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Abstract

:

The genus Rorippa belongs to the family Brassicaceae, and its members usually have high medicinal value. The genus consists of approximately 75 species and mainly grows in the Northern Hemisphere, occurring in every continent except Antarctica. The taxonomy and phylogenetic relationships of Rorippa are still unsettled, largely due to complex morphological variations in Rorippa, which were caused by frequent hybridization events. Here, we sequenced four complete plastid genomes of Rorippa species by Illumina paired-end sequencing. The four new plastid genomes of Rorippa ranged in total size from 154,671 bp for R. palustris to 154,894 bp for R. sylvestris. There are 130 genes in the four plastomes, embodying 8 rRNA, 37 tRNA, and 85 protein-coding genes. Combining with six published plastid genomes, we carried on comparative and phylogenetic analyses. We found that the ten Rorippa plastid genomes were conservative in gene number and order, total size, genomic structure, codon usage, long repeat sequence, and SSR. Fourteen mutational hotspot regions could be selected as candidate DNA barcoding to distinguish Rorippa plants. The phylogenetic trees clearly identified that ten Rorippa species displayed monophyletic relationships within the tribe Cardamineae based on plastomes and nrDNA ITS sequences. However, there are significant cytonuclear discordances in the interspecific relationships within Rorippa, as well as the intergeneric relationships between Rorippa and its related genera. We inferred that the cytonuclear discordance is most likely a result of interspecific hybridization within Rorippa, as well as intergeneric hybridization with its related genera. These plastid genomes can offer precious information for studies of species authentication, evolutionary history, and the phylogeny of Rorippa.
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1. Introduction


The genus Rorippa Scopoli, consisting of approximately 75 species, usually has yellow flowers (Figure 1) in the family Brassicaceae [1,2]. It mainly grows in the Northern Hemisphere and occurs on every continent except Antarctica [1]. The taxonomy and phylogenetic relationships of Rorippa are still unsettled, largely due to complex morphological variations in Rorippa, which were caused by frequent hybridization events [3,4]. The molecular phylogeny of Rorippa has been explored by DNA evidence from the matK gene, rbcL gene, trnL-trnF spacer, trnT-trnL spacer, and trnL intron of the plastid genome, as well as the ITS and Chs gene of the nuclear genome, while the relationship with its related genera is still unclear [3,5,6,7]. Perhaps due to a few specific fragments of DNA with limited phylogenetic signals, it therefore heavily inhibited the studies of phylogenetic relationships of Rorippa. Currently, with the advent of high-throughput sequencing, it has become comparatively easy to obtain the whole plastid genome, and a growing number of plastomes in Brassicaceae have been published and applied in phylogenomic studies, such as Cardamine [8], Camelina [9], Erysimum [10]. Thus, we tend to utilize the plastid genome to deduce a robust phylogenetic framework of Rorippa with respect to Brassicaceae, which not only can clarify the evolutionary relationships of Rorippa but can also provide strong evidence for the taxonomic studies of this genus.



The Rorippa species has a long history of medicinal use by the Chinese people, owing to the medicinal value of its members. For example, some valuable medicinal components have been found in R. indica and several other Rorippa plants, including isothiocyanates, glucosinolates, flavonoids, and roripamine [11,12]. Moreover, as a traditional medicine in China, the dried whole-plant material of R. indica has the effects of being anti-cough, anti-fever, anti-inflammatory, and having diuretic properties; additionally, it helps blood circulation and rheumatoid arthritis [11]. Recently, owing to the development and utilization of medicinal plants, the identification of wild species is especially important. However, it is difficult to identify the species within the genus Rorippa because of hybridization, and morphologically intermediate taxa have been found [13]. As a consequence, exploitation of more discriminating DNA markers for species identification of Rorippa is urgently needed in order to guarantee the quality of medicinal materials.



Plastid is a key organelle in plant cells, and it involves in photosynthesis and other biochemical pathways [14]. In most land plants, the plastid genome (plastome) has a relatively conservative circular DNA arrangement with a length of 115–165 kb, embodying four typical regions: small single-copy (SSC) regions of 15–20 kb, two inverted repeats (IRs) of 22–25 kb, and large single-copy (LSC) 82–90 kb [15]. In the plastome, gene content and gene order have been thought to be conserved, normally comprising 110–130 distinct genes [16]. However, rearrangement, large inversions, gene losses, and expansion or contraction of IRs have been documented in their evolution of the plastomes in many angiosperms [17,18,19,20]. For instance, the accD, ccsA, clpP, infA, ycf1, and ndh complexes have been lost in some plant lineages [19,21,22]. In addition, the IR regions of some species, such as Cephalotaxus oliveri [23], Taxus chinensis var. mairei [24], Passiflora [25], and some species of Geraniaceae and papilionoid legumes [26,27] showed complete or partial losses. For its slow evolutionary rates, conservative genomic structure, and uniparentally inherited nature of plastomes, the sequences are commonly used as an effective tool for DNA barcoding, evolutionary and phylogenetic studies of plant lineage. For example, the complete plastome sequences as super-barcodes in Stipa were much more effective than multi-locus DNA barcodes from plastomes [28]. The phylogenetic relationships and diversification history of Rosaceae were revealed by plastid phylogenomics [29]. A robust molecular phylogeny of Lamiaceae was provided by 79 plastid protein-coding genes and recognized three new tribes [30].



In the present study, we sequenced the plastomes of four Rorippa plants (R. globosa, R. indica, R. palustris, and R. sylvestris) (Table S1) and conducted an in-depth analysis with previously published six plastomes, which is the first comprehensive analysis of Rorippa plastomes. The purposes were (1) to present the newly obtained complete plastid genomes of four Rorippa plants; (2) to compare the whole structures of all ten Rorippa plastomes; and (3) to improve our understanding of the phylogenetic position of Rorippa within Brassicaceae based on plastome sequences.




2. Materials and Methods


2.1. Plant Materials, DNA Extraction, and Sequencing


Four species distributed in China, R. globosa, R. indica, R. palustris, and R. sylvestris, were field-collected (The sampling information of four Rorippa species in this study was shown in Table S1). Voucher specimens of four Rorippa species were stored in the herbarium of the Xi’an Botanical Garden of the Shaanxi Province (XBGH) (Xi’an, China) (Table S1). Fresh and healthy leaves from the Rorippa plants were sampled and immediately dried with silica gel. Total genomic DNA was isolated from leaf material according to a modified CTAB method [31] at Novogene (Tianjin, China). The quantities and qualities of genomic DNA were checked on an Agilent BioAnalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Total genomic DNA was used to construct a sequencing library following the manufacturer’s protocol. Paired-end (PE) sequencing libraries with an insert size of 500 bp were sequenced on an Illumina NovaSeq sequencing platform (Illumina, San Diego, CA, USA). Sequencing produced a total of 3.19–3.7 Gb of raw data per species. The complete plastomes of R. amphibian (ON411624), R. cantoniensis (NC_070424), R. dubia (NC_070412), R. mexicana (ON892569), R. sessiliflora (ON892599), and R. teres (ON892567) were recovered to carry on a comparative analysis with these four species.




2.2. Genome Assembly and Annotation


Firstly, clean data were obtained by removing low-quality reads and adaptors using fastP (-n 10 and -q 15) [32]. Then, de novo plastid genome assembly from the clean data was accomplished by GetOrganelle v1.7.2 (-k 21, 45, 65, 85, 105 and -R 15) [33]. Finally, we annotated the complete plastomes of four Rorippa species using a GeSeq tool [34], coupled with manually corrected plastid protein-coding genes by Geneious v9.0.2 software (Biomatters Ltd., Auckland, New Zealand) according to its congeneric species. After annotation, the four Rorippa plastomes were submitted to the GenBank (PP297065–PP297068). The gene map was constructed by the OrganellarGenomeDRAW tool v1.3.1 [35]. Furthermore, the complete or partial nrDNA (18S-ITS1-5.8S-ITS2-26S) sequences of the four species were also assembled by GetOrganelle v1.7.2 (-k 35, 85, 115 and -R 10) [33] and then uploaded to the GenBank (PP329011–PP329014).




2.3. Codons and Repeat Sequences Analyses


MEGA 6 [36] software was used to analyze the codon usage bias of the plastid protein-coding genes with CDS lengths greater than 300 bp, and the heatmap was produced using TBtools v1.0.0 [37]. The long repetitive sequences comprising palindromic, forward, complementary, and reverse repeats were determined by REPuter [38] (minimum repeat size = 30 bp and Hamming distance = 3). Perl script MISA [39] was used to detect simple sequence repeats (SSRs) in each species, and the minimum numbers of SSRs were set as ten for mononucleotide repeat, five for dinucleotide repeat, four for trinucleotide repeat, and three for tetra-, penta-, and hexanucleotide repeats.




2.4. Comparative Plastid Genomic Analysis


The IR/SC boundaries of ten Rorippa plastomes were compared to elaborate the expansion and contraction of IR regions. The sequence identity of the ten Rorippa plastome sequences was analyzed by mVISTA [40]. The plastome regions with an aligned length of over 200 bp were extracted, and the nucleotide diversity (Pi) was then computed with DnaSP v5.1 [41]. Ten plastid genomes rearrangement analysis of Rorippa species were conducted by whole genome alignment in Mauve [42].




2.5. Phylogenetic Analysis


We used 54 complete plastomes and corresponding 54 nrDNA ITS sequences from Brassicaceae to explore the phylogenetic position of Rorippa. Among them, two Aethionema species (Aethionema cordifolium and A. grandiflorum) were used as the outgroups, while the 76 shared plastid protein-coding genes and 54 nrDNA ITS sequences were used to carry on the phylogenetic analyses. PhyloSuite v1.2.2 [43] was used to extract the 76 shared plastid protein-coding genes. MAFFT v.7 [44] with—auto option was used to obtain the multi-sequence alignments for each gene. TrimAl v. 1.2 [45] with automated1 option was used to trim these alignments. After trimming, the 76 shared plastid protein-coding genes were concatenated using PhyloSuite v1.2.2 [43].



RAxML v8.2.8 [46] was used to conduct the maximum likelihood (ML) analyses with 1000 bootstrap replicates and a GTRGAMMA model. Modeltest v3.7 [47] was used to determine the optimal nucleotide substitution model. The optimal models for plastomes and nrDNA ITS sequences in Bayesian inference (BI) analyses were GTR + I + G and SYM + I + G, respectively. The BI analyses were performed by MrBayes v3.1.2 [48]. Markov chain Monte Carlo (MCMC) runs were initiated with a random tree for 5,000,000 generations sampling every 100 generations, with the first 25% of trees being discarded. Convergence of the MCMC chains was examined when the average standard deviation of split frequencies (ASDSF) was below 0.01.





3. Results


3.1. Plastid Genome Features


The genomic DNA was sequenced by the Illumina NovaSeq sequencing platform yielding the raw data of R. globosa (3.19 Gb), R. indica (3.7 Gb), R. palustris (3.66 Gb), and R. sylvestris (3.39 Gb), respectively. The raw data were trimmed by removing low-quality reads and adaptors to obtain the clean data. Additionally, 3,910,034 (R. globosa), 3,371,680 (R. indica), 4,862,786 (R. palustris), and 8,634,650 (R. sylvestris) clean reads were used to assemble the four plastomes (Table 1). The coverage depth of the assembled plastome ranged from 408.1× (R. indica) to 422.9× (R. palustris) (Table 1). All four new Rorippa plastomes were similar to other species in Brassicaceae [49]. The four new plastomes of Rorippa ranged in total size from 154,671 bp for R. palustris to 154,894 bp for R. sylvestris (Figure 1; Table 1). The four Rorippa plastomes presented a classical quadripartite structure, being composed of two copies of IRs (26,474–26,495 bp) split by an SSC (17,998–18,005 bp) region and an LSC (83,707–83,899 bp) region (Table 1).



The plastome sizes, gene number, GC content, and other information of all ten Rorippa species are shown in Table 1. The discrepancies between the plastome sizes of the ten Rorippa species did not exceed 1115 bp. The overall GC% of the ten plastomes was similar (36.3–36.4%). The GC% was distributed unevenly in different regions of the ten plastomes, displaying as higher in the IR regions (42.32% on average) than in the LSC regions (34.06% on average) and SSC regions (29.2% on average) (Table 1). The plastomes of the ten Rorippa species contained 130 genes, embodying 8 rRNA, 37 tRNA, and 84–85 protein-coding genes (Figure 1; Table 1 and Table S2). The rps16 gene in R. dubia and R. mexicana plastome was identified as a pseudogene (Table 1 and Table S2). Additionally, eighteen genes were duplicated, embodying 4 rRNA genes and 14 other genes (Figure 1; Table 1 and Table S2).




3.2. Codon Use Preference Analysis


In total, 21,276–21,302 codons of the 53 CDS genes were encoded in the ten plastomes of Rorippa (Table S3). The RSCU value for each species displayed similar codon preference in the 64 codons of the 53 CDSs (Table S3). As a result, 30 of them were used frequently (RSCU > 1); 32 of them were used infrequently (RSCU < 1); and two of them displayed no preferences (RSCU = 1) (Figure 2; Table S3). Among the preferred codons, 29 of them were A/U-ended, except UUG (Figure 2; Table S3). Among the three stop codons, UAA was encoded to be more bountiful than UAG and UGA, thus exhibiting higher preferences. There were no rare codons (RSCU < 0.1) discovered in the CDS genes of the ten Rorippa plastomes. Cys was encoded by 243–247 codons (243–247), whereas Leu was encoded by 2242–2247 codons (Table S3).




3.3. Long Repeat Sequences and SSR Analyses


Repeat sequences with a length of at least 30 bp in ten Rorippa plastomes were detected (Figure 3). There are a total of 303 long repeat sequences composed of 207 forward, 141 palindromic, 12 reverse, and 10 complement repeats (Figure 3; Table S4). Among the ten Rorippa plastomes, R. sylvestris had the most long repeats (with 45), while R. teres had the least long repeats (with 32) (Figure 3A). The long repeat sequences with a length of 30–40 bp were the most common in the ten Rorippa plastomes (Figure 3B).



SSRs in the plastomes of ten Rorippa species were detected (Figure 4). The number of SSRs in the ten Rorippa plastomes was 102 (R. mexicana)-111 (R. sessiliflora) (Figure 4A; Table S5). The richest SSRs were mononucleotide repeats (748, 71.04%), followed by dinucleotides (188, 17.85%), tetranucleotides (76, 7.22%), and trinucleotides (32, 3.04%). The pentanucleotides and hexanucleotides proved to be very rare across the ten Rorippa plastomes (Figure 4A; Table S5). The richest SSRs were A and T nucleotide repeats (such as A/T, AT/AT, AAT/ATT, AAAT/ATTT, AATT/AATT, AAAAT/ATTTT, AATAT/ATATT, and AAATAT/ATATTT motifs), which accounted for 96.11% of the total (Figure 4B).




3.4. Comparisons of the Plastomes in Rorippa


The ten Rorippa plastomes exhibited high levels of structural conservation. The IR regions of the ten Rorippa plastomes are the most conserved, ranging from 26,474 bp (R. indica) to 26,541 bp (R. sessiliflora). The IR boundary regions varied very slightly in ten Rorippa species (Figure 5). The LSC/IRb borders expanded 113 bp into rps19 gene in all ten Rorippa plastomes. The SSC/IRb borders expanded 2 bp or 3 bp into the ycf1 genes in the ten Rorippa plastomes, whereas the ndhF gene overlapped with the SSC/IRb border by 27–37 bp. Spanning the SSC/IRa borders, the ycf1 genes were situated in the IRa and SSC regions with 1026–1027 bp and 4352–4382 bp. The trnH and rpl2 genes were 3 bp and 167 bp away from the IRa/LSC borders in all ten Rorippa plastomes. Moreover, no rearrangement occurred in the ten Rorippa plastomes (Figure S1).




3.5. Genomes Sequence Divergence among Rorippa Species


The sequence identity of the ten Rorippa plastome sequences was analyzed by using R. indica as a reference (Figure S2). The high sequence similarity among the ten plastomes was discovered (Figure S2). Expectantly, non-coding regions and single-copy regions were less conservative than coding regions and IR regions (Figure S2). We also computed the Pi value for 150 regions (Figure 6; Table S6) and obtained the same conclusion as above. In coding regions, the mean Pi value was 0.003758. Due to a higher Pi value (>0.01), two highly variable regions (matK and ycf1b) were found, and the Pi value of the ycf1 gene was the highest (0.01146) (Figure 6; Table S6). The mean Pi value of the non-coding regions (including intergenic spacers and introns) (0.011816) was higher than that in the coding regions. We also found twelve highly variable non-coding regions with a higher Pi value (>0.02), namely ndhE-ndhG, trnD-GUC-trnY-GUA, trnE-UUC-trnT-GGU, psbZ-trnG-GCC, trnK-UUU-rps16, psbE-petL, petL-petG, rps16-trnQ-UUG, psbK-psbI, rpl32-trnL-UAG, trnF-GAA-ndhJ and trnH-GUG-psbA, and the Pi value of the rpl32-trnL-UAG region was highest (0.036942) (Figure 6; Table S6). The mean Pi values in the LSC, IR, and SSC were 0.003852, 0.001177, and 0.005283 in the coding regions, whereas the values in the non-coding regions were 0.0135, 0.001831, and 0.017483, respectively (Table S6).




3.6. Phylogenetic Analysis


We used 54 complete plastomes and corresponding 54 nrDNA ITS sequences from Brassicaceae to explore the phylogenetic position of Rorippa (Figure 7; Table S7). Aethionema cordifolium and A. grandiflorum were used as the outgroups. We found a cytonuclear discordance between the tribes of Brassicaceae in two datasets, which was similar to prior studies [50,51]. As for Rorippa, the phylogenetic trees clearly identified that the ten Rorippa species displayed monophyletic relationships within the tribe Cardamineae based on the plastomes and nrDNA ITS sequences. However, there is also significant cytonuclear discordance in the intergeneric relationships between Rorippa and its related genera, as well as the interspecific relationships within Rorippa.



For the phylogenetic analyses of plastid protein-coding sequences, the BI and ML trees exhibited the identical topology (Figure 7A). Almost all of the phylogenetic relationships inferred from 76 shared plastid protein-coding sequences obtained strong support (the range of the support values is 64/0.96–100/1) (Figure 7A). The phylogenetic trees clearly recognized that ten Rorippa species were closely related to Barbarea (Figure 7A). Two clades were recognized in Rorippa with high support (96/1) (Figure 7A). One clade included six Rorippa species, among which R. globosa and R. palustris togethered with R. amphibia and R. sylvestris, then clustered with R. indica and R. dubia. Other clades included four Rorippa species, among which, R. teres and R. sessiliflora togethered with R. mexicana, then clustered with R. cantoniensis.



For the phylogenetic analyses of 54 nrDNA ITS sequences, the tree topologies obtained from BI and ML methods were slightly inconsistent (Figure 7B). The phylogenetic trees identified that ten Rorippa species were closely related to Armoracia (Figure 7B). Three clades were recognized in Rorippa (Figure 7B). One clade included four Rorippa species with low support values, among which R. globosa and R. dubia togethered with R. palustris and then clustered with R. sylvestris. Other clades included four Rorippa species with strong support, among which R. amphibia and R. mexicana togethered with R. sessiliflora and R. teres. The remaining two species (R. indica and R. cantoniensis) formed the third clade.





4. Discussion


4.1. Plastome Evolution of Rorippa


In this study, we obtained four Rorippa plastomes and then compared with the six published plastid genomes of Rorippa. The ten Rorippa plastomes showed conserved gene numbers and orders. All of them contained 130 genes, embodying 8 rRNA, 37 tRNA, and 84–85 protein-coding genes. The rps16 gene in R. dubia and R. mexicana plastome was identified as a pseudogene (it is not uncommon for the rps16 gene to be a pseudogene or absent in plant lineage) [22,52]. In Brassicaceae, the rps16 gene is in a state of flux with fully functional forms in some species and pseudogenes in others [49,53]. Additionally, the Rorippa plastome structure was also highly conserved, and no rearrangement occurred. Like those of most angiosperms, the ten Rorippa plastomes have a quadripartite structure, comprising one SSC and LSC, as well as two copies of IR regions [15]. The contraction and expansion of the IR regions often occur in the plastome evolution [54,55]. The LSC/IRb (IRa) borders are completely consistent across the ten Rorippa plastomes; meanwhile, the SSC/IRb (IRa) borders undergo slight changes. The discrepancies between the plastome sizes of the ten Rorippa species were no greater than 1115 bp. Prior studies showed that the total size of the plastome is often determined by the expansion and contraction of the IRs [56,57]. Therefore, we speculated that the unconspicuous difference in the total size of the ten Rorippa plastomes is owing to the small expansion and contraction of the IR regions.



Codons play a vital role in delivering genetic information, as they are used for translating mRNA into proteins [58]. All the amino acids can be encoded by two or more codons, except for Methionine and Tryptophan. Synonymous codons can encode the same amino acid, while the usage frequency varies in different species [59]. The different usage frequencies of synonymous codons are known as the codon usage bias (CUB). The CUB could be affected by genetic drift, natural selection, and mutation [60,61]. Thus, the study of CUB will promote the understanding of the molecular evolution of the plastome of Rorippa species. Ten Rorippa plastomes had the same codon usage patterns, embodying 61 amino acid codons and three stop codons. Most of the preferred codons ended in A/U, which is accord with a great many of angiosperms plastomes, such as Primula [62], Phalaenopsis [63], and Stephania tetrandra [64]. The preferred codons usually ending with A/U might be determined by the high AT content in the plastomes [65]. Leu was encoded by the most codons; however, the codon preference order was slightly different from that of Allium [66], Ligusticum [67], and most Geraniaceae species [26]. In conclusion, the study of codon usage can be deepened by our understanding of the evolutionary history of Rorippa.



Long repeat sequences present widely throughout the plastid genome and play essential roles in sequence variation and genome rearrangements [17]. In total, we detected 303 long repeat sequences of four types in the ten plastomes, finding that the number of these repeat types was similar. Among them, the majority of the repeats were 30–40 bp, and palindromic and forward types accounted for the highest proportion, as in previous studies [8,62]. Simple sequence repeats are widely served as molecular markers for population genetic analyses, polymorphism identification, and taxonomic analyses [68]. Here, we identified the SSRs in the ten Rorippa species, ranging from 102 to 111, which is comparable to other Brassicaceae in numbers [69,70]. The number of poly (G)/(C) SSRs in the Rorippa plastome is significantly less than that of poly (A)/(T), which agrees with the results of other taxa [71]. The cpSSRs identified in the Rorippa species are helpful for developing lineage-specific markers for evolution and genetic analyses of this genus.



The mVISTA results showed high sequence similarity across the ten plastomes. The non-coding regions and SC regions were less conservative than coding regions and IR regions, which was confirmed by many Brassicaceae plants [8,72]. The hypervariable regions can serve as potential DNA markers for species identification [73]. Fourteen regions with the highest Pi value have been selected, which might be used as potential cpDNA barcode sequences for Rorippa species. Of these, the matK gene with sufficient variant sites has been recognized as a core plant barcode for species discrimination [74]. Some studies have shown that the highly variable ycf1 gene can become the DNA barcoding of land plants [75]. The intergenic spacers, such as psbK-psbI, psbE-petL, trnE-UUC-trnT-GGU, psbZ-trnG-GCC, rps16-trnQ-UUG, rpl32-trnL-UAG, trnK-UUU-rps16, trnF-GAA-ndhJ, and trnH-GUG-psbA, have been ascertained in Quercus [76], Rehmannia [77], Polygonaceae [78], Rhinantheae [79], and Ligusticum [67].




4.2. Phylogenetic Relationship of Rorippa


Phylogenetic incongruence between the biparentally inherited nuclear DNA and maternally inherited plastid dataset has been observed in many plant lineages [67,72,80]. Here, we found multiple instances of cytonuclear discordance between our ITS and plastome trees that agree with the results of a recent study [51]. As we all know, there is rampant hybridization in Brassicaceae; therefore, we inferred that cytonuclear discordance between the two datasets is most likely a result of distant hybridization among closely and more distantly related lineages [51].



Likewise, there is also significant cytonuclear discordance in the intergeneric relationships between Rorippa and its related genera, as well as the interspecific relationships within Rorippa. Many studies have confirmed that interspecific hybridization has occurred in the genus Rorippa [4,13]. Therefore, we inferred that the discordance is most likely a result of interspecific hybridization within Rorippa and intergeneric hybridization with its related genera. The phylogenetic trees clearly identified that ten Rorippa species displayed monophyletic relationships within the tribe Cardamineae based on plastomes and nrDNA ITS sequences. Furthermore, the tribe Cardamineae also comprises the genera Barbarea, Armoracia, Cardamine and Nasturtium, which agrees with previous molecular data [81]. Compared with nrDNA ITS data, our plastome data inferred well-supported relationships of Rorippa. The genus Rorippa is closely related to Barbarea in the plastome tree, which is in accord with the result based on a few DNA marks [6]. Nevertheless, it is hard to compare the interspecific relationships of Rorippa species to the previous phylogenetic studies on the limited Rorippa species included in this study; therefore, more species should be added to the future phylogenetic studies of Rorippa. In addition, due to the frequent hybridization of Rorippa, the evolutionary history of the species is complex. Therefore, it is necessary to introduce more nuclear gene data to explore the phylogenetic relationships of Rorippa. In short, our study based on plastomes provides a precious resource that should promote the phylogeny, taxonomy, and evolutionary history studies of Rorippa.





5. Conclusions


Here, the complete plastid genomes of R. globosa, R. indica, R. palustris, and R. sylvestris were assembled and then compared with six published Rorippa species. Results of this study showed that the ten Rorippa plastomes were conservative in gene number and order, as well as total size, genomic structure, codon usage, long repeat sequence, and SSR. Fourteen mutational hotspot regions (matK, ycf1b, ndhE-ndhG, trnD-GUC-trnY-GUA, trnE-UUC-trnT-GGU, psbZ-trnG-GCC, trnK-UUU-rps16, psbE-petL, petL-petG, rps16-trnQ-UUG, psbK-psbI, rpl32-trnL-UAG, trnF-GAA-ndhJ, and trnH-GUG-psbA) could be recognized as candidate DNA barcoding to distinguish Rorippa plants. Phylogenetic analyses based on plastid genomes and nrDNA ITS sequences showed that ten Rorippa species were monophyletic within the tribe Cardamineae. However, there are significant cytonuclear discordances in the interspecific relationships within Rorippa, as well as the intergeneric relationships between Rorippa and its related genera. We inferred that these discordances are most likely a result of interspecific hybridization within Rorippa and intergeneric hybridization with its related genera.
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Figure 1. Gene map of four newly sequenced Rorippa plastomes. The gray arrows indicate the direction of transcription. The innermost darker gray represents the GC content of the plastome. 






Figure 1. Gene map of four newly sequenced Rorippa plastomes. The gray arrows indicate the direction of transcription. The innermost darker gray represents the GC content of the plastome.



[image: Agronomy 14 00913 g001]







[image: Agronomy 14 00913 g002] 





Figure 2. The RSCU values of 53 merged protein-coding sequences for ten Rorippa plastomes. Color key: the red values indicate higher RSCU values and the blue values indicate lower RSCU values. 
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Figure 3. Long repeat sequences in the ten Rorippa plastomes. (A) Total numbers of four repeat types. (B) Number of different repeat lengths. F: forward repeats, P: palindromic repeats, R: reverse repeats, C: complementary repeats. 
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Figure 4. Simple sequence repeat (SSR) in the ten Rorippa plastomes. (A) Total numbers of SSRs. (B) Number of SSR motifs. 
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Figure 5. The SC/IR border regions of the ten Rorippa plastomes. This figure is not to scale. 
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Figure 6. The nucleotide diversity (Pi) of coding (A) and non-coding (B) regions with an aligned length of over 200 bp within the ten Rorippa plastomes. 
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Figure 7. Phylogenetic relationships of Rorippa species inferred by 76 shared plastid protein-coding sequences (A) and 54 nuclear ribosomal internal transcribed spacer (ITS) sequences (B). The numbered-above nodes are Maximum-likelihood bootstrap support values and Bayesian posterior probability values. “*” indicates the highest support values (100%/1), “-” indicates posterior probability values less than 0.5, “#” indicates that the node does not occur in the ML tree. 
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Table 1. Basic characteristics of plastomes in ten Rorippa species.
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	R. globose *
	R. indica *
	R. palustris *
	R. sylvestris *
	R. amphibia
	R. cantoniensis
	R. dubia
	R. mexicana
	R. sessiliflora
	R. teres





	Assembly reads
	3,910,034
	3,371,680
	4,862,786
	8,634,650
	/
	/
	/
	/
	/
	/



	Mean coverage
	409.8×
	408.1×
	422.9×
	415.1×
	/
	/
	/
	/
	/
	/



	Genome size (bp)
	154,675
	154,705
	154,671
	154,894
	154,682
	155,650
	154,740
	155,786
	155,293
	155,095



	LSC (bp)
	83,711
	83,752
	83,707
	83,899
	83,688
	84,613
	83,741
	84,725
	84,229
	84,067



	SSC (bp)
	17,998
	18,005
	17,998
	18,005
	18,004
	18,025
	18,015
	18,051
	17,982
	18,012



	IR (bp)
	26,483
	26,474
	26,483
	26,495
	26,495
	26,506
	26,492
	26,505
	26,541
	26,508



	Total GC content (%)
	36.4
	36.3
	36.4
	36.4
	36.4
	36.3
	36.4
	36.3
	36.3
	36.3



	LSC (%)
	34.1
	34.1
	34.1
	34.1
	34.1
	34.0
	34.1
	34.0
	34.0
	34.0



	SSC (%)
	29.2
	29.1
	29.2
	29.2
	29.2
	29.2
	29.2
	29.2
	29.3
	29.2



	IR (%)
	42.4
	42.3
	42.4
	42.3
	42.3
	42.3
	42.3
	42.3
	42.3
	42.3



	Total gene numbers
	130
	130
	130
	130
	130
	130
	130
	130
	130
	130



	Protein-coding
	85
	85
	85
	85
	85
	85
	84
	84
	85
	85



	tRNA
	37
	37
	37
	37
	37
	37
	37
	37
	37
	37



	rRNA
	8
	8
	8
	8
	8
	8
	8
	8
	8
	8
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