Musa branches.

In the chloroplast genome, SSR was considered an important role in population genetics and phylogenetic analysis (Terrab et al., 2006). The number of SSRs were detected in the nine Musa species ranged from 73 to 93. The distribution of SSRs in the LSC region was higher than that in the IR and SSC region. At the same time, analysis shows that SSRs were mainly distributed in non-coding regions. These results were supported by previous studies on the chloroplast genome of angiosperms (Kim et al., 2009; Xu et al., 2012; Cheng et al., 2017). The SSRs analysis in this study showed that single nucleotide SSRs (A/T) had the highest content among the nine Musa plants, reaching 334, and mono-/di-/tri-/tetra-nucleotide repeats accounted for 86.17–94.52%, the penta- or hexanucleotide repeats were very few. The AT content in the chloroplast genome of nine Musa plants were higher than the GC content, and SSRs shows a strong AT bias, which was a common phenomenon in the chloroplast genome of higher plants (Kuang et al., 2011; Lei et al., 2016). Repetitive sequences played a vital role in generating insertion mutations and substitution mutations (McDonald et al., 2011). Previous studies have shown widespread substitutions and deletions in the LSC and SSC regions of the chloroplast genome (Ahmed et al., 2012).



Comparison of the Sequences Within Musa Complex Species and Phylogenetic Relationships

The IR/LSC boundary position was not fixed during the evolution of angiosperms but can expand and contract moderately (Ahmed et al., 2012). The large inverted repeat sequence may be directly related to the structural conservation of the chloroplast genome (Palmer and Thompson, 1982). In some angiosperms, the expansion or contraction of IR is usually accompanied by the change of gene position. For example, the ycf1 gene often is pseudogene because it crosses the boundary between LSC–IR and SSC–IR (Saina et al., 2018b; Yang Z. et al., 2018; Shahzadi et al., 2020). In our research, we divided these nine species into three categories based on the location of rps19 gene. In contrast, the M. yunnanensis in the third category and the four species in the first category belong to Musa L. sect. Musa, the three species in the second category and the M. ingens in the third category all belong to Musa sect. Callimusa. In the chloroplast genome of M. yunnanensis, we speculated that two rps19 genes appear in the LSC region due to the contraction of the IR region. In contrast, the ndhB gene remained in the IR region, thus evolving into a part of Musa sect. Callimusa. The shrinkage or expansion of the IR region was one of the essential features for understanding the evolution and structure of the chloroplast genome (Jiang et al., 2017).

The SNP distributions of the nine species were very similar. The SNPs of each species account for the highest proportion in the LSC region. Except for M. nagensium, the SNPs of the other species in the IR region were more than the SSC region. We also analyzed the insertions and deletions of the chloroplast genomes of nine species, and the results found that they have similar rules as SNPs. In that case, it is possible to predict mutation hot spots and better study population genetics and analyze the phylogenetic relationship of species (Du et al., 2017; Keller et al., 2017).

Ka/Ks is used to assess nucleotides’ natural selection pressure and evolution rate, which is a meaningful marker in species evolution (Li et al., 1985). In our study, Ks was much higher than Ka, which means that the evolution of Musa species was relatively slow. Only two genes (ycf1 and ycf2) were under positive selection, and this was also somewhat different from the species of the Zingiberaceae (Liang and Chen, 2021). Consistent with many previous studies, the evolution of photosynthesis genes was slower than other types of protein-coding genes (Wicke et al., 2011; Saina et al., 2018a; Tian et al., 2018). Genes under positive selection often inserted many repetitive amino acid sequences to varying degrees, which may be evidence of adaptation to new ecological conditions or the result of co-evolution (Piot et al., 2018).

The chloroplast genome sequence contains highly variable regions. Finding more regions with a higher evolution rate is helpful to distinguish closely related species or genus, which is of great significance to the study of DNA barcodes (Dong et al., 2012). The chloroplast genomes contained two huge genes, ycf1 and ycf2, which were indispensable chloroplast genes in higher plants (Drescher et al., 2000). The proteins that control transcription play an important role in cell survival. In the chloroplast genomes of most flowering plants, the accD gene encodes the β-carboxyl transferase subunit of acetyl-CoA carboxylase, which is essential for plant leaf development (Kode et al., 2005). Since they are all protein-coding genes, they may provide information about the evolution of Musa plants. Our comparative analysis identified several non-coding sites (psbI–atpA, atpH–atpI, rpoB–petN, psbM–psbD, ndhf-rpl32, psaC-ndhE, and ndhG-ndhI) and three genes (ycf1, ycf2, and accD). These mutation hotpots with high nucleotide diversity were particularly suitable for Musa genus’ further molecular phylogeny and population genetics research.

In recent years, many studies have used protein-coding regions or chloroplast whole-genome sequence for phylogenetic analysis (Henriquez et al., 2014). The results of this study revealed the genetic relationship between Musa plants. It is generally believed that Musa genus includes Musa sect. Rhodochlamys, Musa sect. Eumusa, Musa sect. Australimusa, and Musa sect. Ingentimusa (Cheesman, 1947). Currently, the Musa genus is divided into two sections, Musa L. sect. Musa and Musa sect. Callimusa (Häkkinen, 2013). At the same time, the 19 unlinked nuclear genes confirmed the close relationship of Australimusa and Callimusa sections and showed that Eumusa and Rhodochlamys sections are not reciprocally monophyletic (Christelov et al., 2011). Our analysis revealed that Musa sect. Rhodochlamys and Musa sect. Eumusa were sisterly related to Musa sect. Australimusa and Musa sect. Ingentimusa. This result further verified that Musa L. sect. Musa included Musa sect. Rhodochlamys and Musa sect. Eumusa, and Musa sect. Callimusa comprised Musa sect. Australimusa and Musa sect. Ingentimusa. Based on the evolutionary tree, we also found that M. lasiocarpa is a basal species in the genus of Musa (Novák et al., 2014), which will help to deduce the time of origin of Musa. In addition, the results we obtained were different from previous studies (Liu et al., 2018; Feng et al., 2020). For example, the findings of their results concluded that M. textilis was the sister group of M. balbisiana and M. beccarii was closer to the roots of the evolutionary tree than Musa itinerans, which may be related to the other genomic regions and species collected. At present, the phylogenetic analysis of Musa species we have done was based on the complete chloroplast genome and protein-coding genes were the most comprehensive, which provided a theoretical foundation and technical support for the development and utilization of Musa plants resources.




CONCLUSION

In this study, we reported and compared the complete chloroplast genomes of nine Musa species in the first time, greatly increasing the available molecular sequences for this genus. The complete chloroplast genomes of these nine species were typical circular double-stranded quadripartite structure and ranged from 167,975 to 172,653 bp in the length. We analyzed the sequences of the chloroplast genomes of nine Musa species, such as the sequence length of each region, the number of different types of genes, and the types of intron genes. Codon bias analysis presented an extensively preferences for codons containing A/T at the 3′ end, especially for those who showed RSCU greater than one. We detected most of repetitive sequence existed in range of 30–50 bp. As shown in Ka/Ks evaluation, 77 of protein-coding genes was relatively stable during evolution process, while two genes (ycf1 and ycf2) were under positive selection. Our research also revealed that all nine Musa species have ndhA genes that spanned the SSC and IRa regions, and notably, the rps19 gene was entirely located in the IRb regions, suggesting that this phenomenon may occur with the contraction IRb area. SNP and InDels analysis divided nine Musa species into two groups in terms of the abundance and distribution of nucleotide polymorphic phenomenon, which was further confirmed by the phylogenetic tree. In summary, comparing the chloroplast genomes of Musa can deepen our understanding of the evolution of the Musaceae and may be suitable for the phylogenetic analysis and classification of Musa genus.
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Serine/arginine-rich (SR) proteins are indispensable factors for RNA splicing, and they play important roles in development and abiotic stress responses. However, little information on SR genes in Brassica napus is available. In this study, 59 SR genes were identified and classified into seven subfamilies: SR, SCL, RS2Z, RSZ, RS, SR45, and SC. In each subfamily, the genes showed relatively conserved structures and motifs, but displayed distinct expression patterns in different tissues and under abiotic stress, which might be caused by the varied cis-acting regulatory elements among them. Transcriptome datasets from Pacbio/Illumina platforms showed that alternative splicing of SR genes was widespread in B. napus and the majority of paralogous gene pairs displayed different splicing patterns. Protein-protein interaction analysis indicated that SR proteins were involved in the regulation of the whole lifecycle of mRNA, from synthesis to decay. Moreover, the association mapping analysis suggested that 12 SR genes were candidate genes for regulating specific agronomic traits, which indicated that SR genes could affect the development and hence influence the important agronomic traits of B. napus. In summary, this study provided elaborate information on SR genes in B. napus, which will aid further functional studies and genetic improvement of agronomic traits in B. napus.

Keywords: serine/arginine-rich gene family, Brassica napus, expression pattern, alternative splicing, association mapping analysis, agronomic traits


INTRODUCTION

RNA splicing is an important process in eukaryotes that could produce one or multiple mature mRNAs via different splicing sites, which significantly increases the flexibility of gene expression regulation and the diversity of transcriptome and proteome (Black, 2003). The process is mediated by the spliceosome, a large macromolecule complex composed of five small nuclear ribonucleo-proteins (snRNPs) and a mass of proteins (Will and Luhrmann, 2010). Among these proteins, the serine/arginine-rich (SR) proteins are vital splicing factors to regulate the selections of splicing sites by binding splicing enhancers on the pre-mRNA (Zahler et al., 1992). The structure of SR proteins is conserved, containing one or two RNA binding domains (RBDs) at the N-terminus and an arginine/serine-rich (RS) domain at the C-terminus (Shepard and Hertel, 2009). The RBDs are responsible to recognize and bind to specific RNA regions, while the RS domain contributes to the protein-protein interactions. The subcellular localization of SR proteins is directly related to their molecular functions, and it has been reported that they are localized in the nuclear speckles (Caceres et al., 1997), a subset of them could shuttle between the nucleus and cytoplasm (Sapra et al., 2009).

In plants, SR proteins were initially identified in Arabidopsis (Kalyna and Barta, 2004), then in rice, maize, wheat, tomato, cassava, and so on (Isshiki et al., 2006; Richardson et al., 2011; Yoon et al., 2018; Chen et al., 2019, 2020b; Gu et al., 2020; Rosenkranz et al., 2021). According to sequence similarity, SR proteins could be divided into seven subfamilies: SR, SCL, RS2Z, RSZ, RS, SR45, SC, and three of them (SCL, RS2Z, RS) are plant-specific (Richardson et al., 2011). Subfamily SCL is the largest plant-specific one containing members from dicots, monocots, moss, and green algae. Subfamily RS2Z was mainly composed of dicots and monocots, whereas most members of subfamily RS came from photosynthetic eukaryotes. Many studies have shown that the SR genes play important roles in plant developmental processes and respond to hormonal signaling or environmental stress (Isshiki et al., 2006; Palusa et al., 2007; Reddy and Shad Ali, 2011; Melo et al., 2020). For example, the life cycle of Atsr45-1 was significantly shorter, the leaves of Atsr45-1 were elongated and curly, and the number of petals and stamens was also significantly different from the wild type (Ali et al., 2007). Overexpression of RSZ33 in Arabidopsis can result in developmental abnormalities in embryos and root apical meristem (Kalyna et al., 2003). And knockout SC and SCL in Arabidopsis could affect the transcriptions of many genes, resulting in serrated leaves, late flowering, shorter roots and abnormal silique phyllotaxy (Yan et al., 2017). Most members of the plant-specific SCL are involved in stress responses mediated by exogenous abscisic acid (ABA) (Cruz et al., 2014). In terms of environmental stress, Atsr34B reduces plant tolerance to calcium by regulating the expression of IRT1 (Zhang et al., 2014), while AtRS40 and AtRS41 act as critical modulators under salt stress (Chen et al., 2013).

In addition to regulating the splicing of other genes, SR genes also could be alternatively spliced. A total of 19 SR genes were identified in Arabidopsis (Kalyna and Barta, 2004). Among them, 15 genes could produce 95 transcripts under hormone induction or abiotic stress, which greatly increased the complexity of the SR genes by sixfold (Palusa et al., 2007). There were 21 and 18 SR genes in maize and sorghum, respectively, whereas 92 and 62 transcripts were detected in each of them, and the majority of SR transcripts were not conserved between maize and sorghum (Rauch et al., 2014). SR genes in tomato showed different splicing profiles in various organs as well as in response to heat stress (Rosenkranz et al., 2021). And a variety of AS events occurred in SR genes of Brassica rapa under abiotic stresses (Yoon et al., 2018). Recently, an increasing number of studies focused on the detailed functional and regulatory mechanisms of the varied SR transcripts. Numerous SR transcripts contained premature termination codons (PTCs) which might elicit nonsense-mediated mRNA decay (NMD) to regulate the gene expression (McGlincy and Smith, 2008; Palusa and Reddy, 2010). And other SR transcripts showed distinct biological functions, like salt-responsive gene SR45a could generate two transcripts SR45a-1a and SR45a-1b, the first of which directly interacted with the cap-binding protein 20 (CBP20), whereas the latter promoted the association of SR45a-1a with CBP20, through the fine-tune regulatory mechanism, it was conducive for the plants to response to salt stress (Li et al., 2021).

Brassica napus is an important global oil crop (Chalhoub et al., 2014), which is an allotetraploid species derived from hybridization between B. rapa and Brassica oleracea. To date, it is unclear how many SR genes/transcripts are present in B. napus and how they perform their function to affect the oil crop. Now the genome sequences and various transcriptome datasets of B. napus are available (Chalhoub et al., 2014; Zhang et al., 2019; Yao et al., 2020), which provide an ample resource to investigate the specific genes at the genome-wide level. In this study, SR genes were identified in B. napus, the phylogenetic relationship, gene structures, conserved motifs, gene duplications and protein interactions were also analyzed. The transcriptome data from various tissues and environmental stresses were used for the expression patterns and alternative splicing analysis of SR genes in B. napus. Moreover, genetic variations of SR genes in a worldwide core collection germplasm (Tang, 2019) were also investigated, and the association mapping analysis revealed that 12 SR genes were candidate genes for agronomic traits in B. napus. This study expanded our understanding of SR genes in B. napus and provided a foundation for further functional studies.



MATERIALS AND METHODS


Identification of SR Genes in Brassica napus

The genome and annotation information of the B. napus cultivar ‘‘Darmor-bzh’’ were obtained from the Brassicaceae Database (BRAD)1 (Chalhoub et al., 2014). The amino acid sequences of the SR family in Arabidopsis thaliana (Kalyna and Barta, 2004) were obtained to build a Hidden Markov Model (HMM), and HMMER3.0 (Mistry et al., 2013) was used to search for SR genes in B. napus (E value was set to 1e-5). The NCBI Conserved Domain Database2 (Lu et al., 2020)and the SMART databases3 (Letunic et al., 2020)were used for verification of candidate genes, preserving the ones containing RRM and RS domains. Moreover, ProtParam,4 an online software of SWISS-PROT, was used to predict the molecular weights (MW) and isoelectric point (pI) of SR proteins, and CELLO v2.5 (Yu et al., 2006) was used to predict the subcellular location of these proteins.



Chromosomal Location and Gene Duplication Analysis

The locations of SR genes were obtained from the annotation of B. napus genome. To identify gene duplication events, BLASTP with the e-value of 1e–10 was used to align the sequence, and MCScanX (Wang et al., 2012) was used to detect the duplication patterns including segmental and tandem duplication. Chromosomal locations and duplication events were visualized using the Circos software (Krzywinski et al., 2009). The ratios of non-synonymous to synonymous substitutions (Ka/Ks) of duplicate gene pairs were counted by ParaAT2.0 (Zhang et al., 2012), which aligned the protein sequence by Muscle (Edgar, 2004) and calculated the Ka/Ks ratio by KaKs_Calculator (Wang et al., 2010).



Gene Structure, Conserved Motifs, and cis-Acting Regulatory Elements Analysis

TBtools (Chen et al., 2020a) and Multiple Expectation Maximization for Motif Elicitation (MEME) (Bailey et al., 2015) were used to display the gene structures and to analyze the conserved motifs in SR proteins. To identify the cis-acting regulatory elements of SR genes, promoters (2 kb upstream sequences from initiation codon) were extracted and predicted by PlantCARE5 (Magali, 2002). The location was displayed by Gene Structure Display Server (GSDS 2.0) (Hu et al., 2015), the amount heatmap was visualized by R.6



Phylogenetic Analysis of SR Family Members

To gain insights into the evolutionary relationships of SR family members, multiple sequence alignments of SR amino acids of A. thaliana and B. napus were performed using the ClustalW (Larkin, 2007). Phylogenetic trees were generated with the MEGA 11 program using the Neighbor-Joining (NJ) method with 1,000 bootstrap replications (Tamura et al., 2021). The tree was visualized using Evolview7 (He et al., 2016).



Prediction of Protein-Protein Interactions

The Protein-Protein Interactions of A. thaliana were downloaded from STRING8 (Szklarczyk et al., 2021), the interaction networks of SR proteins in B. napus were predicted based on the homologs in A. thaliana, and Cytoscape (Shannon et al., 2003) was used to display the interaction. To investigate the involved biological process, genes that interacted with SR proteins were taken out for Gene Ontology and KEGG enrichment analysis by clusterProfiler in R (Yu et al., 2012).



Expression Analysis of SR Genes in Brassica napus

Transcriptome data from five tissues (leaf, callus, bud, root, and young silique) and different stress conditions (dehydration, salt, cold and ABA) of B. napus cultivar “ZS11” were used in this study (Zhang et al., 2019; Yao et al., 2020), the expression levels of SR genes were calculated with Stringtie (Pertea et al., 2015) after alignment with Hisat2 (Kim et al., 2015), and displayed by Pheatmap and UpSet in R. And expression patterns of four genes were showed by TBtools-eFP (Chen et al., 2020a).9



Alternative Splicing Analysis of SR Genes in Brassica napus

Based on the two sets of transcriptome data, alternative splicing of SR genes were also investigated. For the transcript isoform catalog of B. napus obtained from Iso-seq (Yao et al., 2020), the AS events were identified by Astalavista (Sylvain and Michael, 2007) and the expression of alternative splicing transcripts of SR genes in various tissues were calculated with Stringtie. For the RNA-seq of different stress conditions (Zhang et al., 2019), transcripts were assembled by Stringtie firstly, then the AS events and the expression of alternative splicing transcripts were counted. In order to verify the AS events between paralogous gene pairs, transcriptome data based on EST sequencing of B. napus were downloaded and analyzed (Troncoso-Ponce et al., 2011).



RNA Isolation and qRT-PCR Analysis of SR Genes

The seeds of B. napus cultivar “ZS11” were germinated and grown in a growth room at 24°C, with a 16/8 h light/dark photoperiod. The leaves and roots were collected from 20-day-old seedlings, while buds were collected from 70-day-old seedings, siliques were harvested 90 days after germination. Samples were immediately stored in liquid nitrogen, and total RNA was extracted from samples using Invitrogen trizol reagent (TRIzol™15596026, United States) according to the manufacturer’s instructions. Total RNA was then reverse-transcribed into complementary DNAs by using the PrimeScript RT reagent Kit With gDNA Eraser (Takara, Japan). The complementary DNAs were used as templates in quantitative reverse-transcription polymerase chain reaction (qRT-PCR) with the gene-specific primers (Supplementary Table 1). qRT-PCR was performed by using SYBR Green Real-time PCR Master Mix (Bio-Rad, United States) in 20 μl reaction mixture and run on CFX96 Real-time PCR system (Bio-Rad, United States). B. napus β-actin gene was used as internal standard. All assays were conducted with three biological repeats, and each with three technical repeats. The relative expression level was obtained using the 2–ΔΔCt method (Livak and Schmittgen, 2001).



Association Mapping of SR Genes in a Natural Population of Brassica napus

To understand the natural variations of SR genes in B. napus, a natural population with 324 worldwide accessions was used in this study (Tang, 2019). SNPs in the gene regions of SR genes were extracted and annotated by SnpEff (Cingolani et al., 2012). The agronomic traits including primary flowering time (PFT), full flowering time (FFT1), final flowering time (FFT2), early flowering stage (EFS), late-flowering stage (LFS), flowering period (FP), plant height (PH), branch number (BN), branch height (BH), main inflorescence length (MIL), main inflorescence silique number (MISN), main inflorescence silique density (MISD) were selected (Tang, 2019). With the mixed linear model, a family-based association mapping analysis considering population structure and relative kinship was performed by EMMAX (Kang et al., 2010). The linkage disequilibrium and haplotype blocks were made by LDBlockShow (Dong et al., 2020) and the enriched Gene Ontology terms of interacted proteins were drawn by Cytoscape (Shannon et al., 2003).




RESULTS


SR Genes Form Seven Subfamilies in Brassica napus

After performing HMM search and domain verification, a total of 59 SR genes were identified in B. napus. The detailed information of each SR was listed in Table 1, including gene ID, genomic location, amino acids (AA) length, isoelectric point (pI), and molecular weight (MW) and so on. The lengths of SR proteins ranged from 130 to 412 AA, with an average length of 293 AA. The pI values were varied from 7.31 to 12.41 and the MW values were varied from 14.92 to 47.02 kDa. According to the prediction of CELLO, it showed that all the SR proteins were located in nuclear.


TABLE 1. Characteristics of the SR genes in B. napus (pI, isoelectric point; MW, molecular weight).
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To understand the evolutionary relationships of SR genes between B. napus and A. thaliana, a phylogenetic tree was constructed based on their protein sequences. Finally, 19 AtSRs and 59 BnSRs were clustered into seven subfamilies (Figure 1 and Table 1). According to the previous nomenclature system, subfamily SR, SCL, RS2Z, RSZ, RS, SR45, and SC were also used in this study. Subfamily SCL and SR were the largest, each of which included 12 SR genes, while subfamily SC was the smallest, with only 3 SR genes, and the other subfamily RS2Z, RS, RSZ, and SR45 contained 10, 9, 7, and 6 SR genes, respectively.
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FIGURE 1. Phylogenetic analysis of SR proteins in B. napus and A. thaliana. All SR proteins were clustered into seven subfamilies, and each subfamily was represented by a different color.




Chromosomal Distribution and Gene Duplication of SR Genes in Brassica napus

In B. napus, 46 of 59 SR genes were unevenly distributed over 19 chromosomes, while the other 13 SR genes were assigned to unanchored scaffolds (Figure 2). In total, 26 and 33 SR genes were located on the A subgenome and C subgenome, respectively. There were 5 SR, 5 SCL, 5 RS2Z, 4 RSZ, 3 SR45, 3 RS, and 1 SC subfamily genes on A subgenome, with compared to 7 SR, 7 SCL, 5 RS2Z, 3 RSZ, 3 SR45, 6 RS, and 2 SC on C subgenome. Chromosomes C03, C05, and C08 had the most SR genes (5 genes per chromosome), while chromosomes A01, A02, and C02 contained only one SR gene, respectively, and no SR gene was located on chromosomes A07, A10, and C09.
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FIGURE 2. The chromosomal distribution and duplication analysis of SR genes in B. napus. The locations of all the chromosomal SR genes were shown in different chromosomes. The different colors indicated different subfamilies of the SR genes. The orange lines highlighted the duplicated SR gene pairs.


According to BLAST and MCScanX, gene duplication events of the SR genes were detected in B. napus. In short, all 59 SR genes were derived from duplication (Table 1), 89.83% of them (53 SR genes) were originated from whole-genome duplication (WGD) or segmental duplications, while the other 6 SR genes resulted from dispersed duplications. Moreover, there were 91 paralogous gene pairs in B. napus (Figure 2 and Supplementary Table 2), 15 of them occurred in the A subgenome, 21 of them took place in the C subgenome, and the other 55 duplication events occurred between the A and C subgenome. To estimate the selection mode of SR genes in B. napus, the ratios of non-synonymous to synonymous substitutions (Ka/Ks) for paralogous gene pairs were calculated. Generally, Ka/Ks > 1 means positive selection, Ka/Ks = 1 means neutral selection, and Ka/Ks < 1 represents purifying selection. In this work, Ka/Ks ratios of all the paralogous gene pairs were less than 1, suggesting that SR genes were under purifying selection (Supplementary Table 2).



Gene Structure, Conserved Motifs, and cis-Acting Regulatory Elements Analysis of SR Genes in Brassica napus

The exon-intron structure of 59 SR genes in seven subfamilies was displayed (Figures 3A,B), On average, each gene included 7 exons, but the exon numbers differed widely, ranging from 3 to 13, and different subfamilies exhibited different exon numbers. While the genes in the same subfamily tended to possess similar gene structures, for example, in subfamily SC, all the SR genes had 9 exons, and in subfamily SR45, all the SR genes contained 12 exons except BnaA08g23570D.
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FIGURE 3. The phylogenetic relationship, gene structure, and conserved motifs of SR genes in B. napus. (A) The phylogenetic relationships of 59 SR proteins based on the NJ method. (B) Gene structures of the SR genes. Dark brown boxes represented UTR, and indigo boxes represented CDS. (C) The motif composition of SR proteins. Numbers 1–9 were displayed in different colored boxes.


In total, 9 conserved motifs were identified in 59 SR genes (Figure 3C). All the SR genes contained motif 1 and motif 2 except BnaC08g31720D, which lacked motif 1. All the SR genes possessed motif 9, except those in subfamily SC. Apparently, the motif structures of distinct subfamilies varied. For example, the pattern of subfamily SC was motif 2-1-2-4-8, while subfamily RS2Z was motif 2-1-3-4-6-9. And some subfamilies had a few specific motifs, like motif 7 was unique to subfamily SR, motif 8 only existed in subfamily RS2Z.

Promoter regions were found to be critical for gene expression (Oudelaar and Higgs, 2021), so cis-acting regulatory elements in these regions were investigated for SR genes. Cis-acting regulatory elements related to stress, hormone and development (ranging from 5 to 23) were detected in promoters of SR genes (Figure 4, Supplementary Figure 1, and Supplementary Table 3). The majority of SR genes (56/59, 94.92%) contained ARE elements, which is essential for anaerobic induction. Moreover, stress-responsive elements such as TC-rich repeats (involved in defense and stress responsiveness, 33/59, 55.93%), LTR (involved in low-temperature responsiveness, 33/59, 55.93%) and MBS (involved in drought-inducibility, 29/59, 49.15%) were also common in promoters of SR genes. Hormone-responsive elements like ABRE (involved in the abscisic acid responsiveness), CGTCA-motif (involved in the MeJA-responsiveness) and ERE (involved in the ethylene responsiveness) existed in most promoters of SR genes. In terms of development-related elements, CAT-box (24/59, 40.68%), which is related to meristem expression, was most frequently observed in the promoters of SR genes. The results indicated that many SR genes in B. napus were responsible for plant growth and stress response.
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FIGURE 4. Cis-acting regulatory elements identified in promoters of SR genes in B. napus. Boxes indicated hormone-related elements, up-triangles indicated development-related elements, and down-triangles indicated stress-related elements. Different colors indicated different elements.




Predicted Protein Interactions of SR Proteins in Brassica napus

SR proteins were the key components of the spliceosome and they always interacted with other proteins to perform their functions (Shepard and Hertel, 2009; Will and Luhrmann, 2010). To understand the biological processes involved by SR proteins in B. napus, interaction networks were predicted according to known protein interactions in Arabidopsis. The homologous proteins of 59 BnSR proteins interacted with 3,528 proteins in Arabidopsis, which were homologous to 13,591 proteins in B. napus (Figure 5A). It demonstrated that SR proteins were the core nodes in the network, most SR proteins interacted with each other, meanwhile, they also interacted with other proteins to participate in different biological processes. KEGG enrichment analysis showed these interacted proteins were involved in a variety of processes including RNA degradation, ribosome biogenesis, RNA polymerase, proteasome, circadian rhythm, and so on (Figure 5B and Supplementary Table 4). Gene Ontology enrichment analysis (Figure 5C and Supplementary Table 5) showed that ribosome biogenesis, mRNA splicing and protein import into the nucleus were the significantly enriched terms in the biological process category. While the terms including cytosolic small ribosomal subunit and ribosome in the cellular component category were highly enriched, and in the molecular function category, translation initiation factor activity, proton symporter activity and RNA binding were significantly enriched. Protein-protein interactions analysis showed that SR proteins played important roles in the regulation of the whole lifecycle of mRNA, from synthesis to decay.
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FIGURE 5. Proteins interacted with SR proteins in B. napus. (A) Protein-protein interaction network of SR proteins in B. napus. The red circles represented the SR proteins, the indigo circles represented proteins that interacted with SR proteins. The blue lines represented the interaction between SR proteins, and the gray lines represented the interaction between SR proteins and other proteins. (B) KEGG pathway enrichment analysis of proteins interacted with SR proteins. (C) Gene Ontology enrichment analysis of proteins interacted with SR proteins.




Various Expression Patterns of SR Genes in Different Tissues and Under Abiotic Stresses in Brassica napus

To predict the potential functions of SR genes, expression patterns based on RNA-Seq of five tissues in B. napus cultivar “ZS11” (Yao et al., 2020) were displayed in Figure 6. SR genes showed different expression patterns among the five tissues. The expression profiles of SR genes in the silique and root displayed similar patterns. Almost all the SR genes were expressed highly in bud, root, silique and callus, but lowly in leaf (Figure 6A). There was 34 SR genes expressed in all of the five tissues based on the threshold value (FPKM > 5), and some of the SR genes were tissue-specific or preferential expression (Figure 6B). Like BnaA01g14750D showed the highest expression in callus (Figure 6C), and BnaC06g14780D expressed at a high level in silique and bud (Figure 6D), nevertheless, both of them expressed lowly in leaf. Meanwhile, a few SR genes expressed highly in callus and lowly in silique. And two SR genes (BnaC08g31720D and BnaC07g39690D) barely expressed in these five tissues.
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FIGURE 6. Expression profiles of SR genes in different tissues of B. napus. (A) Heatmap representation of 59 SR genes in different tissues. (B) Number of SR genes that were expressed in various tissues. (C–F) The expression patterns of four selected SR genes in B. napus plants. Expression data were processed with log2 normalization. The color scale represented relative expression levels from low (blue color) to high (red color).


SR genes in subfamily RS2Z, SR45, and SC showed similar expression patterns, paralogous gene pairs in these subfamilies also owned similar expression patterns, like BnaA09g33780D/BnaC06g14780D in RS2Z, BnaA06g11140D/BnaC05g12680D in SR45. Nevertheless, in other subfamilies, different patterns were observed, for example, paralogous gene pairs (BnaA04g03560D/BnaC04g25450D) in subfamily SCL expressed at the same pattern, while in subfamily RS BnaC08g31720D barely expressed in five tissues, its paralogous gene BnaC04g00810D expressed at a high level in callus, bud, root and silique, and in subfamily RSZ, BnaC04g36280D and its paralogous gene BnaA04g14520D expressed at a high level in each tissue (Figure 6E), but their paralogous gene BnaA03g51620D and BnaC07g43350D weakly expressed (Figure 6F). Moreover, 14 SR genes from different subfamilies were selected for qRT-PCR analysis (Figure 7 and Supplementary Table 1), similarly, most of these genes expressed higher in bud, and the expression patterns of two genes (BnaA09g52820D and BnaCnng52140D) from subfamily SC were almost the same, while in subfamily SCL, BnaCnng00990D showed different expression patterns with BnaA05g27090D and BnaC05g41220D.
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FIGURE 7. qRT-PCR expression analysis of 14 SR genes in different tissues of B. napus. The error bars represented the standard error of the means of three replicates.


In spite of expression patterns in various tissues were investigated, the expression profiles of SR genes under different abiotic stresses were also analyzed. In this study, RNA-Seq data of samples from different abiotic treatments including cold, drought, salinity, ABA induction (Zhang et al., 2019) were utilized to analyze the expression pattern of SR genes in B. napus (Figure 8). Obviously, all the SR genes expressed higher after the treatment of abiotic stresses except those unexpressed or low-expressed genes. The expression of BnaC07g39690D was apparently up-regulated under dehydration stress. The expression of BnaC05g06630D dramatically increased under ABA induction as well as cold and salt stress, and it was noticed that elements response to these stresses (ABRE, LTR, and TC-rich repeats) were enriched in its promoter. All the SR genes expressed at a higher level in both subfamily RS2Z and subfamily SC, but in other subfamilies, different expression patterns were observed, especially for some paralogous gene pairs, like BnaC03g15710D/BnaC07g39690D, BnaC04g00810D/BnaC08g31720D, and BnaA02g20550D/ BnaA09g00790D, coincidentally, these gene pairs also showed different patterns in various tissues, which suggested they were differentiated into different directions, and the low-expressed genes like BnaC07g39690D, BnaC04g00810D and BnaA02g20550D may become pseudogenes.
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FIGURE 8. Expression profiles of SR genes under abiotic stress conditions. Expression data were processed with log2 normalization. The color scale represented relative expression levels from low (blue color) to high (red color).




Alternative Splicing of SR Genes Is Widespread in Brassica napus

In Arabidopsis, maize and sorghum, most of the SR genes could be alternatively spliced, in order to investigate the alternative splicing (AS) of SR genes in B. napus, we used the dataset from Pacbio Iso-Seq technique, which could directly detect the existed mRNA and provide full-length transcripts. Based on Iso-Seq of B. napus cultivar “ZS11” (Yao et al., 2020), 51 of 59 SR genes were detected in this dataset, and 41 SR genes were alternative spliced, yielding 206 transcripts, an average of 5 transcripts for each gene (Figure 9A and Supplementary Table 6). As to each subfamily, SR genes in subfamily RS owned the most transcripts per gene (average 6.4 transcripts), whereas SR genes in subfamily SC contained the least transcripts, only 1.7 transcripts per gene, and the other subfamily RS, SR45, RS2Z, SCL, and RSZ contained 6.2, 4.3, 4.3, 2, and 1.8 transcripts, respectively. In the multi-exon SR genes, a total of 163 AS events were discovered, intron retention (IR) was the most one (87), followed by alternative 3′ splice site (A3SS, 38), alternative 5′ splice site (A5SS, 21) and exon skipping (ES, 17) (Figure 9B). Subfamily RS had 51 AS events (IR-29, A3SS-8, A5SS-9, ES-5), which was the most and consistent with its most transcripts. While the fewer transcripts in subfamily RSZ and SC contained fewer AS events. Most of the paralogous gene pairs displayed distinct splicing patterns, the first one was the transcripts number varied between paralogous gene pairs, like 2 transcripts of BnaA06g11140D vs. 4 transcripts of BnaC05g12680D, and 8 transcripts of BnaA03g17170D vs. 3 transcripts of BnaA07g37700D, the second one was the AS events varied between paralogous gene pairs, both BnaA04g03560D and BnaC04g25450D had 2 transcripts, but the identified AS events were different (Figure 9C). To verify the AS events, the detailed alignment information was displayed, and it showed that a small number of reads could span the splice sites (Supplementary Figure 2). Moreover, EST dataset was also used to blast against the alternative splicing transcripts, and the results revealed that the different AS events really existed (Supplementary Table 7). To find out the expression patterns of transcripts in various tissues, the expression levels of all the transcripts of SR genes were also counted (Supplementary Figure 3), and it showed that only a fraction of them expressed higher in these tissues, for paralogous gene pair BnaA04g03560D/BnaC04g25450D, the expression patterns of their transcripts were also different.
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FIGURE 9. Splicing profiles of SR genes in B. napus based on Iso-Seq data. (A) The numbers of SR genes that produced one or more transcripts from Iso-Seq data. (B) Classification of AS events. IR, intron retention; A3SS, alternative 3′ splice site; A5SS, alternative 5′ splice site; ES, exon skipping. (C) Different splicing patterns of a paralogous gene pair.


Moreover, in the RNA-seq of abiotic stresses, the short reads were assemblied to predict the splicing profiles (Supplementary Figure 4), finally 124 transcripts were detected in 46 genes, and 61 AS events were identified. In this dataset, IR was not the most prevalent AS type, instead, A3SS was more prevalent. Five transcripts of BnaA06g37780D, BnaC05g06630D, and BnaA01g14750D were obviously induced by all four stresses, and the increment was obvious as the treatment time increased (Supplementary Figure 4), indicating that they were the responsible splicing factors responding to abiotic stress in B. napus.



Genetic Effects of SR Genes on Agronomic Traits of Brassica napus

To investigate the genetic variations of SR genes, SNPs were identified in a natural population containing 324 accessions collected from worldwide countries (Supplementary Table 8; Tang, 2019). Averagely, each SR gene contained 43 SNPs, lower than the whole genome level (94 SNPs in each gene). In consideration of genome size, we calculated the average SNP number of each kilobase (kb), all the SR genes were 17 SNPs/kb, while the whole genome level was 11 SNPs/kb. The SNP density of SR genes in the A subgenome (22 SNPs/kb) was slightly higher than the C subgenome (13 SNPs/kb). Moreover, the SNP density varied in different subfamilies, like subfamily SR45 had the most, with an average of 90 SNPs, followed by RSZ (41 SNPs) and SCL (39 SNPs), while SC had the fewest (only 29 SNPs). We also examined the genetic variations of paralogous gene pairs, there were 97 SNPs in BnaA09g00790D, but none in its paralogous gene BnaCnng19170D, while paralogous gene pairs BnaC04g00810D/BnaC08g31720D, had 49 and 5 SNPs, respectively. On the whole, most paralogous gene pairs exhibited unequal variations. Finally, SNP annotation showed that 658 SNPs occurred in exon regions and 194 SNPs in 39 SR genes resulted in missense mutations.

For SR genes were the fundamental regulators in pre-mRNA processing, it could affect various physiological processes, and finally result in diverse phenotype (Shepard and Hertel, 2009; Reddy and Shad Ali, 2011). In order to study the impact of SR genes on agronomic traits in B. napus, the association mapping analysis was conducted for 12 agronomic traits. In total, 49 SNPs (corresponding to 12 SR genes, Supplementary Table 8) located on A03, A05, A09, C03, C04, C05, C06, C07 and unanchored scaffolds were significantly associated with one or more agronomic traits (p < 0.001). BnaC04g00810D was significantly associated with main inflorescence silique density (Figures 10A,B), and the missense mutation in the coding sequence changed the arginine to histidine (305G > A). According to the genotype, two groups were divided and the main inflorescence silique density was significantly different based on the t-test (p < 3.2e–10) (Figure 10C). The interacted proteins of BnaC04g00810D were analyzed, they were not only enriched in mRNA splicing and spliceosome, but also enriched in the maintenance of meristem identity (GO:0010074), regulation of embryo sac egg cell differentiation (GO:0045694), meristem structural organization (GO:0009933), primary shoot apical meristem specification (GO:0010072), embryonic shoot morphogenesis (GO:0010064), gibberellin 3-beta-dioxygenase activity (GO:0016707), auxin homeostasis (GO:0010252), basipetal auxin transport (GO:0010540), cellular response to auxin stimulus (GO:0071365) (Figure 10D). As we knew, gibberellins (GAs) could promote stem elongation and floral development during bolting (Olszewski et al., 2002), auxin biosynthesis and transport played an important role in floral meristem initiation and inflorescence organization (Teo et al., 2014). All these processes were related with the regulation of endogenous hormone and the development of meristem/gametophyte, which could affect the silique density (Ren et al., 2018). The interacted proteins of BnaC04g00810D took part in these processes, like GA3OX1/2/4 in GO:0016707 were responsible for the last step of the biosynthetic of active GAs (Williams et al., 1998), ABCB19 in GO:0010540 mediated polar auxin transport (Wu et al., 2016), and GAF1 was involved in female gametophyte development (Zhu et al., 2016). Therefore, it was speculated that BnaC04g00810D also participated in the above processes through interacting with related proteins and might be an important candidate gene for silique density in B. napus. Moreover, BnaA03g12870D was significantly associated with flowering time and branch number, whereas BnaC03g20680D was significantly associated with the flowering period (Supplementary Figure 5), and the involved processes of their interacted proteins were also enriched in meristem structural organization, regulation of flower development and so on. Overall, the results suggested that sequence variations of SR genes could affect the development of B. napus and, ultimately influence the important agronomic traits.


[image: image]

FIGURE 10. Association mapping analysis of BnaC04g00810D in 324 core collections of B. napus germplasm. (A) BnaC04g00810D was significantly associated with main inflorescence silique density. (B) The distribution of main inflorescence silique density. (C) Comparison of main inflorescence silique density between the two haplotypes based on the most significantly associated SNP of BnaC04g00810D. (D) The enriched Gene Ontology terms of interacted proteins of BnaC04g00810D.





DISCUSSION

Alternative splicing plays important role in the plant growth and development process, especially enhancing the adaptability of plants under stress conditions (Black, 2003; Palusa et al., 2007). Splicing factors are essential for the execution and regulation of splicing. Among them, SR proteins are the prominent factors involved in the assembly of spliceosomes, recognition and splicing of pre-mRNAs (Zahler et al., 1992). Recently, SR proteins in many plants have been studied at the genome-wide level to understand their evolution and function (Kalyna and Barta, 2004; Isshiki et al., 2006; Richardson et al., 2011; Chen et al., 2019, 2020b; Gu et al., 2020). In this study, 59 SR genes were identified and characterized in B. napus. A systematical analysis of SR genes including chromosomal locations, gene structures, conserved motifs, phylogenetic relationships, and protein-protein interactions was performed. Moreover, the expression patterns and AS types of SR genes in various tissues and stresses were analyzed. Variations in SR gene sequences and the association mapping analysis based on various agronomic traits were also performed to detect the relationship between SR genes and the final phenotype in B. napus.

After divergence from Arabidopsis lineage, the genus Brassica underwent a genome triplication event that occurred 13 million years ago, then interspecific hybridization between B. rapa and B. oleracea formed the allotetraploid B. napus (Allender and King, 2010). All the genes in B. napus expanded during its evolution and formation (Chalhoub et al., 2014). Many studies had shown that whole-genome duplication (WGD) and segmental duplications were the key factors to produce duplicated genes and result in the expansion of gene families (Ma et al., 2017; Wu et al., 2018; Zhu et al., 2020), as well as observed in SR genes in this study. Based on the effect of two recent duplication events, six homologs for each Arabidopsis gene were expected to present in B. napus, but we only found 59 SR genes in B. napus (about threefold of AtSRs), which indicated that gene loss happened (Albalat and Canestro, 2016). And the distribution of SR genes in the A and C subgenome implied the gene loss is asymmetrical, which is consistent with the genome level (Chalhoub et al., 2014). According to the Ka/Ks ratios of paralogous gene pairs, it is suggested that purifying selection played an important role in the evolution of SR genes in B. napus.

In plants, SR gene family had been investigated in Arabidopsis, rice, maize, wheat, tomato, cassava, and so on (Kalyna and Barta, 2004; Isshiki et al., 2006; Richardson et al., 2011; Yoon et al., 2018; Chen et al., 2019, 2020b; Gu et al., 2020; Rosenkranz et al., 2021). Most of the SR genes were divided into five to seven subfamilies according to the domain sequence or the whole sequence, likewise, 59 SR genes in B. napus were also classified into seven subfamilies. The proportion of plant-specific subfamily members in B. napus (31/59, 52.54%) was similar to that of other plants (Chen et al., 2019). Most genes in the same subfamily shared similar gene structures, conserved motifs, but the cis-acting regulatory elements in promoters emerged a big difference, which would affect the expression patterns (Zou et al., 2011; Oudelaar and Higgs, 2021). In the RNA-seq of various tissues, SR genes expressed obviously lower in leaf in comparison with bud, root, silique and callus, which was probably due to more complex splicing events in differentiated organs than mature organs, similarly, it had been proved that many SR genes expressed highly in early stages of fruit growth and development in tomato, which indicated a higher demand for factors to regulate pre-mRNA processing during cell expansion in immature green fruits (Rosenkranz et al., 2021). Various expression patterns of duplicated genes were also observed in this study, and it had been proved as one common way to lead to pseudogenization, neofunctionalization, or subfunctionalization in polyploids (Chaudhary et al., 2009). The lifestyle of plants is sessile, which is different from animals, environmental factors such as light, temperature, water or soil characteristics strongly influence their growth and development. As a result, plants have intelligently evolved various strategies for fleetly responding to changes (Meena et al., 2017). The diverse cis-acting regulatory elements in the promoter regions of different SR genes indicated their expression could be induced by hormones or abiotic stress. The different types, copy numbers and combinations of cis-acting regulatory elements predicted the diversity of SR genes expression patterns and flexibility in response to different stresses. Under environmental stress or hormone induction, the expression patterns of most SR genes changed. Expression of BnaA06g37780D and BnaC05g06630D increased with the treatment of cold, drought, salinity and ABA, and it had been verified that its orthologous gene AtSR30 was up-regulated by salinity stress (Tanabe et al., 2007).

Transcription is a flexible mechanism, which not only alters the gene expression but also could create diverse transcripts (Herbert and Rich, 1999). With the development of sequencing technology, it is possible to provide full-length transcripts by Iso-Seq directly (Abdel-Ghany et al., 2016; Wang et al., 2017), avoiding sequence assembly by short reads from RNA-seq. In the Iso-Seq data of the five tissues (Yao et al., 2020), 41 SR genes were alternatively spliced to produce 206 transcripts, which increased the transcriptome complexity greatly. If datasets from other various tissues and treatments were obtained, it was speculated that the amounts of SR transcripts were astounding in B. napus. AS not only regulated the gene expression, but also could cause neofunctionalization or subfunctionalization between paralogous genes (Zhang et al., 2009). Here we found diverse AS patterns that occurred in the paralogous gene pairs, this result supplied a clue for further functional study which would focus on the different transcripts of SR genes. Furthermore, SR genes generated a variety of transcripts by alternative splicing in response to abiotic stress. In Arabidopsis, it had been proved that the alternatively spliced transcripts of several SR genes were directly associated with plants’ ability to adapt to different environmental stresses (Palusa et al., 2007; Rauch et al., 2014). Similarly, 21 SR transcripts were detected under salt stress in cassava, which indicated these transcripts might participate in the biological process induced by salt (Gu et al., 2020). In this study, five transcripts from three SR genes obviously increased their expression after prolonged treatments of four different stresses. However, further research is required to determine the precise function and regulatory mechanisms of these SR transcripts in response to abiotic stress.

Sequence variations of SR genes were investigated in a natural population of B. napus (Tang, 2019), the SNP density in SR genes was higher than the average level of the genome, implying that abundant variations have accumulated in the evolution of SR gene family. The greater SNP prevalence of SR genes in the A subgenome was consistent with other gene families such as GATAs in a core collection of B. napus (Zhu et al., 2020). For genes in polyploids, after predicting function through their orthologs, to distinguish the one which performs function among several paralogous genes is another question. One way is to verify the function of paralogous genes one by one through traditional transgenic analysis, another way is with the aid of association mapping analysis. Typically, changes between paralogous gene pairs were distinct, leading to pseudogenization, neofunctionalization or subfunctionalization (Schiessl et al., 2017). For example, in contrast to Bn-CLG1C, a dominant point mutation in Bn-CLG1A led to cleistogamy in B. napus, which was regarded as a gain-of-function semi-dominant mutation (Lu et al., 2012). A single “C-T” mutation in the coding sequence of BnaA03.CHLH hindered chloroplast development, resulting in yellow-virescent leaf, while BnaC03.CHLH maintained the virescent color of the leaf (Zhao et al., 2020). In this study, 194 missense mutations could introduce various divergences of SR genes in B. napus. For paralogous gene pairs BnaC04g00810D/BnaC08g31720D, the expressions of BnaC04g00810D in tissues were higher than BnaC08g31720D, the missense mutation in the coding sequence of BnaC04g00810D changed the arginine to histidine, the association analysis and enriched processes of interacted proteins indicated that it was candidate gene for regulating silique density in B. napus. In previous studies, over-expression or transgenic analysis had proved that SR genes could affect the development and morphology in Arabidopsis (Kalyna et al., 2003; Ali et al., 2007), although none of the SR genes were studied by experimental analysis in B. napus, the association mapping analysis performed in this study could provide a useful clue for understanding the effect of SR genes on final phenotype and supply candidate genes for further improving agronomic traits in B. napus.



CONCLUSION

In this study, a comprehensive genome-wide identification and characterization of SR genes in B. napus were conducted. In total, 59 SR genes were identified and classified into seven subfamilies. Genes belonging to the same subfamily shared similar gene structures and motifs. Cis-acting regulatory elements in the promoters of SR genes and expression patterns in various tissues and environmental stresses revealed that they played important roles in development and stress responses. Transcriptome datasets from Pacbio/Illumina platforms showed that alternative splicing of SR genes was widespread in B. napus and the majority of paralogous gene pairs displayed different splicing patterns. Protein-protein interaction analysis showed that SR genes were involved in the whole lifecycle of mRNA, from synthesis to decay. Furthermore, genetic variations in SR genes were also investigated, and the association mapping results indicated that 12 SR genes were candidate genes for regulating specific agronomic traits. In summary, these findings provide elaborate information about SR genes in B. napus and may serve as a platform for further functional studies and genetic improvement of agronomic traits in B. napus.
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Supplementary Figure 1 | Amount of cis-acting regulatory elements in promoters of SR genes in B. napus. Elements numbers were processed with log2 normalization. The color scale represented amounts from low (blue color) to high (red color).

Supplementary Figure 2 | The alignment information of BnaA04g03560D and BnaC04g25450D.

Supplementary Figure 3 | Heatmap representation of transcripts of SR genes in different tissues. Expression data were processed with log2 normalization. The color scale represented relative expression levels from low (blue color) to high (red color).

Supplementary Figure 4 | Splicing profiles of SR genes in B. napus under abiotic stress condition. (A) Distribution of genes that produced one or more transcripts from RNA-Seq data. (B) Classification of AS events from RNA-Seq data. IR, intron retention; A3SS, alternative 3′ splice site; A5SS, alternative 5′ splice site; ES, exon skipping. (C) Five transcripts were obviously induced by all four stresses. Expression data were processed with log2 normalization. The color scale represented relative expression levels from low (blue color) to high (red color).

Supplementary Figure 5 | Association mapping analysis of SR genes in 324 core collections of B. napus germplasm. (A,B) BnaA03g12870D was significantly associated with primary flowering time. (C,D) BnaA03g12870D was significantly associated with branch number. (E,F) BnaC03g20680D was significantly associated with the flowering period.
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Drought stress is one of the main factors restricting hulless barley (Hordeum vulgare L. var. nudum Hook. f.) yield. Genome-wide association study was performed using 269 lines of hulless barley to identify single-nucleotide polymorphism (SNP) markers associated with drought-resistance traits. The plants were cultured under either normal or drought conditions, and various quantitative traits including shoot fresh weight, shoot dry weight, root fresh weight, root dry weight, leaf fresh weight, leaf saturated fresh weight, leaf dry weight, ratio of root and shoot fresh weight, ratio of root and shoot dry weight, shoot water loss rate, root water loss rate, leaf water content and leaf relative water content, and field phenotypes including main spike length, grain number per plant, grain weight per plant, thousand grain weight (TGW), main spike number, plant height, and effective spike number of plants were collected. After genotyping the plants, a total of 8,936,130 highly consistent population SNP markers were obtained with integrity > 0.5 and minor allele frequency > 0.05. Eight candidate genes potentially contributed to the hulless barley drought resistance were obtained at loci near significant SNPs. For example, EMB506, DCR, and APD2 genes for effective spike number of plants, ABCG11 gene for main spike number (MEN), CLPR2 gene for main spike length, YIP4B gene for root and shoot dry weight (RSWD), and GLYK and BTS genes for TGW. The SNPs and candidate genes identified in this study will be useful in hulless barley breeding under drought resistance.

Keywords: hulless barley, GWAS, drought resistance, high throughput sequencing, quantitative traits, SNP


INTRODUCTION

Plants live in complex and changeable environmental conditions, often bring huge misfortune on plant growth (Zhu, 2016). As the global climate becomes drier and warmer, more than 15% of the world's population faces severe water shortages (Schewe et al., 2014; Gong et al., 2020). Drylands cover 40% of the global land surface and drought has caused losses in agriculture up to $30 billion over the past decade (Dai, 2013; Gupta et al., 2020). Drought has brought a great strain on the growth of plants, at the meantime, plants also have corresponding effective measures to prevent water loss, maintain cell water content, and help plants to survive the difficult drought period. Understanding drought resistance and water use efficiency of plants will provide guarantee for maintaining normal plant growth and improving agricultural yield under drought (Gupta et al., 2020; Yu et al., 2021).

Hulless barley (Hordeum vulgare L. var. nudum Hook. f.) is an important economic crop (He and Jia, 2008). As the only crop growing at high altitude, the planting area of hulless barley accounts for 43% of the grain crop area on the Qinghai Tibet Plateau (Dai et al., 2012; Zhong et al., 2016). Hulless barley has made great contribution as the main food, fuel, and livestock feed of the Tibetan people, and also is the raw material for beer, medicine, and health care products (Yang et al., 2013; Zhu et al., 2015; Liu et al., 2018). Hulless barley is rich in β-glucan, phenolic acid, and anthocyanins, which has high nutritional and medicinal value and is of great significance to human health (Bonoli et al., 2004; Siebenhandl et al., 2007; Kohyama et al., 2008; Zhao et al., 2015). The climate inside the Qinghai–Tibet Plateau is gradually drying out, and some scientists predict that only plants that can tolerate drought conditions will be able to settle on the plateau's platforms (Meng et al., 2017). Therefore, it is very important to study the drought tolerance of hulless barley.

To predict the important agronomic traits such as drought tolerance, it is necessary to understand the specific loci based on phenotype and the genetic structure of the traits. Genome-wide association study (GWAS) is just such a powerful tool for connecting genotypes–phenotypes (Korte and Farlow, 2013). Genome-wide association study refers to the association analysis of traits through the sequence and the SNP marker information on the whole genome so as to detect the loci significantly associated with the target trait (Li, 2013; Tam et al., 2019). Genome-wide association study provides higher resolution and finer scale association, and has been widely used in the identification of markers associated with desirable traits in crops (Nordborg and Weigel, 2008; Xu et al., 2017).

This study based on the identification results of hulless barley drought tolerance traits in 269 lines, SNP markers were developed by simplified genome sequencing (SLAF) to genotype natural populations. Using linear mixed model (LMM) and EmMax, the association between the quantitative traits of drought tolerance and genotype was analyzed, and the SNP loci and chromosome segments significantly associated with the target traits were screened.



MATERIALS AND METHODS


Genetic Materials

The 269 hulless barley lines with different drought resistance assessment were used as the GWAS panel in this study (Supplementary Table 1). Phenotypic observation was performed on each line, both in the laboratory and in the field. The laboratory experiment was conducted in two growth condition with three biological replicates. The normal culture group was used as control, and the treatment group was applied with PEG-6000 to simulate drought stress. The associated phenotypes including shoot fresh weight SFW (g),shoot dry weight SDW (g), root fresh weight RFW (g), root dry weight RDW (g), leaf fresh weight LFW (g), leaf saturated fresh weight SFW (g), leaf dry weight LDW (g), ratio of root and shoot fresh weight RSFW (%), ratio of root and shoot dry weight RSWD (%), shoot water loss rate SWLR (%), root water loss rate RWLR (%), leaf water content WC (%), and leaf relative water content RWC (%) were measured. Field planting data were collected in 2019–2020 from three different growing environments at two sites, including drought treatment and natural irrigation at two different habitats. The associated phenotypes of different habitats consisted of main spike length MSL (cm), grain number per plant GNPP, grain weight per plant GWPP (g), thousand grain weight TGW(g), main spike number MEN(g), plant height (cm) and effective spike number of plants ESNP.



Single-Nucleotide Polymorphism-Based Genotyping for 269 Hulless Barley Lines

In 2021, 269 pieces of hulless barley lines were planted in germinating boxes and cultured in greenhouse to two leaves stage. Whole-genome DNA of each germplasm resource leaves was extracted by CTAB method (Allen et al., 2006). The DNA quality and concentration were detected by 0.1% agarose gel electrophoresis, and whole-genome SNP genotyping was produced by Biomarker technologies company. The SLAF tags were developed by enzyme digestion (RsaI) of the genomic DNA, followed by adaptor ligation, amplification and purification. Then, the SLAF library were sequenced by Illumina Novaseq 6000. The sequencing reads were mapped to the reference genome by BWA software (Li and Durbin, 2009). GATK (McKenna et al., 2010) and samtools (Li et al., 2009) were used to identify SNPs. The intersection of SNP markers obtained by the two methods was used as the final reliable SNP marker dataset, and a total of 5,949,446 SNPs were obtained. The genotypic data obtained were screened as integrity > 0.8 and minor allele frequency (MAF) > 0.05.



Structure of Hulless Barley Population

Based on the SNPs obtained from the above genotypes, 269 phylogenetic trees of hulless barley was constructed by neighbor-joining (NJ) method (1,000 replicates) with Kimura 2-parameter (K2-P) model using MEGA X software (Kumar et al., 2018). The phylogenetic tree was colored based on the analysis results of STRUCTURE.



Genome-Wide Association Study and Candidate Gene Screening

Based on the developed high-density SNP molecular markers, GEMMA, FaST-LMM, and EMMAX were used for association analysis. Correlation analysis between phenotypic value of drought-tolerant-resistant traits and genotypes was carried out to obtain the p-value of each SNP. Screened with p < 5 × 10−6, the genetic variation loci most likely to affect the trait was selected. The quantile–quantile (Q–Q) scatter plot and Manhattan plot were made by the qqman package in R software.

To screen the drought-tolerant-resistant genes near the significant associative loci, the genetic information of specific association regions was queried from barley genome in plant whole-genome information database (http://plants.ensembl.org/index.html). All genes with coding regions in the 100–500-kb window were used for subsequent analysis.




RESULTS


Genomic Library Construction and SNP Markers Development

The molecular markers of 269 hulless barley lines were developed by Specific-Locus Amplified Fragment Sequencing (LAF-SEQ) to obtain molecular markers in the whole genome. An average of 311,695 SLAF tags were developed per sample for a total of 862,999, including 480,790 polymorphic SLAF tags and 5,532,468 SNP markers. The average sequencing depth of SLAF tags was 10.43 ×, and 1,067.96 Mb reads data were generated. These markers were evenly distributed on the chromosomes of hulless barley (Table 1, Figure 1). The average Q30 of sequences was 94.78%, and the average GC content was 44.23%. A total of 8,936,130 SNP markers with high consistency were obtained from 269 hulless barley lines filtered by integrity > 0.5 and MAF > 0.05. Chromosome 3 had the largest number of SNP markers (1,532,190), with an average label distance of 456 bp. On the contrary, chromosome 1 had the lowest number of SNP markers (914,610), with an average label distance of 610 bp.


Table 1. Distribution of SLAF markers on chromosomes.
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FIGURE 1. Distribution of SNPs on chromosomes.




Genetic Structure of Hulless Barley Population

The 269 lines were divided into 6 groups according to the geographic location information of the samples, and the group information was used for linkage disequilibrium (LD) and evolutionary tree analysis. The phylogenetic tree was colored by the clustering result of STRUCTURE, basically, each cluster was gathered into one block in the phylogenetic tree, especially Q5 and Q6 (Figure 2).


[image: Figure 2]
FIGURE 2. Genetic relatedness among the 269 hulless barley lines estimated by neighbor-joining method and represented as a polar tree diagram. The estimated genetic relatedness is based on 5,949,446 SNPs identified by genotyping-by-sequencing and filtered for MAF of 0.05.


Using the SNP information mentioned above, the principal component analysis (PCA) was conducted. The top three principal components could explain 34.23% of the genomic variations, and principal component 1 could explain 18.3%. Consistent with the phylogenetic tree, Q5 and Q6 were separate from other populations (Figure 3).


[image: Figure 3]
FIGURE 3. The scatter plots of the first two principal components (PCs) showing the distribution of the 269 hulless barley lines in PC1 vs. PC2.


Plink2 software (Chen et al., 2019) was used to calculate the linkage disequilibrium (LD) between two SNP pairs within a certain distance (1,000 kb) on the same chromosome, and the linkage disequilibrium intensity was represented by r2. The closer r2 is to 1, the stronger the linkage disequilibrium intensity. The distance between SNPs and r2 was fitted, and the curve of r2 changes with distance was presented. Generally speaking, the closer the distance between SNPs is, the larger r2 is and vice versa. The LD decay (LDD) distance was used as the distance traveled when the maximum r2 value dropped to half. The longer LDD, the lower the probability of recombination within the same physical distance. It should be noted that some regions of Q5 and Q6 had very strong linkage, but the length of the strong linkage was short, indicating that these two groups were subjected to some artificial selection pressure and some loci were selected, leading to linkage in some regions (Figure 4).


[image: Figure 4]
FIGURE 4. Linkage disequilibrium decay based on six groups.




Genome-Wide Association Study Analysis of Traits in Hulless Barley

This analysis was based on SNP data from mutation detection, filtered by secondary allele frequency (MAF > 0.05) and locus integrity (integrity > 0.8) to obtain highly consistent SNP loci for GWAS analysis. Genome-wide association analysis was performed using LMM, EMMAX, and FaST-LMM models, respectively. The following table showed the number of significant SNP markers obtained for each phenotype corresponding to each mode and the number of common SNP markers in each model (Table 2).


Table 2. SNP markers for each phenotype based on different GWAS analysis models.
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Association Analysis

In the following part, we made a detailed explanation of some phenotypes which have shared SNP markers in the three relational models. The Manhattan plots showed significant correlation between SNP markers on multiple chromosomes and traits, while the Q–Q plots showed the relationship between observed p-values and expected p-values for each SNP marker (Figure 5, Supplementary Table 2).


[image: Figure 5]
FIGURE 5. Manhattan maps and Q–Q plots representing the SNP markers associated with drought resistant in multiple trials of GWAS associated with spike development. (A,B) ESNP, (C) MEN, (D) MSL, (E) RSWD, and (F) TGW.


Figure 5 showed the association between SNP markers and effective spike number of plants (ESNP) phenotype with Manhattan map and corresponding Q–Q plot. For plants cultured in greenhouse in Xining city during 2019, two SNP markers chr7H_102929775 and chr7H_102929728 with known functions were obtained. Both of them locate on the gene Ankyrin repeat domain-containing protein (EMB506). Gene EMB506 is expressed at flowering and heading stage and closely associated with the character (spike number) (Despres et al., 2001), so it is likely to be the effector gene. There were another two SNP markers detected in plants cultured in filed in Menyuan city during 2019. One was chr1H_12690373, located on the Protein Dicer (DCR) gene, which is required for cutin polyester formation (Panikashvili et al., 2009). The other was chr1H_512690373, located on APD2 gene involved in male gametophyte development (Luo et al., 2012). For main spike number (MEN) phenotype, 23 SNP markers were detected on chromosomes 1H, 2H, and 7H in plants which were cultured in filed in Xining city during 2019. On chromosome 2H, 18 SNP markers were found, including one aldehyde reductase gene Neuroplastin (SDR1), one gene interrelated with chloroplast development and plant growth named Probable GTP-binding protein (OBGC1), and three bacterial infection related genes Peroxidase 2 (PRX112), Probable acyl-CoA dehydrogenase (IBR3) and Ethylene-responsive transcription factor (RAP2-3). The ABC transporter G family member 11 (ABCG11) gene located on chromosome 2H was highly expressed in flowers and young seeds and was closely related to spike number (Panikashvili et al., 2010) so that ABCG11 was likely to be the effector gene of the trait. Our results showed that two SNP markers (chr3H_152206655 and chr5H_250095923) connected with main spike length (MSL) phenotype. Thereinto, ATP-dependent Clp protease proteolytic subunit-related protein 1 (CLPR) is considered to regulate chloroplast and plant development. Deletion of CLPR alleles resulted in embryonic development delay and leaf albinism (Kim et al., 2009). Root and shoot dry weight (RSWD) phenotype was represented by chr1H_64014764 on Ypt Interacting Protein 4b (YIP4B) gene. The YIP4B regulates cell wall composition and participate in root and hypocotyl elongation (Gendre et al., 2013). As for thousand grain weight (TGW) phenotype, the first SNP peak was found at chr3H_482958549, and mapped to photosynthesis related gene D-glycerate 3-kinase, chloroplastic (GLYK). The second SNP peak was found at chr3H_489630701, and mapped to iron accumulation associated gene Geranylgeranyl pyrophosphate synthase (BTS).




DISCUSSION

Hulless barley is rich in nutrients and is the main food source for Tibetan people (Bonoli et al., 2004; Siebenhandl et al., 2007; Kohyama et al., 2008; Zhao et al., 2015). It grows on the Qinghai–Tibet Plateau and is the only crop that can grow at high altitude of 4,200–4,500 m (Dai et al., 2012; Zhong et al., 2016). However, at present, with the aggravation of drought on the Qinghai–Tibet Plateau (Meng et al., 2017), the selection of drought-tolerant hulless barley strains has become an urgent affair. However, the genetic resource that could be used to assist hulless barley molecular breeding was scarce. In this study, GWAS was used to map SNP markers related to drought tolerance in hulless barley. The SNP markers identified in this study will be used to analyze drought tolerance of hulless barley and facilitate the selection of drought-tolerant strains.

In this study, 269 lines of hulless barley were selected for drought treatment under laboratory and field conditions. Significant phenotypic variation in effective spike number of plants (ESNP), main spike number (MEN), main spike length (MSL), root and shoot dry weight (RSWD), and thousand grain weight (TGW) have been identified under drought conditions. These results indicated that the selected lines could play an important role in exploring the drought-tolerance genes of hulless barley. Hulless barley has great plasticity in adapting to drought stress, which will provide reference for the breeding process of superior hulless barley strains and improve the drought tolerance of hulless barley.

Using the hulless barley GWAS panel, 29 SNPs loci and five candidate genes connected with all spike traits (including ESNP MEN and MSL) were identified. As for ENSP, markers distributed on chromosomes 7H and chromosomes 1H were correlated, a total of 4 SNPs loci on three genes (EMB506, DCR, and APD2) were identified. ABCG11 and CLPR2 are two effector genes for MEN and MSL traits, respectively. Among the genes related to spike traits, DCR and ABCG11 plays a key role in cuticle formation (Panikashvili et al., 2010; Rani et al., 2010). As the contact zone between the plant and the environment, cuticle has been well-characterized for its multiple roles in the regulation of gas exchange, epidermal permeability, and non-stomatal water loss (Sieber et al., 2000). So, it is not surprising that dcr mutants show increased water loss and increased sensitivity to drought conditions (Panikashvili et al., 2009). Besides, EMB506 and CLPR2 genes are associated with chloroplast and plant growth (Despres et al., 2001; Rudella et al., 2006). The lack of CLPR2 gene causes leaf albinism and undoubtedly affects photosynthetic efficiency and crop yield (Kim et al., 2009). For RSWD at the dehydrated growth condition, YIP4B gene represented by chr1H_64014764 SNP was identified. In Arabidopsis thaliana, YIP4B affects root and hypocotyl growth through elongation rather than cell division (Gendre et al., 2013). Two genes located on Chr3H were identified for TGW trait. Among them, GLYK catalyzes the termination of the C2 cycle in photosynthesis, which is an indispensable auxiliary metabolic pathway for the C3 cycle of photosynthesis. The presence of this gene ensures the normal growth of terrestrial plants in an oxygen-containing atmosphere and avoids photoinhibition (Boldt et al., 2005). As iron sensors, BTS gene plays a vital role in modulating iron homeostasis (Zhang et al., 2015).

The mutation of these loci under drought conditions and the resulting phenotypic changes undisputedly gives us huge inspiration. Further development of these SNPs and genes will provide new insights into improving crop phenotypic traits and make plants develop in an environment-adapted direction. For instance, drought-tolerant, higher-yielding plants could be created by genetically modifying these loci. These findings will simplify the tedious process of hybridization and culture, and turn to use molecular methods for seedling breeding, which will reduce our experimental time greatly. What is more exciting is that it also provides direction for drought-tolerance selection of other economic crops besides hulless barley.

In summary, we used 5,532,468 SNP markers from 269 hulless barley lines to analyze the association between phenotypic values and genotypes of drought-tolerance traits in this study. The SNP markers association with spike traits (chr7H_102929775, chr7H_102929728, chr1H_512690373, and chr1H_512690373, chr1H_349621827, chr1H_349622062, chr2H_39562071, chr2H_47246481, chr2H_47623192, chr2H_47623303, chr2H_48148956, chr2H_48534579, chr2H_48534763, chr2H_48796138, chr2H_496935399, chr2H_496935424, chr2H_54436239, chr2H_54436346, chr2H_55411310, chr2H_55768675, chr2H_57397060, chr2H_57539586, chr2H_62893696, chr2H_64170225, chr7H_149587366, chr7H_158720411, chr7H_621337028, chr3H_152206655, and chr5H_250095923), RSWD trait (chr1H_64014764), and TGW trait (chr3H_482958549, chr3H_489630701) were identified. Under drought conditions, the mutation of these SNPs loci possibly lead to phenotypic changes and improve the adaptation of hulless barley to drought environment. In conclusion, the SNPs identified in this study can be used in drought-tolerance gene analysis, and can provide valuable information for further improvement of crop yield, quality, and adaptability.
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Nitrogen is one of the most important nutrient elements required for plant growth and development, which is also immensely related to the efficient use of nitrogen by crop plants. Therefore, plants evolved sophisticated mechanisms and anion channels to extract inorganic nitrogen (nitrate) from the soil or nutrient solutions, assimilate, and recycle the organic nitrogen. Hence, developing crop plants with a greater capability of using nitrogen efficiently is the fundamental research objective for attaining better agricultural productivity and environmental sustainability. In this context, an in-depth investigation has been conducted into the cassava slow type anion channels (SLAHs) gene family, including genome-wide expression analysis, phylogenetic relationships with other related organisms, chromosome localization, and functional analysis. A potential and nitrogen-responsive gene of cassava (MeSLAH4) was identified and selected for overexpression (OE) analysis in rice, which increased the grain yield and root growth related performance. The morpho-physiological response of OE lines was better under low nitrogen (0.01 mm NH4NO3) conditions compared to the wild type (WT) and OE lines under normal nitrogen (0.5 mm NH4NO3) conditions. The relative expression of the MeSLAH4 gene was higher (about 80-fold) in the OE line than in the wild type. The accumulation and flux assay showed higher accumulation of [image: image] and more expansion of root cells and grain dimension of OE lines compared to the wild type plants. The results of this experiment demonstrated that the MeSLAH4 gene may play a vital role in enhancing the efficient use of nitrogen in rice, which could be utilized for high-yielding crop production.

Keywords: cassava, slow anion channel, transgenic rice, nitrogen use efficiency, root phenotype


INTRODUCTION

Nitrogen (N) is one of the most important macronutrients and plays a significant role in the photosynthesis, growth, development, and reproduction of plants. Nitrogen is an essential component element of many enzymes that control and direct many biochemical reactions in plants (Kraiser et al., 2011; Li et al., 2020). Therefore, N availability and utilization are the key factors for adequate biomass accumulation, proper crop growth, yield, and productivity. Plants can absorb N from various sources in the form of organic nitrogen compounds, nitrate ([image: image]) and ammonium ([image: image]; Vidal et al., 2020). The efficient use of N by crop plants involves several steps, including uptake, assimilation, translocation, and, when the plant ages, recycling and remobilization (Masclaux-Daubresse et al., 2010). Furthermore, N plays an important signaling role in plant growth and metabolism, such as breaking seed dormancy, controlling lateral root and leaf development, regulating blooming time, and activating associated genes (Ho and Tsay, 2010; Hachiya and Sakakibara, 2017).

Plants have evolved a sophisticated mechanism for up-taking, allocation, and storage of inorganic and organic N, including low-affinity transport systems (LATS), which operate at high nutrient concentrations (> 1 mm), and high-affinity transport systems (HATS) that predominate in the micromolar range (Wang et al., 1993; Kraiser et al., 2011). There are four gene families, including Nitrate Transporter 1/Peptide Transporter (NRT1/PTR, NPF), NRT2, Chloride Channel (CLC), and Slow Anion Channel (SLAC1/SLAH), involved in the nitrate transport system (Krapp et al., 2014; O'Brien et al., 2016). Among these subfamilies, the SLAC/SLAH members play an important role in anion transport, stress signaling, growth and development, and hormonal response in plants (Vahisalu et al., 2008; Nan et al., 2021).

Slow anion channel proteins, particularly those implicated in nitrate absorption and transport, are the subject of an increasing amount of research. Members of the SLAC/SLAH family have been found and researched in a variety of plants, including Arabidopsis (Zheng et al., 2015), rice (Sun et al., 2016), maize (Qi et al., 2018), barley (Liu et al., 2014), tobacco (Kurusu et al., 2013), poplar (Jaborsky et al., 2016), pear (Chen et al., 2019a), and Brassica napus (Nan et al., 2021). A total of five SLAC/SLAH genes were identified in Arabidopsis (Vahisalu et al., 2008), 23 genes in B. napus (Nan et al., 2021), and 9 genes in rice (Sun et al., 2016). Differential expression and assembly of SLAH1/SLAH3 anion channel subunits are used by plants to regulate the transport of [image: image] and Cl− between the root and shoot, where the AtSLAH1 gene is co-localized with AtSLAH3 (Cubero-Font et al., 2016). The SLAC1 anion channel, as well as its homologs, SLAH3 and SLAH2, have been functionally characterized in Arabidopsis and Xenopus oocytes (Negi et al., 2008; Maierhofer et al., 2014a). The SLAC1 gene is mostly found in guard cells and is phosphorylated by the Open stomata 1 (OST1) kinase, causing anion efflux from guard cells, which mediates stomatal closure and increases drought tolerance (Vahisalu et al., 2010; Geiger et al., 2011). The interaction of AtSLAC1 and AtSLAH3 with several kinase phosphatases is linked to water stress signals (Brandt et al., 2012). The SLAH3 protein is phosphorylated by calcium-dependent protein kinases such as CPK2 and CPK20, which regulate pollen tube formation via regulating SLAC/SLAH expression in Arabidopsis (Gutermuth et al., 2013). The SLAH2 gene, which is the most similar protein to SLAH3, absorbs only nitrate, unlike other SLAC/SLAH members, which absorb both nitrate and chloride (Maierhofer et al., 2014b). The PbrSLAH3 gene is localized in the plasma membrane without expression in flowers, and has a strong selective absorption for nitrate and no permeability to chlorine (Chen et al., 2019b). Nevertheless, the PttSLAH3 gene of poplar is not activated by protein kinase phosphorylation to absorb nitrate and chloride ions (Jaborsky et al., 2016). The AtSLAH4 gene, which is phylogenetically linked to AtSLAH1, has a similar expression pattern as AtSLAH3, but is greater toward the root tip (Zheng et al., 2015). However, research on the SLAH4 gene is very limited and molecular, physiological, and functional studies have not been carried out completely, which makes SLAH4 a promising candidate gene for plant genetic engineering and biotechnological investigations.

Cassava is a short-day dicot plant in the Euphorbiaceae family that is used as a food crop as well as a possible biofuel crop (Drunkler et al., 2012). Cassava is a durable and easy-to-plant tropical commercial crop with a high degree of adaptability, and it may produce a huge yield in dry and barren mountainous and hilly areas (Wang, 2002). Cassava can obtain sufficient nitrogen from the soil to fulfill its own growth and development requirements without requiring excessive nitrogen fertilizer throughout the growing phase (Jiang et al., 2016). Therefore, it is crucial to identify the key genes involved in cassava’s nitrogen-efficient utilization for the improvement and production of nitrogen-efficient germplasm resources through genetic modification in other crops, particularly in rice.

In this study, six SLAH genes were identified in the cassava genome and their phylogenetic relationships, chromosomal localization, and morpho-physiological characteristics have been analyzed. A potential candidate gene, MeSLAH4, which was localized in the plasma membrane and in the nucleus, highly expressed in the roots under low nitrate conditions, was selected for overexpression analysis. Furthermore, several parameters related to plant growth, development, and yield were evaluated to demonstrate the role of this gene in improving nitrogen use efficiently in rice. The results of these experiments suggested that overexpression of MeSLAH4 could increase plant growth, grain dimension, root systems indices (root morphology), and yield in rice. The findings of this research would shed new light on the possibility of a genetic engineering approach of key candidate genes in nitrogen uptake and utilization.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

The cassava (Manihot esculenta) variety (“Huanan5”) was chosen as the wild type during this experiment. Cassava seedings were grown on half-strength Murashige and Skoog (MS) medium at 26°C with a 16 h light and 8 h dark cycle and 70% relative humidity conditions in a growth chamber. The tobacco (Nicotiana benthamiana) plants were also grown in a greenhouse under cycles of 16 h light and 8 h dark at 25°C. The rice (Oryza sativa) seedlings were grown in controlled conditions of 16 h light (30°C) and 8 h dark (28°C) photoperiods with ~70% relative humidity. For the overexpression experiment, the coding sequences of the MeSLAH4 gene were amplified and inserted into pCAMBIA2300-35S-eGFPvector. These constructs were subsequently transferred into an Agrobacterium strain (EHA105) for rice transformation. For the hydroponic culture, the plants were grown in a nutrient solution containing 1.5 mm NH4NO3, 0.3 mm NaH2PO4, 0.3 mm K2SO4, 1.0 mm CaCl2, 1.6 mm MgSO4, 0.5 mm Na2SiO3, 20 μm Fe-EDTA, 18.9 μm H3BO3, 9.5 μm MnCl2, 0.1 μm CuSO4, 0.2 μm ZnSO4, and 0.39 mm Na2MoO4, but supplied with different N concentrations, termed as normal nitrogen NN (0.5 mm NH4NO3) and low nitrogen LN (0.01 mm NH4NO3), pH 5.5. The nutrient solution was changed every 3 days.



Phylogenetic Analysis and Expression Pattern of Cassava SLAH Genes

The protein sequences of SLAH genes (gene name; locus identifiers) of Arabidopsis, including AtSLAH1 (AT1G12480), AtSLAH1 (AT1G62280), AtSLAH2 (AT4G27970), AtSLAH3 (AT5G24030) and AtSLAH4 (AT1G62262), were downloaded from the TAIR database1 (Swarbreck et al., 2007). The SLAH protein sequences of genes in rice, such as Os01g0623200 (LOC_Os01g43460), Os01g0385400 (LOC_Os01g28840), Os05g0219900 (LOC_Os05g13320), Os07g0181100 (LOC_Os07g08350), Os01g0226600 (LOC_Os01g12680), Os04g0574700 (LOC_Os04g48530), Os01g0247700 (LOC_Os01g14520), Os05g0269200 (LOC_Os05g18670), and Os05g0584900 (LOC_Os05g50770) were downloaded from the RAP_DB database.2 The SLAH protein sequence of M. esculenta (Cassava), including MANES_05G153100 (SLAH4), MANES_11G124900 (SLAC1 homolog 1), MANES_14G020300 (SLAC1 homolog 3), MANES_06G154500 (SLAC1 homolog 3), MANES_06G154600 (SLAC1 homolog 3), and MANES_S089100, along with their homologues in other species such as Zea mays (Corn), Triticum aestivum (Wheat), B. napus (Rapeseed), Selaginella moellendorffii (Spikemoss) etc., were downloaded from the Phytozome database3 (Nan et al., 2021). The phylogenetic trees were constructed based on the SLAC/SLAH protein sequences by IQ-TREE using the Maximum Likelihood (ML) method with 1,000 replicates of bootstrap alignments. RNA-seq data and differential gene expression information were obtained from a published database.4



Chromosomal Localization Analysis

The chromosomal localization information of the SLAC/SLAH genes was obtained from sequences of the cassava genome, and the MG2C5 was used to draw the chromosomal distribution of MeSLAH genes.



Gene Structure and Conserved Motifs Analysis

The structures of the SLAH genes were analyzed using the Gene Structure Display Server (GSDS 2.0)6 by aligning the cDNA sequences with their corresponding genomic DNA sequences. Conserved motifs of the SLAH proteins were identified using the online Multiple Expectation Maximization for Motif Elicitation (MEME7; Bailey et al., 2006). All obtained SLAH protein sequences were analyzed against the Pfam database to verify the presence of SLAC1 domains (Supplementary Figures 2, 3). The SLAC1 domain was also detected by the SMART program (SMART).8 Protein sequences lacking the SLAC1 domain or having E-values of more than 1 e-6 were removed.



Subcellular Localization of MeSLAH4 Protein

Rice protoplasts were isolated for transient transformation of the MeSLAH4 gene (Zhang et al., 2011; Burman et al., 2020). The open reading frame (ORF) of the MeSLAH4 gene was amplified by PCR (95°C for 5 min, then 35 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 70 s, with a final extension at 72°C for 5 min). The PCR products (Supplementary Figure 4) were cloned into the 35S-eGFP vector in between the XhoI and HindIII sites and under the control of the cauliflower mosaic virus 35S promoter. The competent cells of Escherichia coli (DH5α) and Agrobacterium (LBA4404) were used for the transformation of recombinants. Listed primers (Supplementary Table 2) for gene cloning and vector construction and plasma membrane marker (35 s-ZmCDPK7-MCHERRY and 35S-HY5-Mcherry; Zhao et al., 2021) were used in this study. The MeSLAH4-eGFP and 35 s-ZmCDPK7-MCHERRY fusion constructs were transiently expressed in rice protoplasts using a polyethylene glycol calcium-mediated method. An empty 35S-GFP vector was served as a negative control. Transfected protoplasts were observed after 16 h of incubation by a confocal laser scanning microscope (Olympus FV3000, Tokyo, Japan).



Measurements of Morpho-Physiological Traits in Rice

The morphological, physiological, and agronomic traits of each transgenic rice line (OE) and wild type (WT) was measured at the 2-week-seedling stage and the maturity stage. The morphological characters, including seedlings height (cm) and root length (cm), were measured using a ruler or meter stick. The grains were lined up lengthwise and widthwise along a ruler to measure grain length (mm) and grain breadth (mm), respectively, and the measurements were confirmed using an MRS-9600TFU2L (MICROTEK) grain observation instrument. The shoot weight (g. plant−1 FW), root weight (g. plant−1 FW), and grain yield of a single spikelet (g) were measured using a weighing balance. The root fork numbers (number of branches), root tip numbers, and grain numbers of a single spikelet were calculated with the eye and confirmed by capturing an image with an Epson Expression 10000XL (Epson, Japan) and counting with winRHIZO software (Li et al., 2016a). The root average diagram (mm), root surface area (cm2), root volume (cm3), and grain diameter (mm) measurements were performed using a microscope (MVX10, Olympus), and the winRHIZO scanner-based image analysis system (Regent Instruments, Montreal, QC, Canada; Sun et al., 2014). Total grain protein content (%), and grain moisture content (%) were detected using an XDS Near-Infrared Rapid Content Analyzer (Foss® Analytical, Hilleroed, Denmark; Li et al., 2014).

The chlorophyll was extracted from 0.15 g of fresh leaves at the booting stage using 95.0% ethanol. Briefly, leaves were cut into 3 mm pieces and immersed in 95.0% ethanol for 24 h in the dark at 26°C. The absorbance of the extract was measured using a spectrophotometer at A665 and A649. The chlorophyll-a content (mg. g−1 FW), chlorophyll-b content (mg. g−1 FW), and total chlorophyll content (mg. g−1 FW) contents were determined by the method reported by Arnon (1949). A total of 10 individuals of each transgenic line and wild type plants were assayed (Li et al., 2016b).

The activities of catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD) were measured by employing 0.5 g of seedlings in 5 ml of extraction buffer containing 0.05 M phosphate buffer (Li et al., 2018). The CAT activity was determined spectrophotometrically based on the decrease in absorbance of H2O2 (extinction coefficient of 43.6 M−1 cm−1) at 240 nm for 1 min (Aebi, 1984). The POD was measured as the absorbance at 470 nm. The SOD activity was assayed by measuring the ability of the enzyme extract to inhibit the photochemical reduction of nitroblue tetrazolium (NBT; Yoshimura et al., 2000). Phenotypic measurements of the positive transgenic plants were undertaken using three independent lines at least (Li et al., 2014).



Gene Expression Analysis Using Quantitative Real-Time PCR

Total RNA was isolated from different tissues (leaves, stems, and roots) of cassava and rice using an RNA kit (TRNzol universal reagent, TIANGEN Biotech, Beijing, China) according to the manufacturer’s instructions. The RNA was then reverse transcribed into cDNA using the oligo (dT) primers and ImProm-II reverse transcriptase (Promega). The specific primers for the MeSLAH4 genes along with the housekeeping Actin genes were designed using the Primer Premier 5.0 software (Supplementary Table 2). The real-time PCR reactions were conducted with 2 μl of diluted cDNA, 200 nM of each primer, 2× SYBER GREEN Master Mix (Green I Master Mix, Roche) in a final volume of 20 μl of double sterile water. The thermal cycle conditions were pre-incubation at 95°C for 5 min, then 40 cycles of 95°C for 3 s, 60°C for 10 s, and 72°C for 30 s, with a final extension at 72°C for 3 min in the Light Cycler 480 (Roche, United States). The gene expression levels were calculated with the 2−ΔΔCt method (Livak and Schmittgen, 2001), and the qRT-PCR assays were performed with three biological and three technical replicates.



Nitrogen Accumulation Analysis

Fresh samples (whole plant, grain, and glume) of WT or transgenic lines were harvested at the rice mature stage (n = 4) and heated at 105°C for 30 min. The samples were then dried for 3 days at 75°C. Dry weights were recorded as biomass values. Total N accumulation was assessed using the Kjeldahl method in the different plant samples by multiplying the N concentration with the corresponding biomass.



Statistical Analysis

The data from the experiments were analyzed by one-way ANOVA, Duncan’s multiple range test, and Tukey’s test at p < 0.05 to determine the statistically significant differences among different treatments. All the statistical evaluations were performed using SPSS version 20.0 statistical software (SPSS Inc., Chicago, IL, United States) and MS-Office 2019 software.




RESULTS


Phylogenetic and Expression Pattern Analysis of SLAH Genes

In the present study, a close phylogenetic relationship of entire SLAH genes in cassava with previously reported SLAH genes in another species was detected (Figure 1A) by analyzing with a Hidden Markov Model (HMM) profile search along with a conserved model (SLAC1, PF03595) for the SLAH proteins. The phylogenetic tree displayed seven clades (I to VII), and a very close relationship among the six SLAH genes in the cassava genome, five SLAH genes in Arabidopsis, and nine SLAH genes in rice were identified. However, two SLAC1 gene homologues (Os05g0269200 and Os01g0247700) in rice and two SLAC1 homologues (AT1G62280, SLAH1; and AT1G62262, SLAH4) in Arabidopsis were detected in the same clade (Clade II) as the MeSLAH4 (MANES05G153100) gene. Moreover, the MeSLAH4 protein demonstrated about 49.40% similarity with the Os05g0269200 amino acid sequence (Supplementary Table 1; Supplementary Figure 1). Besides, the phylogenetic tree using IQ-TREE of SLAH protein also revealed an evolutionary relationship with other species, including Chondrus crispus (Carrageen Irish moss), Physcornitrella patens (Bryophyta), Marchantia polymorpha (Liverwort), Amborella trichopoda, Z. mays (Corn), T. aestivum (Wheat), B. napus (Rapeseed), and Selaginella moellendorffii (Spikemoss).

[image: Figure 1]

FIGURE 1. Phylogenetic relationship and expression analysis of SLAH genes. (A) Phylogenetic tree of SLAH proteins constructed using ML method with 1,000 bootstrap replications in different species. The prefixes CHC, Pp3c, MARPO, AMTR, Os, Zm, Traes, MANES, AT, GSBRNA, and SELMODRAFT represent Chondrus crispus, Physcornitrella patens, Marchantia polymorpha, Amborella trichopoda, Oryza sativa, Zea mays, Triticum aestivum, Manihot esculenta, Arabidopsis thaliana, Brassica napus, and Selaginella moellendorffii. (B) Expression profiles of SLAH genes in the root, stem, and leaf of cassava under different nitrogen conditions. FN (0 mmol/l of nitrate nitrogen), and HN (10 mmol/l of nitrate nitrogen). (C) Relative expression of the MeSLAH4 gene in cassava. The relative expression levels were obtained by normalization with the MeActin gene. The error bars indicate standard deviations, and the data are shown as mean values ± SD, while * represents significant differences at p < 0.05 on one-way ANOVA analysis.


RNA-seq data which are available on the database represents diverse expression pattern of SLAH genes in cassava, and the SLAH genes are expressed differentially in different tissues of cassava under different nitrogen conditions (Figure 1B). In particular, the MeSLAH4 (MANES_05G153100) gene is highly expressed in the root under free nitrate concentration (FN, 0 mmol/l, around 1.2-fold) as well as at high nitrate concentration (HN, 10 mm/l, approximately 1.08-fold). Another MeSLAH1 homologue 3 (MANES_06G154600) is also expressed in the roots of cassava but a little bit lower (FN, about 1.08-fold, and HN, roughly 0.96-fold) than the MeSLAH4 gene.

The relative expression pattern of the MeSLAH4 gene in different tissues of cassava revealed variations in expression levels at various concentrations of nitrate levels (Figure 1C). The transcript accumulation patterns that were analyzed in roots, stems, and leaves indicated that the MeSLAH4 gene was mainly expressed in the root. A significantly higher expression (about 370-fold) was observed in the root under a lower concentration of nitrate (0.2 mmol/l) treatment (Figure 1C). Thus, the MeSLAH4 gene exhibited significantly higher relative gene expression levels at lower nitrate concentrations in the root, indicating a potential role in enhancing nitrogen use in plants.

As the root is the principal organ for nutrient uptake in plants, the up-regulation of the MeSLAH4 gene could correlate the relationships among different nitrate concentrations with plant growth and development.



Chromosome Localization of SLAH Genes and Analysis of the Promoter Regions of SLAH Genes With cis-Acting Elements

The SLAH genes are distributed on four chromosomes in cassava (chromosomes 5, 6, 11, and chromosome 14). In cassava, one SLAH gene, which has been identified as MeSLAH4 genes, was present on chromosome 5, two SLAH genes were located on chromosomes 6, one gene on chromosome 11, and one gene on chromosome 14 (Figure 2A). The SLAH genes in Arabidopsis are detected on three chromosomes (three genes on chromosome 1, one gene on chromosome 4, and one gene on chromosome 5). In rice, four SLAH genes were found on chromosome 1, one gene on chromosome 4, two genes on chromosome 5, and one gene on chromosome 7 (Figure 2A).

[image: Figure 2]

FIGURE 2. Chromosomal localization and cis-elements analysis. (A) Chromosome localization of SLAH genes in Arabidopsis thaliana (At), Manihot esculenta (MANES), and Oryza sativa (Os). The approximate positions of the SLAH genes are presented on the respective chromosome size. (B) Cis-elements in the promoter regions (2.0-kb upstream regions) of the SLAH genes in Arabidopsis, cassava, and rice. Different colors represent various types of cis-elements, including core promoter elements, light responsive, phytohormone responsive, abiotic stress responsive and others related to growth. ABRE (ABA-responsive elements); E-box (enhancer box); CCAAT box/CAAT box/CAT box (GGCCAATCT consensus sequence); DRE (DNA Replication-related Element); G-box (G - box sequence, CACGTG); MBS (multichain binding site); STRE (stress-responsive elements).


Analysis of the upstream promoter region of SLAH genes represented transcriptional regulation mechanisms. About 2 kb upstream of the initiation codon of SLAH genes of Arabidopsis, cassava, and rice were obtained and submitted to the Plant CARE database for investigating cis-regulatory elements. A total of 9 different cis-elements associated with light responsiveness, stress responsiveness, phytohormone responsiveness and growth regulation have been identified in upstream regions of SLAH genes (Figure 2B).

A linear line has been constructed to present regulatory elements in each corresponding gene (Figure 2B). These results indicate that complex regulatory networks may be implicated in the transcriptional regulation of SLAH genes in different plants. Cis-regulatory elements, CAAT-box was commonly shared by all SLAH genes. G-box elements responding to light existed in the 2-kb upstream region of SLAH genes. Most SLAH genes contain ABRE elements (ABA responsive), but they are absent in the cassava MeSLAH4 gene which suggested that this gene might not involve in regulation and physiological responses of various processes, including stomatal closure, seed and bud dormancy. Moreover, SLAH genes harbored drought responsive cis-elements (DRE) that were not present in the MeSLAH4 gene. The MeSLAH4 gene contains several copies of the CAAT-box and a copy of the G-box, indicating a higher transcription rate with sufficient quantities of suitable binding sites for several transcription factors as well as a highly conserved sequence for evolutionary process and epigenetic regulation.



Subcellular Localization of MeSLAH4 Protein

The transiently expressed fusion protein driven by the 35S promoter through protoplast transformation of the MeSLAH4 gene represented a clear subcellular localization in rice (Figure 3). The green fluorescent signal of eGFP, which represented a negative control, was observed in the cytoplasm. However, the signal of the MeSLAH4-eGFP fusion protein, which coincides with the red fluorescent signal of plasma membrane-localized protein, was detected in the plasma membrane and in the nucleus. The protein localization was further confirmed by the protoplast transformation, which indicated that MeSLAH4 proteins are localized in the plasma membrane and in the nucleus. The microscopic visualization exhibited that the green fluorescence was distributed throughout the whole cell when the control (empty) vector was used. The green fluorescence was exclusively detected on the plasma membrane and nucleus by confocal microscopy when the vectors contained MeSLAH4 (Figure 3). These results indicate that the MeSLAH4 gene may be involved in other functions in the plants.

[image: Figure 3]

FIGURE 3. Subcellular location of MeSLAH4 proteins. MeSLAH4-eGFP or 35 s-eGFP driven by the 35S promoter were transiently expressed in rice mesophyll protoplasts. Green signals indicate eGFP and red signals represent mCherry fluorescence. The merged images include the green fluorescence channel (first panels) and the chloroplast autofluorescence channel (second panels). The corresponding bright field images are shown on the right. Bar = 10 μm.




Influence of MeSLAH4 Overexpression on Morpho-Physiological Traits in Transgenic Rice

In the current experiment, the plant phenotype exhibited higher overall growth in OE lines under both nitrated concentrations (0.5 mm NH4NO3, NN, and 0.01 mm NH4NO3, LN) compared to the WT (Figure 4A). Plant height was significantly different (p < 0.01) under both nitrated concentrations (NN and LN) in both WT and OE lines, but they demonstrated higher plant height at LN compared to NN (Figure 4B). The shoot and root weight exhibited non-significant differences in both WT and OE lines under both nitrate concentrations (LN and NN; Figures 4C,D). However, shoot weight was higher (0.75 g. plant−1 FW) in OE lines at LN compared to both lines (WT and OE) in NN condition. Conversely, the root weight was higher in the WT (4.8 g. plant−1 FW) under NN than under LN. These results point out that the overexpression of the MeSLAH4 gene enhances aboveground biomass (plant height and shoot weight) but decreases the lower ground parts (root weights) under low nitrate conditions.
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FIGURE 4. Morpho-physiological traits of wild type and OE lines under different nitrogen conditions. (A) Phenotypes of wild type (WT) and MeSLAH4-OElines (35S:MeSLAH4) grown in hydroponic medium with different nitrate concentrations for 14 days. Bar = 3.0 cm. (B) Plant height (cm). (C) Shoot weight (g plant−1 FW). (D) Root weight (g plant−1 FW). (E) Chlorophyll-a content (mg. g−1 FW). (F) Chlorophyll-b content (mg. g−1 FW). (G) Total chlorophyll content (mg. g−1 FW). (H) CAT activity (U.g−1.min−1). (I) POD activity (U.g−1.min−1). (J) SOD activity of seedings (U.g−1.min−1). The letters “ns” indicate non-significant differences while *, **, ***, and **** represent significant differences at p < 0.05, p < 0.01, p < 0.001, p < 0.0001, respectively on one-way ANOVA analysis.


The chlorophyll-a content was non-significantly different at LN but significantly different (p < 0.05) under NN while it was higher at NN condition (Figure 4E). Conversely, the chlorophyll-b content was significantly different (p < 0.05) under LN but a non-significant difference was observed under NN, while the OE lines showed higher chlorophyll-b content compared with WT and OE lines under LN conditions (Figure 4F). The OE lines showed higher total chlorophyll content under LN conditions, which also demonstrated significant differences (p < 0.05) compared to the WT (Figure 4G). Higher chlorophyll content in OE lines under LN indicates the increasing nitrogen use efficiency and higher conversion of photosynthesis by the plants under low nitrate concentration.

The CAT activity was significantly different under the LN (p < 0.01) and NN (p < 0.001) conditions, but both lines (WT and OE) demonstrated higher activity under the NN condition, where WT had more activity than OE lines (Figure 4H). The POD activity of the OE line was higher than wild type (WT) under both (LN and NN) conditions, but it was highly significant (p < 0.0001) under the NN condition (Figure 4I). The SOD activity was complicated because the WT demonstrated higher SOD activity (650 U.g−1min−1) under the LN condition while the OE lines exhibited higher activity (700 U.g−1min−1) under the NN condition (Figure 4J). Lower CAT and SOD activity of OE lines in LN conditions indicates higher photosynthetic and stress-responsive activities, while the activity of POD in OE lines under both (LN and NN) conditions demonstrates a higher ability to scavenge hydrogen peroxide under prolonged nitrated conditions.



Effects of MeSLAH4 Overexpression on Grain Morpho-Physiological Traits in Transgenic Rice

In the field trial, the grain length (Figures 5A,C) and breadth (Figures 5B,D) of transgenic rice were increased significantly relative to the wild type, and the highest increment was observed in the 35S:MeSLAH4 OE-4 line. The relative gene expression of this line (35S,MeSLAH4 OE-4) was higher (about 80-fold, Figure 5E) and the panicle morphology (Figure 5F) was better than the wild type, hence the OE-4 lines have been selected for all other experiments. The grain numbers of a single spike (around 60) in the OE lines have been increased (Figure 5G). These results indicate that the OE lines have up-regulated MeSLAH4 gene expression, which has facilitated higher assimilation rates and more storage in the grain compared to the wild types.
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FIGURE 5. Morpho-physiological traits of grains and relative expression of 35S:MeSLAH4 gene in the experimental lines. (A,C) grain length (mm). (B,D) grain breadth (mm). Bar = 5.0 mm. (E) Relative expression of the 35S:MeSLAH4OE4 line related to OsActin gene. (F) Panicle morphology. (G) grain numbers on a spike. (H) Grain protein content (%). (I) Grain moisture content (%). (J) Grain diameter (mm). (K) Grain yield of a spike (g). The symbols *, **, and *** represent significant differences at p < 0.05, p < 0.01, p < 0.001, respectively, on one-way ANOVA analysis.


As shown in Figure 5, all other traits of the OE line, including grain protein content (12%), grain moisture content (14%), grain diameter (4.8 mm), and grain yield of a single spike (1.48 g), were higher compared to the WT. Thus, the results of this experiment demonstrated that overexpression of the MeSLAH4 gene increases protein content with higher grain expansion and yield in rice.



Effects of MeSLAH4 Overexpression on Root Morphological Traits in Transgenic Rice

The root system indices (phenotype of roots) demonstrated changes in terms of size and shapes in the wild type (WT) and overexpression (OE) lines under different nitrate conditions (Figure 6A). The root fork numbers (number of branches) and root tip numbers were increased (580 and 490, respectively) under the LN condition, and the increment was higher in the OE line compared to the WT line (Figures 6B,C). These results indicate that a lower nitrate concentration facilitated the formation of a higher root number. The root average diagram of WT was increased in NN, but it was increased higher in OE under the LN condition compared to WT, as well as both (WT and OE) under the NN condition (Figure 6D). Similar types of expansions were observed in the OE line for root surface area (22.0 cm2, Figure 6E) and root volume (22.0 cm3, Figure 6F). However, root length was higher in the OE line (160 cm) under NN conditions, and it demonstrated non-significant changes compared to the WT (Figure 6G). Enlargement and expansion of root average diagram, root surface area, and root volume indicate that limited nitrate concentration does not inhibit root growth but rather allows it to optimize for absorption of more nutrient resources.
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FIGURE 6. Root phenotypes of the wild type and OE line under different nitrate conditions. (A) Phenotypes of wild type (WT), and MeSLAH4-OE line (35S:MeSLAH4) grown in hydroponic medium treated with LN (0.01 mm [image: image]) and NN (0.50 mm [image: image]) for 14 days. (B) Root fork numbers (number of branches). (C) Root tip numbers. (D) Root average diagram (mm). (E) Root surface area (cm2). (F) Root volume (cm3). (G) Root length (cm) of seedings. The letters “ns” indicate non-significant differences while *, **, ***, and **** represent significant differences at p < 0.05, p < 0.01, p < 0.001, p < 0.0001, respectively on one-way ANOVA analysis.




Nitrogen Accumulation in Rice Lines

The nitrate accumulation in the transgenic whole plants (35S:MeSLAH4) was higher under both the low nitrate (LN) and normal nitrate (NN) conditions compared to their wild type. However, there was a significant difference in the nitrate accumulation in whole plants at the low nitrate concentration (Figure 7A). During organ or tissue-specific nitrate accumulation analysis, rice grain exhibited significantly higher nitrate accumulation in the transgenic lines compared to the wild type lines (Figure 7B). Conversely, transgenic rice lines demonstrated lower nitrate accumulation in the glume (Figure 7C).
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FIGURE 7. Nitrogen accumulation in whole plants, grain, and glume in rice. (A) Nitrogen accumulation in whole rice plants. LN, 0.01 mm NH4NO3; NN, 0.5 mm NH4NO3. (B) Nitrogen accumulation (%) in glume. (C) Nitrogen accumulation (%) in grain. The error bars indicate standard deviations and the data are shown as mean values ± SD, while * represents significant differences at p < 0.05 on one-way ANOVA analysis.


These results showed that overexpression of the MeSLAH4 gene led to more nitrate accumulation by whole plants, more storage in the grain, but lower translocations to the glume in rice.




DISCUSSION

Nitrogen (N) is one of the most important micronutrients required for plant growth and development, and hence, plants have evolved different strategies, sophisticated mechanisms, and adaption processes depending on soil N availability and distribution. Among the four gene families involved in the nitrate transport system, the SLAC/SLAH members play an important role in anion transport, stress signaling, growth and development, and hormonal response (Vahisalu et al., 2008; Nan et al., 2021). A total of five SLAC/SLAH genes were identified in Arabidopsis (Vahisalu et al., 2008), 23 genes in B. napus (Nan et al., 2021), and 9 genes in rice (Kusumi et al., 2012; Sun et al., 2016). In this study, six SLAH genes were identified in cassava, and these genes showed close phylogenetic relationships with other organisms (Figure 1A). These SLAH genes are expressed differentially in different tissues of cassava under varying nitrogen concentrations. Predominantly, the MeSLAH4 (MANES_05G153100) gene was highly expressed in the root under free nitrate concentration (FN) as well as at high nitrate concentration (HN; Figure 1B), indicating a potential role in enhancing nitrogen use in plants. Since the root is the principal part for nutrient uptake in plants, the overexpression of the MeSLAH4 gene has been tested in rice, which could correlate the relationships between different nitrate concentrations with plant growth and development parameters. In Arabidopsis, the SLAH3 (SLAC1 homologue 3) gene closely related to the SLAC1 gene showed an overlapping function with SLAC1 in guard cells (Negi et al., 2008; Geiger et al., 2011). The expression of the SLAH3 gene was also detected in guard cells, albeit at much lower levels than the expression of SLAC1 (Geiger et al., 2011; Zheng et al., 2015). High expression levels of the SLAH3 gene were observed in roots and exhibited stronger selectivity for nitrate over chloride compared to SLAC1 (Geiger et al., 2009; Lee et al., 2009), and therefore, it was considered a nitrate efflux channel. Although the SLAH2 gene, which is the closest homolog of the SLAH3 gene, is also expressed in root vascular tissues, it did not show any related phenotype under the same conditions as the SLAH3 gene, indicating non-overlapping function (Zheng et al., 2015). In Arabidopsis, SLAH1 and SLAH4 genes share similar duplicates, and both are members of a clade that predates seed plants. However, similar to SLAH3, the SLAH4 gene is also expressed in roots, and shows relatively stronger expression near the root tip (Zheng et al., 2015).

In this study, the cassava MeSLAH4 gene was identified on chromosome 5 (Figure 2A) and localized in the plasma membrane and nucleus (Figure 3). The localization of the MeSLAH4 protein in the plasma membrane and nucleus indicated that MeSLAH4 protein may be involved in other cellular functions. Previously, confocal microscopy observations pointed out that BnSLAH1-1, BnSLAH3-2, and BnSLAH3-3 were localized on the plasma membrane the same as in Arabidopsis and pear (Chen et al., 2019a; Nan et al., 2021).

Analysis of the upstream promoter region of SLAH genes (Figure 2B) showed that the cis-regulatory elements, CAAT-box, were commonly shared by all SLAH genes, and most SLAH genes contained ABRE elements (ABA-responsive) and drought-responsive cis-elements (DRE), which are absent in the cassava MeSLAH4 gene suggested that this gene might not be involved in regulation and physiological responses of various processes, including stomatal closure, seed, bud dormancy, and stresses (Gómez-Porras et al., 2007). Besides, the MeSLAH4 gene was observed to contain several copies of the CAAT-box and a copy of the G-box, indicating a higher transcription rate with sufficient quantities of suitable binding sites for several transcription factors. The CAAT box is generally located approximately 80 bp upstream of the transcription start site (TSS) and significantly influences gene expression efficiency (Biłas et al., 2016). In addition, the presence of the highly conserved G-box motif (CACGTG) indicated frequent binding with the basic helix–loop–helix (bHLH) and basic Leu zipper (bZIP) TF families (Ezer et al., 2017). In B. napus, promoter analysis showed the presence of different kinds of cis-elements involved in the light response, phytohormone response, drought response, low temperature response, and growth regulation. It was assumed that the BnSLAC/SLAH may function in the abiotic stress tolerance, and growth regulation (Nan et al., 2021).

A total of 10 motifs (motifs 1 to 10) were identified in the Arabidopsis, rice, and cassava SLAH genes (Supplementary Figures 2, 3), while the MeSLAH4 gene in the cassava contains 5 motifs (motifs 1, 2, 4, 5, and motif 8), which might represent the conserved functional motif of this gene. In previous experiments on conserved motif analysis, it was suggested that the presence of motifs 1, 3, 4, 8, and 10 indicated a conserved functional motif in the SLAC/SLAH gene family of Rosaceae (Chen et al., 2019a). However, the BnSLAH3 subfamily was found to contain motifs 1 to 10, while BnSLAH2 contained motifs 1, 5, and 7. In the same experiment, motifs 1 to 7 were found to be widely distributed in the BnSLAH1, BnSLAH4, and BnSLAC1 subfamilies (Nan et al., 2021). These conserved motifs were considered to have functional or structural roles in active proteins, indicating functional diversity during growth and development in plants (Nan et al., 2021).

In the current experiment, plant height was significantly different (p < 0.01) under both nitrated concentrations (LN and NN) in both WT and OE lines, but they demonstrated higher plant height at LN compared to NN (Figure 4B). The shoot weight was higher in OE lines at LN compared to both lines (WT and OE) in NN condition. Conversely, the root weight was higher in the WT under NN than under LN. Thus, overexpression of the MeSLAH4 gene enhances aboveground biomass (plant height and shoot weight) but decreases the lower ground parts (root weights) under low nitrate conditions. In an earlier experiment, overexpression of the OsNLP4 gene significantly increased N uptake and assimilation in rice, thus enhancing plant growth, grain yield and NUE compared with the wild type under all N conditions (Wu et al., 2021). The OE lines showed higher total chlorophyll content compared to the WT (Figure 4G) under LN conditions with significant differences (p < 0.05), indicating higher nitrogen use efficiency with higher conversion of photosynthesis under low nitrate concentration. Previously, transgenic plants (overexpression of OsGS1;1 and OsGS2 genes) exhibited higher chlorophyll fluorescence under stress (drought and salinity) compared to control rice plants, which indicated that the transgenic lines had enhanced protection of the photosynthetic machinery, leading to improved post-stress recovery (James et al., 2018). Lower CAT (Figure 4H) activity and less SOD (Figure 4J) activity of OE lines in the LN condition indicated higher stress-responsive activities, while higher activity of POD (Figure 4I) in OE lines under both (LN and NN) conditions demonstrated a higher ability to scavenge hydrogen peroxide under prolonged nitrated conditions. The plants that were deficient in CAT indicated an association with photorespiratory H2O2 accumulation and downstream oxidative signaling (Vandenabeele et al., 2004). The SOD enzyme catalyzes the dismutation of the superoxide anion ([image: image]) into hydrogen peroxide and molecular oxygen, which play the most important roles in protecting against oxidative stress as well as in the survival of plants under stressful conditions (Gill and Tuteja, 2010). The activity of POD is increased under decreased CAT activity to compensate for the lack of H2O2 scavenging capacity in rice under stress conditions (Wang et al., 2019).

The root fork numbers (number of branches) and root tip numbers were increased under the LN condition, and the increment was higher in the OE line compared to the WT line (Figures 6B,C). Enlargement and expansion of root average diagram (Figure 6D), root surface area (Figure 6E), and root volume (Figure 6F) in OE lines indicating optimize condition for higher absorption of nutrients. Former researchers discovered that BnSLAH3-2, BnSLAH3-3, and BnSLAH3-4 were up-regulated in roots 12 h after low nitrate treatment (0.19 mm), indicating that the BnSLAH3 genes could respond quickly to low nitrate stress and may promote nitrate uptake and transport in rapeseed roots. Conversely, a high concentration (64 mm) of nitrate was detected to induce expression of SLAC/SLAH genes in pear, which indicated that gene expression varies depending on species, nitrate concentration, and treatment time (Chen et al., 2019a; Nan et al., 2021).

The nitrate accumulation in the transgenic plants (35S,MeSLAH4) was higher under both nitrate (LN and NN) conditions compared to their wild type, but it was significantly different at the low nitrate concentration (Figure 7A). However, higher nitrate accumulation led to more storage in the grain but lower translocations to the glume in rice. In the present experiments, other traits, including grain numbers of a single spike, grain protein content, grain moisture content, grain diameter, and grain yield of a single spike of the OE line, were higher compared to the WT (Figure 5). It is well known that crop yield is closely related to N utilization, and it mainly depends on nitrogen absorption by plants before flowering and nitrogen remobilization during seed maturation (Kichey et al., 2007; Masclaux-Daubresse et al., 2008). Current research reveals that overexpression of the MeSLAH4 gene significantly enhances grain size as well as nitrate influx in OE-lines compared to the wild type. Hence, the MeSLAH4 gene might play an important role in the process of nitrogen transport and nitrogen utilization efficiency, which could be useful in developing high-yielding crop varieties. In addition, this study found that MeSLAH4 has great impacts on the biological function, regulatory mechanism of nitrate absorption and utilization, and enhanced performance of yield-related traits in rice.



CONCLUSION

Cassava is a short-day, durable, and easy-to-plant dicot plant with high adaptability and a huge yield that can obtain sufficient nitrogen from the soil without requiring excessive nitrogen fertilizer. For the improvement and production of nitrogen-efficient germplasm resources, it is crucial to identify the key genes involved in nitrogen-efficient utilization. However, it is well evident that the SLAC/SLAH genes play important roles in responses to nitrate transport, stress signaling, and growth and development in plants. Till date, detailed bioinformatic analyses of the SLAC/SLAH gene family in the cassava genome have not been reported completely. Only some identified gene information is available in the Phytozome and NCBI databases. The functional characterization and expression analysis of these genes remain to be elucidated. Hence, in this study, six SLAC/SLAH genes were identified in the cassava genomes, which demonstrated a close phylogenetic relationship with other organisms. The structural characteristics of the promoter region, gene expression analyses, motif and sequence logo comparisons, and chromosomal localizations with Arabidopsis and rice homologs have provided a suitable framework for analyzing the SLAC/SLAH genes in the cassava genome. Cassava SLAH genes, particularly the MeSLAH4 gene, respond significantly to different concentrations of nitrate ions and are expressed highly in the roots and enhance grain dimension while increasing yield in rice. The MeSLAH4 gene is identified on chromosome 5 and is localized in the plasma membrane and nucleus. The overexpression (OE) rice lines showed higher total chlorophyll content, increased root fork numbers (number of branches), and root tip numbers compared to the WT under low nitrate (LN) conditions. The findings of these studies revealed the potential of the MeSLAH4 gene for use in high-yielding crop production, as well as laid the groundwork for future research into the other SLAC/SLAH genes found in the cassava genome.
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Supplementary Figure 1 | Amino acid alignment of MeSLAH4 protein in cassava, and Os05g0269200 protein in rice. Here, MANES (Manihot esculenta) MeSLAH4 amino acid sequence was the query sequence and it was aligned with Os05g0269200 amino acid sequence.


Supplementary Figure 2 | Conserved motifs of SLAH genes. Here, MANES (Manihot esculenta), At (Arabidopsis thaliana), and Os (Oryza sativa) genes and their motifs are depicted. Various color represents different motifs. The lengths and positions of the colored blocks correspond to the lengths and positions of motifs in the individual protein sequences. The scale indicates the lengths of the proteins as well as the motifs.


Supplementary Figure 3 | Sequence logos of the conserved motifs of SLAH genes. Over-represented motifs were identified using the MEME tool. The stack’s height indicates the level of sequence conservation. The heights of the residues within the stack indicate the relative frequencies of each residue at that position.


Supplementary Figure 4 | Identification of transgenic rice lines. Lane 1–7 is a single transgenic strain of rice (35S:MeSLAH4OE-4), − WT control, + is MeSLAH4 plasmid.




FOOTNOTES
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Bamboo (Bambusoideae) belongs to the grass family (Poaceae) and has been utilized as one of the most important nontimber forest resources in the world. Moso bamboo (Phyllostachys edulis) is a large woody bamboo with high ecological and economic values. Global climate change brings potential challenges to the normal growth of moso bamboo, and hence its production. Despite the release of moso bamboo genome sequence, the knowledge on genome-wide responses to abiotic stress is still limited. In this study, we generated a transcriptome data set with respect to dehydration and cold responses of moso bamboo using RNA-seq technology. The differentially expressed genes (DEGs) under treatments of dehydration and cold stresses were identified. By combining comprehensive gene ontology (GO) analysis, time-series analysis, and co-expression analysis, candidate genes involved in dehydration and cold responses were identified, which encode abscisic acid (ABA)/water deficit stress (WDS)-induced protein, late embryogenesis abundant (LEA) protein, 9-cis-epoxycarotenoid dioxygenase (NCED), anti-oxidation enzymes, transcription factors, etc. Additionally, we used PeLEA14, a dehydration-induced gene encoding an “atypical” LEA protein, as an example to validate the function of the identified stress-related gene in tolerance to abiotic stresses, such as drought and salt. In this study, we provided a valuable genomic resource for future excavation of key genes involved in abiotic stress responses and genetic improvement of moso bamboo to meet the requirement for environmental resilience and sustainable production.

Keywords: moso bamboo (Phyllostachys edulis), abiotic stress response, transcriptome, dehydration, late embryogenesis abundant protein


INTRODUCTION

Bambusoideae, also called bamboo, belongs to the grass family (Poaceae) and is comprised of more than 1,400 species. Compared with other herbaceous species of Poaceae, the species of Bambusoideae are predominantly arborescent and perennial woody species. They can grow large woody culms up to 30 cm in diameter and 12 m in height (Barker et al., 2001) and are utilized as one of the most important nontimber forest resources in the world. According to the statistics, bamboo covers over 30 million hectares (ha) worldwide, and approximately 2.5 billion people depend economically on bamboo (Lobovikov, 2005), accounting for 68.8 billion US dollars in international trade in 2018 (International Bamboo and Rattan Organization).

Moso bamboo (Phyllostachys edulis) is a large woody bamboo with high ecological and economic values. It serves as a promising bio-resource for renewable forestry products and accounts for over two-thirds of the total bamboo growing area (4.43 million ha) in China (Peng et al., 2013). As sessile organisms, plants have evolved a wide spectrum of adaptations to cope with the inevitable challenges from environmental stress, such as drought, high salinity, and cold. Many aspects of these adaptation processes, including developmental, physiological, and biochemical changes, are regulated or achieved by stress-responsive gene expression (Huang et al., 2016a). Therefore, the identification of key genes involved in abiotic stress response is essential for the dissection of the complex mechanism underlying the stress tolerance, which will provide guidance for plant genetic improvement to meet continuous economic requirements and environmental resilience.

The draft genome sequence of moso bamboo was released previously (Peng et al., 2013), and an updated chromosomal level reference genome was also reported recently (Zhao et al., 2018). These genomic resources provide an opportunity for the excavation of stress-related genes at a genome-wide level. Huang et al. (2016a,b) analyzed genes encoding TIFY transcription factor and late embryogenesis abundant protein families in the moso bamboo genome and identified some stress-responsive genes. Jin et al. (2020) identified the expansin (EX) gene family in the moso bamboo genome and found that the expression of some PeEXs was induced by abscisic acid (ABA) and polyethylene glycol (PEG) treatments. Studies on stress-related functional genes have gradually increased. A moso bamboo WRKY gene PeWRKY83 confers salinity tolerance in transgenic Arabidopsis plants (Wu et al., 2017); overexpression of PeVQ28 in Arabidopsis increased resistance to salt stress and enhanced sensitivity to ABA (Cheng et al., 2020); a moso bamboo homeodomain-leucine zipper (HD-Zip) transcription factor Phehdz1 positively regulates the drought stress response of transgenic rice (Gao et al., 2021). Arabidopsis overexpressing PheWRKY50-1 showed higher resistance to stress than the wild type (WT) (Huang et al., 2022). These studies made insights into moso bamboo's responses to abiotic stress. However, the genome-wide data for abiotic stress responses is still lacking. Recently, transcriptome profiling was conducted and revealed the crucial biological pathways involved in the cold response in moso bamboo (Liu et al., 2020).

To generate more genomic resources for stress-responsive gene mining, in this study, RNA-seq was employed to analyze transcriptomal responses of moso bamboo to dehydration and cold stresses. Differentially expressed genes (DEGs) at different time points of treatment were identified, and comprehensive stress-responsive gene exploration was also performed. A dehydration-responsive gene PeLEA14, encoding an “atypical” late embryogenesis abundant (LEA) protein, was selected as a tester to preliminarily investigate its function in drought and salt tolerance.



MATERIALS AND METHODS


Plant Materials and Growth Condition

The P. edulis plants used in this study were approximately 2-year-old plants of P. edulis, which were manually planted and grown under the natural condition at Linyanshan Experimental Base (N31°00 33.2000, E103°360 51.9500) of Sichuan Agricultural University, Dujiangyan, Sichuan, China. The approximately 20 cM branch containing young unexpanded leaves of 4–5 centimeters long was cut from five plants in similar growth status. All these samples were collected in the morning (at approximately 10 o'clock and it was cloudy with a temperature of ~22°C). Nicotiana tabacum L. was used for Agrobacterium-mediated genetic transformation using the leaf disk method.



Stress Treatments, Sampling, and RNA-seq

For dehydration treatment, the branches were placed on the dry filter paper and treated under room temperature (20°C and ~50% humidity). For cold treatment, the branches were put into a dark chamber set to 0°C. At different time points of treatments (2, 4, and 8 h for dehydration treatment, and 2 h and 4 h for cold treatment), ten unexpanded leaves were detached from the base and immediately frozen in liquid nitrogen and stored in the refrigerator at −80°C. The same amount of untreated leaves was also sampled and processed, which were used as control. One biological repeat for all samples was collected.

The total RNA was extracted according to the manual of the TRIZOL RNA Kit (TIANGEN, Beijing, China). The qualities and quantities of extracted nucleotide were measured using the NanoDrop 2000 Spectrophotometer (Thermo Fisher, USA) and the Agilent 2100 RNA 6000 Nano kit. The threshold of the quality of extracted RNA was RIN ≥ 7 with a concentration of ≥ 150 ng/μl and an amount of ≥ 5 μg. The cDNA library construction and pair-end sequencing on Illumina HiSeqTM 4000 platform were performed by Onmath Co. (Chengdu, China), following the manufacturer's standard protocol.



Quantification of Gene Expression Levels

The eXpress was used for transcripts quantification. An eXpress is a streaming tool for quantifying the abundances of a set of target sequences from sampled subsequences. A probabilistic model developed for RNA-seq is the underlying model of eXpress. In general, clean reads were aligned to reference transcripts of moso bamboo genome, and quantification was conducted based on alignments with the probabilistic model. As a result, estimated read count and transcript per million (TPM) [image: image], in which qi indicates reads mapped to the transcript, liindicates the transcript length, and ∑j(qj/lj) denotes the sum of mapped reads to transcript normalized by transcript length), were obtained for every single transcript in every sample, even for the multi-isoform from the same gene.



Differential Expression Test

A differential expression test was conducted using DESeq R packages according to the packages manual. Raw count data were prepared using the custom perl script based on results of eXpress software and were imported into the DESeq framework. Information on experiment design was also imported into the DESeq framework to form a Count Data Set. Filtering was performed to remove transcripts in the lowest 40% quantile of the overall sum of counts (irrespective of biological condition) to increase the differential expression transcript detection rate. The estimated SizeFactors function was used to estimate the effective library size in order to normalize the transcripts counts. The estimate Dispersions function was used to estimate dispersion. The nbinomTest function was used to see whether there is a differential expression between two conditions. FDRs were controlled using the Benjamini-Hochberg method (Benjamini and Hochberg, 1995).



Gene Ontology Enrichment Analysis

Gene ontology (GO) enrichment analysis of the DEGs was implemented using the GOseq R packages based on Wallenius noncentral hypergeometric distribution (Young et al., 2010), which can adjust for gene length bias in DEGs.



Plasmid Construction and Transformation in N. tabacum

Based on the coding sequence of PeLEA14 (PH01001932G0350), a pair of primers, LEA-F: 5′-CCAAGCTTATGGCGCAGCTGATGGACAA-3′ (HindIII) and LEA-R: 5′-CGGGATCCTTAGAAGATGGTGGAGAGCGT-3′ (BamHI), containing restriction enzyme sites (underlined), were designed to amplify the coding sequence of PeLEA14 from cDNA using Phanta Max Super-Fidelity DNA Polymerase (Vazyme Biotech Co., Nanjing, China). The amplified fragment was double-digested and ligated onto the corresponding sites of the pGSA-1403 vector by T4 DNA ligase. The resulting construct 35S::pGSA1403-PeLEA14 was introduced into the Agrobacterium tumefaciens strain GV3101 and then transformed into N. tabacum using the leaf disk method.

The T0 seedlings were screened on 1/2 MS medium supplied with kanamycin (50 μg/ml). The seedlings resistant to kanamycin were transplanted into pots with soil, and the positive transgenic plants were further verified by PCR. The T3 homozygous positive lines were used for further investigation.



Evaluation of Abiotic Stress Tolerance

For stress tolerance assays at the seedling stage, the WT and transgenic seedlings were placed in cultivation bottles with 1/2 MS solid medium containing 200 mM mannitol and 100 mM NaCl, respectively. The cultivation bottles were incubated with a cycle of 16 h/8 h of light (24°C)/dark (22°C).

For stress tolerance assays at the mature stage, 3-day acclimatization was performed for the WT and transgenic seedlings (with 4-5 leaves) grown on a 1/2 MS solid medium. Then, the plants were transplanted into pots (one plant per pot) containing an equal amount of sterilized soil and grown in an incubator with a cycle of 16 h/8 h of light (24°C)/dark (22°C). After 7 days, the plants with a similar growth status were selected for stress treatment. For natural drought treatment, the soil was fully watered, and then the watering was stopped for several days. For salt treatment, the soil was fully infiltrated with water, and then the plants were irrigated by applying enough 300 mM NaCl solution into the tray of cultivation pots and keeping the soil moist during the processing. The morphological changes of the plants were constantly observed and photographed.



Measurements of Physiological Parameters Related to Stress Responses

Chlorophyll was extracted from leaf tissue in 95% ethanol as previously described (Palta, 1990). Proline was measured following the modified method of acidic ninhydrin reaction as reported previously (Bates et al., 1973). The enzyme liquid was extracted for the determination of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) activities as well as malondialdehyde (MDA) content. Detailed descriptions of these assays were elaborated by Du and Bramlage (1992) and Zheng et al. (2007). Three replicates were executed for these experiments. Samples used for physiological index measurements were obtained through drought treatment (withhold watering) for 10 days and salt treatment (300 mM NaCl) for 7 days, respectively.




RESULTS AND DISCUSSION


RNA Sequencing, Mapping, and Transcript Quantification

To understand transcriptomic responses of moso bamboo to abiotic stresses, RNA-seq analysis of bamboo leaves under dehydration and cold stresses was performed. We generated 33,498,161 to 58,049,004 clean reads for each sample by pair-end sequencing, corresponding to approximately 5.02 to 8.71 giga base pairs (Gb), with an average of 6.48 Gb (Supplementary Table S1). All clean reads were mapped to moso bamboo genome (Peng et al., 2013). Notably, ~66.6 to 71.9% of clean reads could be uniquely mapped and used for further analysis.

Subsequently, the transcripts per million (TPM) value was calculated to quantify the transcript abundance in each sample. To evaluate the repeatability of biological repeats, the correlation coefficient among samples was calculated based on the TPM values. The results showed that the correlation coefficient among the two biological repeats was more than 0.9, which was significantly higher than between other samples (Figure 1A). The cluster analysis also showed that the two biological repeats of each treatment were clustered together and separated from other samples (Figure 1A). These results suggested that the obtained RNA-seq data have good repeatability, providing a guarantee for subsequent data mining.


[image: Figure 1]
FIGURE 1. RNA-seq of moso bamboo leaves under dehydration and cold treatments. (A) Correlation and clustering of each sample. (B,C) Venn diagram of differentially expressed genes (DEGs) under two treatments. CK, control; D2 and D4 indicated 2 h and 4 h of cold treatment, and G2, G4, and G8 indicated 2 h, 4 h, and 8 h of dehydration treatment, respectively.




Identification of DEGs Related to Dehydration and Cold Responses

We used false-discovery rate (FDR)-corrected p-value (adjusted p-value, padj), which was defined by Benjamini and Hochberg (1995), to identify DEGs between treatments. When set padj <0.01 as the threshold, 661 to 10,054 DEGs between CK and each dehydration and cold treatment were obtained (Figures 1B,C; Supplementary Figure S1). For three dehydration time points (2 h, 4 h, and 8 h), 10,054, 5,967, and 8,398 DEGs were identified, in which 5,388, 2,784, and 4,109 genes were upregulated, and 4,666, 3,183, and 4,289 genes were downregulated, respectively (Figure 1B, Supplementary Figures S2A,B). Notably, 1,364 and 1,027 genes were upregulated or downregulated at all time points of dehydration (Supplementary Figures S2A,B). For cold treatments, 2,322 and 661 DEGs were found at 2 h and 4 h of cold treatment, in which 1,418 and 565 DEGs were upregulated, and 904 and 96 DEGs were downregulated, respectively. A total of 433 DEGs showed differential expression at all two time points (Figure 1C, Supplementary Figures S2C,D). We noticed that the DEG number under cold treatment was much less than that obtained under dehydration. This phenomenon was also found in the previous study on transcriptomic responses to cold of moso bamboo (Liu et al., 2020). They only found <100 DEGs at early stages (0.5 and 1 h) of cold treatment (0.5 and 1 h).



Functional Annotation of DEGs by GO Enrichment

We analyzed GO classification to categorize the functions of DEGs during dehydration and cold stresses (Supplementary Table S2). GO includes three main ontologies, namely, molecular function (MF), biological process (BP), and cellular component (CC). Under dehydration stress, the GO terms of BP in which the DEGs enriched are related to some basic BPs, such as carbohydrate metabolic process, proteolysis, translation, and transport, as well as those closely related to stress responses, such as response to oxidative stress, signal transduction, cell redox homeostasis, and response to stress (Figures 2A,B). For the MF, the predominant GO terms are nucleotide-binding, sequence-specific DNA binding, heme binding, binding, structural constituent of ribosome, RNA binding, hydrolase activity, hydrolyzing O-glycosyl compounds, iron ion binding, transporter activity, calcium ion binding, etc. (Figure 2C). For the CC, intracellular, ribosome, cytoplasm, extracellular region, nucleosome, cell wall, and photosystem II are among the most DEG-enriched GO terms (Figure 2D).


[image: Figure 2]
FIGURE 2. Gene ontology (GO) terms with predominant DEG number under dehydration treatment. GO terms of BP (A), MF (C), and CC (D) were shown. (B) Indicates GO terms of MF, which are closely related to stress responses. Y-axis indicated the DEG number assigned in a GO term. CK, control; G2, G4, and G8 indicated 2 h, 4 h, and 8 h of dehydration treatment, respectively.


Under cold treatment, GO terms of BP containing a predominant number of DEGs are carbohydrate metabolic process, proteolysis, response to oxidative stress, protein dephosphorylation, lipid metabolic process, and transport (Figure 3A). There are five GO terms apparently related to environmental responses, i.e., response to oxidative stress, response to stress, response to auxin, response to desiccation, and response to water (Figure 3B). For the MF, DEGs were enriched in GO terms of sequence-specific DNA binding, heme binding, ADP binding, calcium ion binding, iron ion binding, hydrolase activity, oxidoreductase activity, protein dimerization activity, and binding (Figure 3C). For the CC, DEGs were enriched in GO terms of intracellular, ribosome, cytoplasm, extracellular region, cell wall, photosystem II, and apoplast (Figure 3D).


[image: Figure 3]
FIGURE 3. Gene ontology terms with predominant DEG number under cold treatment. GO terms of BP (A), MF (C), and CC (D) were shown. (B) Indicates GO terms of MF, which are closely related to stress responses. Y-axis indicated the DEG number assigned in a GO term. CK, control; D2 and D4 indicated 2 h and 4 h of cold treatment, respectively.


In previous cold-responsive transcriptomic studies, 89 and 79 DEGs were identified at 0.5 h and 1 h cold treatment, respectively, and 125 DEGs were annotated with GO terms. Among them, 21 DEGs were assigned GO terms of BP, including metal ion transport, response to UV-B, flavonoid biosynthetic process, response to light stimulus, response to salt stress, calcium ion transport, transcription, and response to salt stress. A total of 70 DEGs were assigned with MF GO terms. The GO terms with predominant DEG numbers included calcium ion binding (6 DEGs), DNA binding (11 DEGs), iron ion binding (5 DEGs), sequence-specific DNA binding (12 DEGs), protein serine/threonine kinase activity (3 DEGs), and protein serine/threonine phosphatase activity (DEGs). For the CC, the major GO terms were plastid (8 DEGs), integral component of membrane (5 DEGs), plasma membrane (4 DEGs), and cytoplasmic vesicle (3 DEGs). These results showed significantly different responses to cold at different time points. Interestingly, sequence-specific DNA binding, calcium ion binding, and iron ion binding are predominant GO terms in our and previous studies, indicating their general and important roles in cold responses of moso bamboo.

Differentially expressed genes enriched in these GO terms reflected transcriptomal responses of P. edulis to dehydration and cold stresses. For example, response to oxidative stress is one of the predominant GO terms under both stresses, indicating that oxidation is one of the most serious stresses under the two treatments (Supplementary Tables S2, S3). DEGs involved in this GO term mainly encode catalase, glutathione peroxidase, and a group of plant peroxidase (Supplementary Table S4). These enzymes were well known to scavenge excess reactive oxygen species (ROS) generated by stress (Zhang et al., 2019).

Response to stress is another common GO term. Under dehydration treatment, 24 DEGs enriched in this GO term were simultaneously found in three time points (Supplementary Table S5). Genes encoding ABA/water deficit stress (WDS)-induced protein, LEA protein (including dehydrin), and universal stress protein A (UspA) are among the most abundant (Supplementary Table S5). ABA/WDS-induced protein, also known as ASR, is a family of plant proteins induced by water deficit stress (Padmanabhan et al., 1997), or ABA stress and ripening (Canel et al., 1995) and has been extensively studied. The maize ZmASR1 acts as both a transcriptional regulator and a chaperone-like protein (Virlouvet et al., 2011). The rice ASR5 was reported to be involved in response to drought stress by regulating ABA biosynthesis, promoting stomatal closure, and also acts as a chaperone-like protein possibly preventing drought stress-related proteins from inactivation (Li et al., 2017). LEA proteins are well known to play a protective role during exposure to different abiotic stresses. The Universal Stress Protein (USP) contains a Universal Stress Protein A domain comprising 140–160 highly conserved residues and is significantly overexpressed under multiple unfavorable environmental stresses (Kvint et al., 2002; Ndimba et al., 2005; Persson et al., 2007). Under cold treatment, four DEGs, PH01000696G0320, PH01001317G0160, PH01003240G0100, and PH01004855G0070, with GO term of response to stress were found in both time points (Supplementary Table S5). They encode ABA/WDS-induced protein, LEA protein 3, dehydrin, and calmodulin-binding protein-like (SARD1) (Supplementary Table S5) and also showed differential expression levels under dehydration treatment, indicating that these genes may play roles in both dehydration and cold stresses.

We also analyzed the DEGs enriched in sequence-specific DNA binding of GO category MF, as they usually include transcription factors. Crossing the three time points of dehydration treatment, 63 DEGs were assigned in this GO term. They all encode putative transcription factors, including 17 basic-leucine zipper (bZIP), 18 WRKY, six heat shock factor (HSF) type, 15 homeodomain, and seven GATA type (Supplementary Table S6). Under cold treatment, 25 DEGs enriched in sequence-specific DNA binding were detected in the two time points, including six bZIP, 18 WRKY, and one HSF (Supplementary Table S5). Eleven DEGs were simultaneously found in all time points of both treatments (Supplementary Tables S4, S5), indicating that they may play dual roles in responding to dehydration and cold stresses. Under unfavorable environmental conditions, plants have evolved diverse stress-response mechanisms, such as induction of defense gene expression. Therefore, activating the overall defense reaction ultimately contribute to stress response ad tolerance (Fraire-Velázquez et al., 2011). Transcription factors (TFs) are important regulators for the control of gene expression in all living organisms and play crucial roles in plant development, cell cycling, cell signaling, and stress response (Gonzalez, 2016). Extensive studies proved that TF families, such as AP2/ERF, MYB, NAC, and WRKY, are crucial regulators of various stress-responsive genes (Wang et al., 2016). Therefore, The TFs encoded DEGs identified in this study may help to obtain a better understanding of the mechanisms of abiotic stress response of moso bamboo and could be considered an ideal choice for genetic engineering in order to enhance stress tolerance.



Time-Series Analysis of DEGs

To characterize dynamic expression patterns of DEGs following the time points of dehydration and cold treatments, an R package Mfuzz (Kumar and Futschik, 2007) was employed to perform time-series “soft clustering” based on TPM values (Figures 4A,B). DEGs with padj <0.01 between at least two time points were used as input for the clustering. The number of clusters was set to 16, and the fuzzifier coefficient was set to 1.55.
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FIGURE 4. Time-series clustering of DEGs for dehydration (A) and cold (B) treatments. In (A), 1 and 2, 3 and 4, 5 and 6, and 7 and 8 on X-axis indicated two biological repeats of CK, G2, G4, and G8, respectively. In (B), 1 and 2, 3 and 4, and 5 and 6 on X-axis indicated two biological repeats of CK, D2, and D4, respectively.


We focused on clusters in which the two biological repeats are at similar levels and showed stress-responsive patterns. For dehydration treatment, clusters 11, 13, and 15 showed a quick upregulation pattern (type I) at 2 h, whereas DEGs in clusters 7 and 10 were gradually upregulated (type II); clusters 1, 3, 4, and 5 exhibited early quick downregulation patterns (type III), and clusters 6 and 8 were gradually downregulated (type IV), respectively (Figure 4A). We further examined the functions of DEGs in upregulation clusters. GO terms with predominant gene numbers for type I and II clusters included carbohydrate metabolic process, proteolysis, response to oxidative stress, transport, protein ubiquitination, cell redox homeostasis, response to stress, trehalose biosynthetic process, and fatty acid biosynthetic process (Figure 5A). For cold treatment, clusters 10, 11, 13, and 16 showed type I upregulated patterns, and clusters 1 and 3 exhibited type III downregulated patterns (Figure 4B). GO terms for genes in these clusters included carbohydrate metabolic process, metal ion transport, protein dephosphorylation, proteolysis, and response to oxidative stress (Figure 5B). These data provided a resource to characterize gene sets showing similar patterns responsive to dehydration and cold stress.


[image: Figure 5]
FIGURE 5. Gene ontology terms with predominant numbers of DEGs in stress-responsive timer-series clusters under dehydration (A) and cold (B) stresses, respectively. DEG number in each GO term is shown.




Identify Co-Expressed Hub Genes Based on Pearson'S Correlations

To identify potential key genes involved in dehydration and cold responses, we calculated Pearson's correlations for all gene pairs crossing all time points of two treatments. The gene filtering was performed with a cutoff value of 0.85, and the degree (number of associated genes fitting the cutoff) for each qualified gene was calculated. The top 50 genes were identified as potential hub genes, including those encoding 9-cis-epoxycarotenoid dioxygenase (NCED), LEA protein, probable indole-3-acetic acid-amido synthetase, protein phosphatase 2C, ubiquitin-activating enzyme, as well as bZIP, NAC, F-box, and SBP-box transcription factors (Supplementary Table S8). Some of these are well known to function in stress responses. For example, NCED is the key enzyme for the biosynthesis of ABAs (Hauser et al., 2011), which plays a critical role in abiotic stress response (Nambara and Marion-Poll, 2005). These results, therefore, provide candidate core genes, especially those with unknown functions, involved in the abiotic stress response of moso bamboo.



Function Validation of Stress-Responsive Gene

To preliminarily test the effectiveness of the identified genes in abiotic stress tolerance, we selected a dehydration-responsive gene PeLEA14 (PH01001932G0350) for functional validation. PeLEA14 was slightly upregulated by cold but significantly induced by dehydration (Supplementary Figure S3). We overexpressed PeLEA14 in tobacco. The positive transgenic lines were acquired from kanamycin resistance screening and PCR (Supplementary Figure S4). Artificially simulated drought treatment at the seedling stage was performed by growing plants on 1/2 MS solid medium containing 200 mM mannitol. The WT and transgenic lines were in similar status before treatment. After 5 days of treatment, the leaves of WT were slightly withered, and such symptoms became more serious by 10 days. At 20 days of treatment, almost all leaves of WT were withered, but the transgenic lines showed significantly better growth status and root system (Figure 6A). The natural drought treatment was also applied. Ten days after withholding water, the dehydration symptoms (chlorosis) could be observed on leaves of both WT and transgenic lines. However, the vegetative growth of the latter is better than that of the former. Twenty days after withholding water, the whole plant of WT was severely withered, whereas the growth status of transgenic lines was significantly better than WT (Figure 6B). We further evaluated physiological parameters related to stress responses. Under natural drought stress, the transgenic line exhibited significantly higher proline and chlorophyll content, lower MDA content, and higher SOD and POD activities (Figure 6C). We also evaluated tolerance to salt stress. Similar results to those under drought stresses were obtained and indicated that the tobacco lines overexpressing PeLEA14 showed better growth performance under salt stress at both seedlings and adult stages, as well as higher antioxidant capacity (Figures 6D–F).


[image: Figure 6]
FIGURE 6. Overexpression of PeLEA14 in tobacco. (A–C) indicate evaluation of tolerance of wild type (WT) and transgenic lines (OE) to drought stress at seedling (1/2 MS solid medium containing 200 mM mannitol) and adult (natural drought by withholding watering) stages and stress-related physiological parameters, respectively. (D–F) indicate evaluation of tolerance of WT and transgenic lines (OE) to salt stress at seedling (1/2 MS solid medium containing 100 mM NaCl) and adult (applying 300 mM NaCl solution into the tray) stages and stress-related physiological parameters, respectively.


Late embryogenesis abundant proteins constitute a family of hydrophilic proteins that are presumed to play a protective role during exposure to different abiotic stresses. They were initially classified into six subgroups on the basis of specific domains (Dure et al., 1989), and different researchers have also tried to use different classification methods (Tunnacliffe and Wise, 2007; Battaglia et al., 2008; Bies-Ethève et al., 2008; Hundertmark and Hincha, 2008; Shih et al., 2008; Battaglia and Covarrubias, 2013). PeLEA14 encodes 151 amino acids and is a homolog of AtLEA14 (AT1G01470, E-value = 5e-63) of Arabidopsis and belongs to the LEA_2 group (also be classified as group 5 by a different nomenclature). The typical LEA proteins, such as those of groups 1, 2, 3, and 4, are genuine hydrophilic and share specific sequence motifs within each group. However, group 5 LEAs lack significant signature motifs or consensus sequences, contain a significantly higher proportion of hydrophobic residues than typical LEA proteins, and therefore were considered “atypical” LEA proteins (Baker et al., 1988; Galau et al., 1993; Battaglia et al., 2008).

Although this group has not been extensively investigated, some reports indicated that they will accumulate in response to diverse stresses in plants (Baker et al., 1988; Piatkowski et al., 1990; Maitra and Cushman, 1994; Zegzouti et al., 1997; Kimura et al., 2003). In this study, we found that PeLEA14 was significantly induced by dehydration (Supplementary Figure S3). Additionally, a transgenic sweet potato that overexpressed IbLEA14 showed increased tolerance to osmotic and salt stress by enhancing lignification (Park et al., 2011). Overexpression of SiLEA14 of foxtail millet improved tolerance to salt and drought stresses (Wang et al., 2014). Overexpression of OsLea14-A in rice improved tolerance to dehydration, high salinity, CuSO4, and HgCl2 (Hu et al., 2019). Our study showed that the overexpression of PeLEA14 enhanced the tolerance of tobacco to drought and salt stresses, possibly through, at least in part, increasing antioxidant capacity. These results indicated that the “atypical” LEA_2 group proteins may play important roles in plant stress protection. The data set provided in this study will lay a foundation for future discovery of stress-tolerant genes in moso bamboo.




CONCLUSION

In this study, we generated an expression data set with respect to dehydration and cold responses of moso bamboo. With repeatable RNA-seq data and a strict screening cutoff, we identify a lot of DEGs. Combining comprehensive GO enrichment analysis, time-series analysis, and co-expression analysis, we identified DEGs closely related to dehydration and cold responses, stress-responsive DEGs with similar expression patterns, as well as potential core genes, which may play an important role in dehydration and/or cold stress. We used PeLEA14 as an example to validate the function of the identified stress-related gene in tolerance to abiotic stresses, such as drought and salt. These data may be valuable for future excavation of key genes involved in abiotic stress responses and genetic improvement of moso bamboo.
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Genome features Musa Musa Musa Musa Musa Musa Musa Musa Musa
ingens jackeyi laterita lolodensis mannii nagensium rubinea troglodytarum yunnanensis
Genome size (bp) 168,471 167,975 170,565 168,542 170,699 170,304 172,653 168,121 169,816
LSC size (bp) 89,888 88,422 88,748 88,330 88,883 88,420 89,997 88,724 90,720
SSC size (bp) 10,855 11,049 10,773 11,060 10,816 11,082 11,768 11,049 11,072
IR size (bp) 33,864 34,252 35,622 34,576 35,500 35,401 35,444 34,174 34,012
Total GC content (%) 36.8 86.9 36.8 36.8 36.8 36.6 36.4 36.8 36.8
GC content in LSC (%) 35.2 35.1 35.2 35.2 35.1 35.0 34.8 351 35.1
GC content in SSC (%) 31.0 31.1 31.2 311 31.2 30.8 30.1 31.1 31.1
GC content in IR (%) 39.6 40.0 39.5 39.9 39.5 39.5 39.5 40.0 39.9
Number of genes (unique) 135(113) 135(113) 136(113) 135(113) 136(113) 136(113) 136(113) 135(113) 136(113)
Protein-coding genes (unique) 89(79) 89(79) 90(79) 89(79) 90(79) 90(79) 90(79) 89(79) 90(79)
tRNA genes (unique) 38(30) 38(30) 38(30) 38(30) 38(30) 38(30) 38(30) 38(30) 38(30)
rRNA genes (unique) 8(4) 8(4) 8(4) 8(4) 8(4) 8(4) 8(4) 8(4) 8(4)
Accession numbers in GenBank NC_056826 NC_056827 NC_056828 NC_056829 NC_056830 NC_056831 NC_056832 NC_056833 NC_056834
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Large subunit of ribosomal proteins
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DNA-dependent RNA polymerase rRNA
Ribosomal RNA genes
Transfer RNA genes

Translational initiation factor
Maturase

Protease

Envelope membrane protein
Subunit acetyl-CoA-carboxylase
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SNP and indel M. ingens M. jackeyi M. laterita M. lolodensis M. mannii M. nagensium M. rubinea M. troglodytarum M. yunnanensis

Number SNP Transition 954 917 361 912 349 322 365 915 347
Transversion 505 524 309 507 342 353 351 528 281

Total 1459 1441 670 1419 691 675 716 1443 628

Insertion 160 132 134 155 143 139 162 132 126

Deletion 179 180 122 165 132 88 106 183 141

Region SNP LSC 917 915 423 902 442 423 438 914 410
SSC 212 204 114 207 116 142 135 205 97

R 330 322 133 310 133 110 143 324 121

Insertion LSC 103 87 84 96 94 90 104 89 78

SSC 14 5 9 14 12 15 24 14 12

R 43 40 41 45 37 34 34 29 36

Deletion LSC 105 109 75 105 78 56 70 109 86

SSC 27 19 27 17 29 15 14 18 20

R 47 52 20 43 25 17 22 56 35
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Ala GCA 1.12 1.13 1.14 1.11 1.16 1.16 1.16 1.15 lle AUA 0.97 0.97 0.97 0.96 0.97 0.97 0.98 0.98
GCC 0.76 0.76 0.77 0.78 0.71 0.7 0.71 0.71 AUC 0.57 0.57 0.56 0.56 0.55 0.55 0.55 0.55
GCG 0.48 0.48 0.47 0.47 0.49 0.5 0.49 0.49 AUU 1.46 1.46 1.47 1.48 1.48 1.48 1.47 1.48
GCU 1.64 1.64 1.63 1.64 1.64 1.64 1.64 1.64 Lys AAA 1.5 1.5 1.49 1.49 1.5 1.5 1.5 1.51
Arg AGA 1.67 1.67 1.65 1.66 1.71 1.7 1.7 1.71 AAG 0.5 0.5 0.51 0.51 0.5 0:5 0.5 0.49
AGG 0.75 Q.75 0.77 0.76 0.73 0.74 0.73 0.73 Met AUG 1 1 1 1 1 1 1 1
CGA 1.45 1.45 1.48 1.48 1.46 1.47 1.45 1.45 Phe uucC 0.65 0.66 0.67 0.67 0.66 0.65 0.65 0.66
CGC 0.36 0.36 0.36 0.36 0.35 0.33 0.35 0.34 Uuu 1.35 1.34 1.33 1.33 1.34 1.35 1.35 1.34
CGG 0.45 0.44 0.43 0.45 0.43 0.44 0.45 0.43 Pro CCA 1.08 1.08 1.06 1.08 1.08 1.09 1.08 1.08
CGU 1.32 1.32 1.31 1.3 1.33 1.32 1.32 1.338 CCC 0.74 0.74 0.76 0.78 0.77 0.77 0.77 0.77
Asn AAC 0.47 0.47 0.48 0.48 0.47 0.48 0.48 0.47 CCG 0.61 0.61 0.62 0.6 0.63 0.62 0.61 0.63
AAU 1.53 1.53 1.52 1.562 1.63 1.62 1.52 1.53 CCu 1.57 1.67 1.56 1.54 1.63 1.62 1.54 1.53
Asp GAC 0.42 0.42 0.42 0.42 0.41 0.41 0.41 0.42 Ser AGC 0.43 0.43 0.44 0.44 0.42 0.42 0.43 0.43
GAU 1.68 1.58 1.58 1.58 1.59 1.59 1.59 1.58 AGU 1.14 1.14 1.15 1.15 1.14 1.15 1.14 1.13
Cys UGC 0.58 0.58 0.58 0.57 0.6 0.61 0.6 0.61 UCA 1.2 1.19 1.22 1.21 1.19 1.18 1.19 1.19
uGuU 1.42 1.42 1.42 1.43 1.4 1.39 1.4 1.39 ucC 0.94 0.95 0.94 0.94 0.96 0.97 0.95 0.96
GIn CAA 1.53 1.53 1.562 1:51 1:52 1.62 1.51 1.62 UcG 0.65 0.66 0.63 0.62 0.64 0.65 0.65 0.64
CAG 0.47 0.47 0.48 0.49 0.48 0.48 0.49 0.48 UCuU 1.63 1.63 1.61 1.63 1.65 1.63 1.64 1.64
Glu GAA 1.47 1.47 1.46 1.47 1.47 1.47 1.48 1.48 Thr ACA 1.21 1.21 1.22 1.22 1.21 1.22 1.22 1.21
GAG 0.53 0.53 0.54 0.563 0.53 0.53 0.52 0.52 ACC 0.74 0.75 0.74 0.73 0.71 0.71 0.71 0.71
Gly GGA 1.53 1.52 1.62 1.52 1.57 1.57 1.57 1.57 ACG 0.54 0.53 0.53 0.53 0.58 0.56 0:57 0.58
GGC 0.5 0.5 0.51 0.51 0.52 0.52 0.52 0:52 ACU 1.562 1.51 1.61 1.62 1.5 1.51 1.5 1.5
GGG 0.74 0.75 0.75 0.74 0.69 0.69 0.7 0.69 Tp UGG 1 1 1 1 1 1 1 1
GGU 1.23 1.23 1.22 1.23 1.22 1.22 1.22 1.22 Tyr UAC 0.44 0.44 0.42 0.41 0.42 0.42 0.42 0.42
His CAC 0.47 0.47 0.47 0.47 0.47 0.47 0.48 0.47 UAU 1.56 1.56 1.58 1.59 1.68 1.58 1.58 1.68
CAU 1.63 1.53 1.53 1.53 1.53 1.53 1.62 1.53 Val GUA 1.41 1.41 1.41 1.41 1.39 1.41 1.41 1.4
Leu CUA 0.85 0.84 0.85 0.84 0.84 0.85 0.85 0.84 GUC 0.58 0.58 0.58 0.59 0.59 0.58 0.58 0.58
CucC 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.42 GUG 0.54 0.54 0.54 0.54 0.54 0.53 0.53 0.54
CcuG 0.38 0.38 0.41 0.4 0.42 0.41 0.41 0.42 GUU 1.46 1.47 1.46 1.46 1.48 1.48 1.48 1.48
CuUuU 1.27 1.27 1.25 1.25 1.27 1.27 1.28 1.27 Stop UAA 1.68 1.68 1.74 1.74 1.63 1.68 1.63 1.63
UUA 1.87 1.87 1.86 1.87 1.86 1.86 1.85 1.85 UAG 0.74 0.74 0.63 0.63 0.79 0.74 0.79 0.74
uuG 1.22 1.23 1.22 1.22 1.2 1.2 1.2 1.19 UGA 0.58 0.58 0.63 0.63 0.58 0.58 0.58 0.63
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Species Strains Section Plastome Size IR (bp) LSC (bp) SSC (bp) Number of genes GC content (%;
Information (bp) (PCGs/tRNA/rRNA) IR/LSC/SSC)

A. batizocoi Pl 298639 Arachis 156,340 25,781 85,846 18,932 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. cardenasii Pl 475996 Arachis 156,394 25,824 85,946 18,800 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. cardenasii Pl 476014 Arachis 156,410 25,825 85,958 18,802 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. cruziana PI 476003 Arachis 156,364 25,785 85,851 18,943 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. decora Grif 7721 Arachis 156,247 25,757 85,739 18,994 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. diogoi Pl 276235 Arachis 156,377 25,824 85,933 18,796 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. duranensis Pl 475844 Arachis 156,392 25,824 85,948 18,796 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. duranensis Pl 468200 Arachis 156,424 25,824 85,964 18,812 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. duranensis Pl 468323 Arachis 156,433 25,824 85,968 18,817 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. duranensis Pl 219823 Arachis 156,383 25,825 85,937 18,796 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. glandulifera Pl 468336 Arachis 156,363 25,774 85,870 18,945 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. herzogii Pl 476008 Arachis 156,420 25,825 85,962 18,808 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. hoehnei Grif 7682 Arachis 156,379 25,824 85,942 18,789 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. hypogaea var. fastigiata P1493938 Arachis 156,384 25,825 85,938 18,796 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. hypogaea var. hirsuta Bajisitanhuapi Arachis 156,387 25,825 85,942 18,795 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. hypogaea var. hypogae Lainongzao Arachis 156,387 25,825 85,942 18,795 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. hypogaea var. peruviana ~ NcAc17090 Arachis 156,387 25,825 85,942 18,795 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. hypogaea var. vulgaris Yiya Arachis 156,384 25,825 85,938 18,796 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. ipaensis - Arachis 156,394 25,776 85,904 18,938 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. kempff-mercadoi Pl 468330 Arachis 156,429 25,824 85,965 18,816 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. microsperma Pl 674407 Arachis 156,326 25,787 85,939 18,813 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. monticola Pl 263393 Arachis 156,388 25,824 85,945 18,795 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. monticola PI 219824 Arachis 156,388 25,824 85,945 18,795 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. palustris Pl 666093 Arachis 156,220 25,827 85,750 18,907 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. simpsonii Grif 14534 Arachis 156,385 25,824 85,941 18,796 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. trinitensis PI 666101 Arachis 156,354 25,776 85,860 18,941 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. valida Pl 666103 Arachis 156,369 25,774 85,877 18,944 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. villosa Pl 298636 Arachis 156,464 25,824 85,958 18,858 109 (76/29/4) 36.4 (42.9/33.8/30.2)
A. pintoi - Caulorrhizae 156,311 25,757 85,736 18,970 109 (76/29/4) 36.4 (42.9/33.9/30.3)
A. dardonoi - Heteranthae 156,630 25,857 85,990 18,926 109 (76/29/4) 36.3 (42.9/33.8/30.2)
A. pusilla Pl 497572 Heteranthae 156,476 25,862 85,889 18,863 109 (76/29/4) 36.3 (42.9/33.8/30.2)
A. rigonii PI 262142  Procumbentes 156,476 25,862 85,889 18,863 109 (76/29/4) 36.3 (42.9/33.8/30.2)
A. glabrata Pl 468366 ~ Rhizomatosae 156,428 25,824 85,969 18,811 109 (76/29/4) 36.4 (42.9/33.8/30.2)
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0.010157691
0.078953692
0.00294515
0.012239361
0.005201259
0.032581423
0.221236177
0.002555524
0.110829884
0.227066948
0.121462593
0.010670819
0.090571368

0
0.043530715
0.08243898
0.002966263
0.027526025
0.159009405
0.111218686
0.00145059
0.001678635
0.046007176

0

0
0.030198482
0.068394632
0.008809839

Ks

0.041483262
0.044895994
1.042093598
0.044162866
0.37203022

0.030413524
0.041468956
0.040182906
0.098093352
0.412846079
0.002299293
0.357277495
0.444887909
0.359390179
0.008999527
0.401754117
0.002297972
0.059247855
0.379636239
0.002308582
0.029670124
0.324757398
0.34816119

0.004628751
0.01382926

0.349474957
0.004594195
0.004611852
0.036981567
0.369738838
0.019963568

Ka/Ks

0.397105071
0.426962539
0.43069321
0.23000525
0.212223868
0.096836869
0.295145138
0.129439599
0.332147107
0.535880533
1.111439207
0.310206731
0.510391368
0.337968593
1.185708825
0.2254398

0
0.734722203
0.217152556
1.2848851
0.927735441
0.489625195
0.319445962
0.313386833
0.121382884
0.13164656

0

0
0.816581995
0.184980924
0.441295826

Duplicate

Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
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ID Name Forward primer Reverse primer

Ghir_D12G011600.1  GhKEA4-156 ~ AAGGTTACCGAATTCTCTAGAATCAAA CCTGTCATTGC GAGCTCGGTACCGGATCCACATCGTGCAGCTCAAAA
Ghir_A06G009360.1  GhKEA12-156 AAGGTTACCGAATTCTCTAGAATTTGCTTGTGCTGGACAAC GAGCTCGGTACCGGATCCAGAAATACACCAACAAATACACC
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ID

Ghir_A08G013810.1
Ghir_A12G011370.1
Ghir_D08G014670.1
Ghir_D12G011600.1
Ghir_D02G024430.1
Ghir_A03G023000.1
Ghir_D13G021510.1
Ghir_A13G020690.1
Ghir_A07G004510.1
Ghir_D06G009670.1
Ghir_A08G025770.1
Ghir_A06G009360.1
Ghir_D08G026630.1
Ghir_D07G004540.1
Ghir_A07G015190.1

Name

GhKEA1
GhKEA2
GhKEA3
GhKEA4
GhKEA5
GhKEAG
GhKEA7
GhKEA8
GhKEA9
GhKEA10
GhKEA11
GhKEA12
GhKEA13
GhKEA14
GhKEA15

Forward primer

CGTGCACTGGACCTTCCTGTTT
GGGGATTTCAATGGCCCTCACA
TAGAAAAGGCTGGTGCTACGGC
TTTAGGTCTCGCCATCTTGCGG
AGGGCTGCTGATTTCGTTGACA
AAGCCGGTGCAACAGATGCAAT
ATCGAGCAGATGATGCACCGAC
TTTGCTGCTCTTTTCCTCGCCA
GCGAAGGGAGCATTGCCAAAAT
CAACATGCTTCACGGCCAAGTC
TCTTAGTTTGGTGACTACT
ACCGAAGGACGGTACTTTTGCC
GATGCTCATTTTCCGGGT
TGGCGATTTGCTCCTCGAGA
AGGTTAAGTTCCATGAAG

Reverse primer

CTGCAGCACATGCTCTTTCAGC
ATCAAGGGCAACGAATGG
CGTTGATCGTTGCCGCAATCTC
TTATCGTCCGAAGAATCCGGCG
CAGAAGCAAGCGGAGTCGACAA
AGCCTTATCGATTCTCGCCTGC
AAAAGCAATGCCACCGCATGTT
GTTGTGCCCAGAAGTAGCAGGT
GCTACAGTCTCCAGTACAGCTTGC
AGGAAGGCCTGTACGGGACAAT
GAATGGCAATGCGGCATC
GTCTTCACTCTGGCCACGGTTT
TTAAGAAATTGGCAGTAAAAGT
GCCGGTACCCGTCACCGA
ACTTAGTTACCTGCAGGA
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