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Abstract

:

Pigmentation in rice is due mainly to the accumulation of anthocyanins. Five color mutant lines, AZ1701, AZ1702, AZ1711, AZ1714, and AZ1715, derived from the sodium azide mutagenesis on the non-pigmented IR64 variety, were applied to study inheritance modes and genes for pigmentation. The mutant line AZ1711, when crossed with IR64, displays pigmentation in various tissues, exhibiting a 3:1 pigmented to non-pigmented ratio in the F2 progeny, indicating a single dominant locus controlling pigmentation. Eighty-four simple sequence repeat (SSR) markers were applied to map the pigment gene using 92 F2 individuals. RM6773, RM5754, RM253, and RM2615 markers are found to be linked to the color phenotype. RM253 explains 78% of the phenotypic variation, implying linkage to the pigmentation gene(s). Three candidate genes, OsC1 (MYB), bHLH, and 3GT, as anthocyanin biosynthesis-related genes, were identified within a 0.83 Mb region tightly linked to RM253. PCR cloning and sequencing revealed 10 bp and 72 bp insertions in the OsC1 and 3GT genes, respectively, restoring pigmentation as in wild rice. The 72 bp insertion is highly homologous to a sequence of Ty1-Copia retrotransposon and shows a particular secondary structure, suggesting that it was derived from the transposition of Ty1-Copia in the IR64 genome.
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1. Introduction


In rice (Oryza sativa L.), most cultivars are green, but in the abundant seed source of rice, red, purple, etc., can be found, which is due to the accumulation of anthocyanins [1]. Rice color mutants can show various degrees of color expression in different organs or tissues at the same or different growth stages [2]. Pigmentation is a morphological marker for variety identification, linkage analysis, and artificial selection. The color expression of anthocyanins is affected by both genotypic and environmental effects. Previous reports indicated that the accumulation of anthocyanin compounds is determined by the expression of multiple enzymes in metabolic pathways that synthesize anthocyanins [3,4]. The expression of these structural genes is regulated by their cognate transcription factors (TFs), which control the content, pattern, accumulation site, and expression period of anthocyanin compounds [5,6,7]. The expression control of anthocyanins in different plant parts is also influenced by the genetic regulation of different tissue-specific genes or the interaction between genes [1], and even by complex regulatory mechanisms such as post-transcriptional modification and epigenetics [8]. Therefore, the genetic mechanism of anthocyanin production and regulation remains a significant focus of the research topic.



Sodium azide (NaN3) is a well-known common bactericide, pesticide, industrial nitrogen gas generator, and inhibitor of the heavy metal enzyme. Although sodium azide is inefficient in Arabidopsis, it has been reported as a potent mutagen in several crops like maize, barley, rice, and soybean [9,10]. Wyss et al. (1948) were the first to discover that the application of sodium azide caused the accumulation of hydrogen peroxide and inhibition of the reactions of catalase and peroxidase and might induce mutation indirectly [11]. Therefore, sodium azide mutagenesis is an azide compound that interacts with DNA in the nucleus under the acidic condition [12,13]. The frequency of point mutation is high, while that of chromosome breakage is lower in sodium azide-induced mutations than in other mutagens [14]. However, factors affecting sodium azide’s mutagenicity include dosage, treatment time, pH, temperature, oxygen concentration, etc. [12,15].



Transposable elements (TEs) are movable DNA elements in the genome of living cells. Sodium azide treatment under specific conditions stresses the DNA during mutagenesis, similar to the mutations in maize by a TE. TEs are classified into two groups: the RNA type TEs (retrotransposons), which transpose in a manner of copy and paste in the genome, and the DNA type TEs, which transpose in a cut and paste manner. Retrotransposons are inactive under normal conditions but can be activated by stress [16]. Hirochika et al. (1996) first reported that the copy number of Tos17, a rice retrotransposon, increased during rice tissue culture; as the duration was prolonged, the abnormal phenotypes increased [17,18].



NaN3 has been reported to induce pigmentation in vegetable cowpea (Vigna unguiculata (L.) Walp.) [19] and to reactivate LTR retrotransposons in plants such as wheat (Triticum aestivum L.) [20]. The retrotransposon has been reported to induce pigmentation in grape (Vitis labruscana) [21], sweet orange (Citrus sinensis L.) [22], and Harlequin (Phalaenopsis) orchids [23]. Although there were many reports about pigmentation and retrotransposons in many crops, a lack of understanding in rice, especially in reverse mutation, the recovery function of pigmentation biosynthesis by the insertion of retrotransposons, still remains [24].



The sodium azide-induced mutant pool of the popular indica rice cultivar IR64, called the AZ mutants, comprises several mutants with purple color expressions, and the mutants with color expressions in different plant parts were selected for further study. To unravel the mechanism of sodium azide mutagenesis, this study analyzes the genetics of the mutant line AZ1711 and four other stable mutant lines, AZ1701, AZ1702, AZ1714, and AZ1715, all of which show colors on the leaf sheath, auricle, ligule, and apiculus. In addition, AZ1711 is crossed with wild-type IR64 to study the characteristics and genetics of color variation induced by sodium azide. We identify mutations related to color traits in the pigment mutants and propose that the reverse evolution of anthocyanin pigmentation genes can occur through the retrotransposition of retrotransposons.




2. Materials and Methods


2.1. Mutant Line Selection


The seeds of the rice (Oryza sativa L.) cultivar IR64 were treated with 1, 2, 5, and 10 mM of NaN3 solution according to the method of Wang et al., 2002 [25]. Seedlings from these treatments were then transplanted into a paddy field. Since M1, plants that exhibited distinct morphological characteristics different from their wild-type IR64 were harvested. Subsequent generations, from M2 to M8, were developed using the single seed descent (SSD) method until the traits were not segregated, as described in reference [26]. No other purple rice plants were present in the paddy field during the M1 to M8 generations, ensuring that the observed mutant lines are true mutations and become pure (mutant) lines.



In this study, the five mutant lines AZ1701, AZ1702, AZ1711, AZ1714, and AZ1715 were selected from the AZ mutant pool because they show colors on many plant tissues, including leaf sheath, auricle, ligule, and apiculus. Also, Nipponbare and 93-11 were used as the references for the japonica and indica types of rice, respectively.




2.2. Phenotyping of Tissue Colors


Plant pigmentation was investigated following the methods of the International Rice Research Institute [27]. The pigmentations on tissues were investigated in five mutation lines (AZ1701, AZ1702, AZ1711, AZ1714, and AZ1715). The tissues were judged by the presence or absence of anthocyanin and color at the proper rice growth stage. However, this study only focused on four tissues: leaf sheath, auricle, ligule, and apiculus.




2.3. Establishment of Populations for Genetic Analysis and Linkage Mapping


For genetic analysis, the pigmented mutant lines AZ1701, AZ1702, AZ1711, AZ1714, and AZ1715 were crossed to the wild type, IR64. The F1 plants were confirmed to be real heterozygous using SSR markers. All progeny were tested by Chi-square (χ2) to determine the mode of inheritance according to the segregation ratios of anthocyanin and no anthocyanin traits. The mutant line AZ1711 showed stable pigmentation traits and was selected as the target mutant line in this study. The F2 population of the AZ1711×IR64 cross was generated. A total of 557 F2 individuals were planted for genetic analysis and linkage mapping.




2.4. DNA Extraction and Genotyping


To establish a population for pigmentation mapping, 92 individuals were randomly chosen from the 557 F2 individuals. The genomic DNA of these 92 F2 individuals, the two parents (AZ1711 and IR64), Nipponbare, and 93-11 were extracted by the CTAB method [28] and genotyped by SSR markers [29].




2.5. Linkage Mapping and Fine Mapping


A total of 418 SSR markers were applied in our polymorphism screening (Table S1). At the beginning, the polymorphisms between the two parents were detected using 361 SSR markers from the Cornell SSR 2001 genetic map [30] and the IRMI 2003 genetic map [31] that were distributed over the rice genome. Those SSR markers that were not amplified or their PCR products showed dominant inheritance were discarded. Then, 83 polymorphic co-dominant markers were used to analyze the genotype of the 92 F2 individuals. The six markers that rejected the ratio of AA:AB:BB as 1:2:1 (p < 0.05) were discarded. The linkage mapping was then conducted with 77 polymorphic SSR markers using the R software with an add-on package R/qtl (version: 1.50) [32]. The genetic distance was estimated by the Kosambi mapping function, and the chromosome number of each SSR marker was assigned according to IRGSP-1.0. The simple interval mapping (SIM) model was employed to detect the locus responsible for pigmentation. A significant logarithm of odds (LOD) threshold (p < 0.05) was determined using 1000 permutations [33]. The Bayesian credible region method was applied to calculate the 95% confidence intervals. The polymorphic markers within the mapped region were screened with 57 additional SSR markers for fine mapping. The linkage map was redrawn, and the recombinants of markers were evaluated. Moreover, the single marker regression analysis was employed using QTL/AVONA1 in the MapDisto (version: 1.7.0) software [34].




2.6. Candidate Gene Approach, Cloning, and Sequence Comparison


The annotation of the genes within the mapped region (from RM5745 to RM2615 on Chr. 6) was downloaded from the Rice Genome Annotation Project (RGAP) (Release 7 of the MSU Rice Genome Annotation, http://rice.uga.edu/, accessed on 2 May 2022) and the Gramene website Indica Genomes (Ensembl Plants release 53, https://plants.ensembl.org/Oryza_indica/Info/Index, accessed on 7 April 2022). According to the literature review, the candidate genes related to anthocyanin biosynthesis were selected to identify the sequence by PCR cloning. The full-length genomic sequences of candidate genes were downloaded from NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 13 May 2022) and Gramene (https://www.gramene.org/, accessed on 13 May 2022) websites, including 2 kb of the upstream and downstream to design gene-specific primers by the Vector NTI (version: 10.3.0) software (Invitrogen Co., Waltham, MA, USA) for PCR amplification using ExTaq polymerase (Takara Co., Tokyo, Japan). The PCR-amplified fragments were purified through DNA Clean-Up & Extraction Kit (GMbiolab Co., Ltd., Taichung, Taiwan) and cloned into a pGEM-T-easy vector (Promega Corporation, Madison, WI, USA) for Sanger sequencing and comparisons. Sequences of IR64 and AZ1711 were aligned with those of Nipponbare and 93-11 from the database, and the mutations as SNPs, transitions, transversions, insertions, and deletions were identified and calculated using the Vector NTI software (version: 10.3.0).




2.7. Comparison of Sequences and Promoter Prediction


The homologous sequences were obtained by BLASTN from the Ensembl Plants (https://plantsGramene.ensembl.org/index.html, accessed on 17 May 2022), NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 17 May 2022), The Rice Genome Annotation Project Database and Resource (http://rice.uga.edu/index.shtml, accessed on 17 May 2022) and ROOTomics (https://rootomics.dna.affrc.go.jp/en/research/IR64, accessed on 17 May 2022). The promoter was predicted using the BDGP Promoter Prediction (https://www.fruitfly.org/seq_tools/promoter.html, accessed on 19 May 2022). The secondary structure of the 72 bp insertional DNA sequence was predicted using the UNAFold web server (http://www.unafold.org/, accessed on 30 May 2022).





3. Results


3.1. Plant Tissue Pigmentations in Mutants Induced by Sodium Azide


There is no pigmentation in the tissues of the wild-type IR64 rice variety. In contrast, the AZ1711 mutant line shows colors in most tissues (Figure 1), suggesting that genes involved in pigment biosynthesis have been mutated. The other four mutant lines under study also show colors in various plant tissues (Figure S1). Indeed, about 230 out of the 1800 lines in the mutation pool of the IR64 variety show colors in their plant tissues. Therefore, color mutations are commonly induced by sodium azide in rice plants.



The color characteristics of AZ1711 are purple leaf sheath, purple ligule, light purple auricle, light purple leaf collar, purple-black stigma, purple-red apiculus, purple leaf margin, purple palea, and purple lemma (Figure 1). The other four mutants under study also show similar pigmentation on the leaf sheath, ligule, auricle, and apiculus (Table 1, Figure S1), indicating that they may contain mutations like AZ1711. In addition, some mutations can be observed, such as the colored hull on the grains of AZ1711, AZ1714, and AZ1715, and on a long awn of AZ1701 (Figure S1). Since various genes or pathways controlling the pigmentation of vegetative tissues and grains (hull and pericarp) have already been reported in rice [1,2,35], we focused on the color mutations on the four tissues that showed a single dominant inheritance (Table 1).




3.2. Genetic Mapping and the Candidate Gene Approach


As mentioned above, IR64 exhibits a whole plant green (G) phenotype, while its mutant lines AZ1701, AZ1702, AZ1711, AZ1714, and AZ1715 display various colors in some plant tissues (Figure 1 and Figure S1). To simplify the description, we classify the wild type IR64 as non-pigmented or green and the color mutants as pigmented (including all colors except green). All the F1 plants of the five lines crossed with IR64 showed pigmentations in the four tissues under study, indicating that the pigment biosynthetic pathway has been activated even in the heterozygous genotypes, and the pigmentation on mutants is expressed dominantly. The four targeted tissues (leaf sheath, auricle, ligule, and apiculus) of the 557 F2 individuals were segregated in the ratio of three purples (pigment)–one green (non-pigment) (χ2 = 2.45, 2.77, 3.10, and 2.77 for the above 4 tissues, respectively). The results suggest that all four tissues are conditioned by the same single dominant mutated locus or a group of linked genes resulting in the pigmentation of these four tissues (Table 1).



For the genetic mapping of the gene that controls the pigmentation of the four tissues, 92 F2 individuals from the 557 F2 population of AZ1711×IR64 cross (Table 1) were subjected to genotyping using SSR markers. A total of 361 SSR markers selected from the Cornell SSR 2001 genetic map [30] and the IRMI 2003 genetic map [31] (Table S1) were applied to screen the polymorphism between IR64 and AZ1711, and 111 of them were examined as co-dominant markers. In 83 of the 111 polymorphic markers, the genotypes could be determined more precisely and were tested on the 92 F2 individuals. Only six SSR markers did not show the 1:2:1 ratio (p-value < 0.05), and were excluded in the further analysis. Therefore, 77 polymorphic SSR markers were used to construct a linkage map by R/qtl (Figure S2). After the R/qtl analysis, a locus responsible for the pigmentation was mapped between the RM225 and RM136 markers, spanning in a ~5.3 Mb region on Chr. 6, which explains 26.8% (LOD = 6.23) of the phenotypic variation (Figure 2A,B).



To increase the marker density on Chr. 6 for fine gene mapping, another 57 SSR markers within the mapped region were applied to screen for polymorphism. Seven polymorphic SSR markers were found, including RM6917, RM6773, RM5754, RM253, RM2615, RM276, and RM549. These markers were included in the R/qtl analysis for fine mapping, and the mapped region was narrowed down to ~0.83 Mb between RM5754 and RM2615, and the RM253 marker showed the lowest recombination frequency (Figure 2C). The phenotypic variance explained by this region was raised to 78.4% (LOD = 30.66).



Using QTL/AVONA1 in the MapDisto software to perform the single-marker analysis identified the four markers, RM6773, RM5754, RM253, and RM2615, by the t-test (p-values = 1.41 × 10−11, 2.11 × 10−11, 7.24 × 10−31, and 2.78 × 10−18, respectively) (Table 2). Among these four markers, RM253 showed the R2 value, additives (A) effect, and dominant (D) effect of 0.78, −0.45, and 0.46, respectively, and the ratio |D/A| = 1.03. The R2 of the flanking markers RM5754 and RM2615 are 0.59 and 0.43, respectively, indicating that these markers are highly correlated or linked with the genes that control the pigmentation of the four tissues. Therefore, the phenotype of the F2 plants inferred from these markers suggests that our target gene(s) may be located between the RM5745 and RM2615 markers (Figure 2B).



According to the fine-mapped interval from RM5745 to RM2615 on Chr. 6 (Figure 2C), the candidate gene sequences were searched and retrieved from the Gramene website Indica Genomes (Ensembl Plants release 53, Oryza_indica–Ensembl Genomes 53, accessed on 7 April 2022) and the Rice Genome Annotation Project (RGAP, Release 7 of the MSU Rice Genome Annotation, http://rice.uga.edu/, accessed on 2 May 2022). Among them, the indica rice 93-11 contains 93 ORFs with gene structure and the japonica rice contains 111 annotated genes (Table S2). We applied the candidate gene approach to screen the possible genes according to the gene functional annotation and found three genes related to anthocyanin biosynthesis in this region (Figure 2D, Table 3).



The first gene, OsC1, whose MSU ID is LOC_Os06g10350, was annotated as a TF in the MYB family and was named anthocyanin regulatory C1 protein [36]. The second gene, bHLH (LOC_Os06g10820), was annotated as a helix-loop-helix (bHLH) DNA-binding domain-containing protein and is also a TF in anthocyanin biosynthesis [37]. The third gene, 3GT (LOC_Os06g11270), was annotated as anthocyanidin 3-O-glucosyltransferase (3GT) [38]. Therefore, these genes of AZ1711 and IR64 were cloned and sequenced to examine their sequences.




3.3. Comparison of OsC1, bHLH, and 3GT Sequences in Mutant Lines and the Wild Type


The first mapped candidate gene, OsC1, is found in Nipponbare and 93-11 at the Gramene database IRGSP-1.0 and ASM465v1. It encodes a MYB-like TF with three exons and a coding sequence of 1284 bp. The sequence from 2 kb upstream of the 5’ end to 2 kb downstream of the 3’ end of this gene was downloaded and imported into the Vector NTI software, and two primers OsC1-1F and OsC1-6R (Table S3) flanking the coding region were designed for gene cloning using PCR (Figure 3A). The OsC1 genes (~1.3 kb) in the wild-type IR64 and the mutant AZ1711 were amplified by PCR, purified, cloned, and sequenced by Sanger sequencing. Sequence comparison found a 10 bp insertion in the third exon of OsC1 in AZ1711. The translation showed that the 10 bp deletion in the wild-type IR64 caused an early stop at the 1103 bp position and shortened the peptide from 210 to 107 amino acids (Figure 3A and Figure S3). The 10 bp insertion started at the 795 bp of the OsC1 in AZ1711 and recovered the full-length functional protein like the wild rice O. rufipogon (Figure 3A and Figure S3, Table S4).



The second candidate gene, LOC_Os06g10820, is annotated in Gramene and encodes a Myc-like TF with a bHLH domain structure. The 93-11 variety is 606 bp long, contains one exon, and encodes a protein of 201 amino acids. Two primers, bHLH-3F and bHLH-4R, were designed for PCR-cloning the sequence of 2032 bp from ~1 kb upstream to ~1 kb downstream of the gene. No difference was found between IR64 and AZ1711, indicating that the bHLH gene does not influence the pigmentation of AZ1711.



The third candidate gene, LOC_Os06g11270, is the 3GT gene; the coding region has 1446 bp in the 93-11 variety, with only one exon, and encodes a peptide of 482 amino acids. Two primers, 3Oglu-3Fand 3Oglu-4R were designed (Table S3), and a 1661 bp fragment was amplified by PCR. The sequence comparison revealed the insertion of a 72 bp fragment (at 166 bp) in AZ1711, which is not found in its wild type of IR64 (Figure 3B and Figure S4). In addition to the 72 bp insertion in 3GT, 24 base changes were found in AZ1711, including 13 transition mutations (Ts) and 11 transversion (Tv) mutations (Figure 3B). The 72 bp deletion in IR64 would result in the missing of 24 amino acids in the 3GT protein. Moreover, the 24 base changes would result in one nonsense (at 561), 11 missense (at 5, 516, 557, 589, 1138, 1189, 1333, 1340, 1358, 1398, and 1430), and 12 synonymous (at 402, 408, 507, 527, 569, 582, 783, 861, 930, 1065, 1101, and 1368) changes, which would disrupt the function of the 3GT protein. Furthermore, the nucleotide at the 561 bp position is A (adenine) in the non-pigmented wild type, which becomes a stop codon TAA and terminates the translation prematurely, producing a peptide of only 187 amino acids with no function in pigment biosynthesis. Interestingly, the A561C (TAA → TAC) mutation in the AZ1711 mutant changes a stop codon to tyrosine (Y), providing a functional 3GT protein that produces pigmentations (Figure 3B and Figure S4).



According to our study, two (OsC1 and 3GT) of the candidate genes in the mapped region result in two gain-of-function mutations in AZ1711, each of which recovered pigmentation.




3.4. Identification of Insertion Fragments in the Mutated Genes of Pigmented Lines


Gene-specific primers are designed to amplify the inserted fragments from both the OsC1 and 3GT genes to confirm the mutations. For OsC1, fragments of 227 bp and 237 bp (+10 bp) are expected to be amplified from this gene in IR64 and AZ1711, respectively, by the OsC1-5F and OsC1-4R primers. Similarly, fragments of 323 bp and 395 bp (+72 bp) are expected to be amplified from the 3GT gene in IR64 and AZ1711, respectively, by the 3Oglu-RT1 and 3Oglu-6R primers (Figure 4). The gene-specific primers are also applied to genotype the four other color mutant lines under study. The data show that the 10 bp insertion is also found in the OsC1 gene of AZ1701, AZ1702, AZ1711, AZ1714, and AZ1715, which have colors in the leaf sheath, auricle, ligule, and apiculus, but it is not found in their wild type IR64 (Figure 4A). In the 3GT gene, the 72 bp insertion was found in AZ1711, AZ1714, and AZ1715 but not in IR64, AZ1701, or AZ1702 (Figure 4B). These results indicate that OsC1 is indeed related to the pigmentation of the five mutants, but 3GT may not be responsible for the color expression in AZ1701 and AZ1702. The sequence data from the Gramene database show that the 10 bp insertion in OsC1 can be found in Nipponbare but not in 93-11, while the 72 bp insertion in the 3GT gene cannot be found in Nipponbare but is found in 93-11 (Figure 3, Figures S3 and S4).



The next challenge is to identify the origins of the two insertional fragments and the mechanisms underlying the two mutations. The insertion of a DNA fragment into a chromosome requires that the insertion site in the chromosome has two flanking sequences that are highly homologous to the two end sequences of the fragment. As mentioned above, the OsC1 gene in the color mutant AZ1711 was inserted by a 10 bp fragment. To understand how AZ1711 gained the 10 bp insertion, the sequences that include the 10 bp sequence and its 500 bp up and downstream sequences were used to BLAST the NCBI and Ensembl Plants databases. The results showed that Chr. 3, 4, 9, and 10 are aligned with 100% identity to the 10 bp insertion in AZ1711, but the 27 bp fragment in Chr. 10 is the only longer fragment with 100% identity. The 27 bp segment in AZ1711, including the 10 bp insertion fragment, is entirely identical to the reversed segment located in Chr. 10 (LOC_Os10g35660) in Oryza sativa ssp. japonica (Nipponbare) and O. sativa ssp. indica (93-11) (Figure 5). The orthologous fragment on Chr. 10 also encodes an MYB TF-like gene; however, its function has not yet been defined in rice.



We also found a sequence on Chr. 10 homologous to the 72 bp fragment of the 3GT in AZ1711 with high nucleotide identity (94.2%) in the gene annotated as a glycosyltransferase family gene in the Nipponbare genome (Figure 6). However, other homologous sequences (90% identity) on Chr. 4 also were found to be annotated as a putatively expressed Ty1-Copia retrotransposon (Figure 6). Therefore, the full-length sequence of the retrotransposon (LOC_Os04g12090) in the Nipponbare is compared with the full-length 3GT sequence (LOC_Os06g11270) of the color mutant AZ1711. The comparison revealed that the sequences of the 3GT gene have an identity high enough to pair with the sequences on Chr. 4 and/or Chr. 6 in the rice genome of 93-11 and many others with color. The full-length genes share only partial sequence identities, but the identities near the inserted sequence are as high as 90% (Figure 6). Thus, the 72 bp insertional sequence in the color mutant AZ1711 may be related to the retrotransposon. Further sequence and structure analyses found that the 72 bp insertional fragment, similar to part of Copia-LTR retrotransposon, has unique secondary structures that are not commonly found in genes. Still, they can provide an easy-recognition target during DNA replication and/or repair after mutagenesis (Figure 7).





4. Discussion


This study, which used a series of pure-line mutants developed from the IR64 rice variety by sodium azide mutagenesis, provides several new findings in sodium-azide-induced mutations in rice:



4.1. Identification of a Specific Region for Pigmentation in Rice


According to our genetic analysis, the pigmentations in the leaf sheath, auricle, ligule, and apiculus of the pigment mutant AZ1711 are controlled by a single dominant locus (Table 1). Therefore, 92 F2 individuals from the cross AZ1711×IR64 were sufficient for constructing a linkage map [39,40]. The differences between the two parental genomes were screened using 361 SSR markers covering the rice genome [41]. The results showed that 38.5% of SSR markers could differentiate between IR64 and AZ1711 (Table S1). In addition, while a previous study reported that only point mutations were induced by sodium azide in barley [42], the present study found that insertions and deletions can also be induced by sodium azide.



The pigmentation locus was first mapped between RM225 and RM136, spanning a 5.3 Mb region on Chr. 6 (Figure 2A,B), then, narrowed down to ~0.83 Mb between RM5754 and RM2615 (Figure 2C), and finally, found to be close to RM253 (Table 2). The pigmentation in rice requires active regulatory and structural proteins in the anthocyanin biosynthesis pathway. The expression of anthocyanin in rice was reported to be controlled by at least three genes, including the C-A-P [35] and the C-S-A [1] systems. Within the mapped locus of AZ1711, three candidate genes, OsC1, bHLH, and 3GT, were annotated in the anthocyanin biosynthesis pathway [43]. The OsC1 and bHLH genes are regulatory genes because they are TF genes [36]. The MYB (OsC1) TF promotes the expression of the bHLH gene [44], and the bHLH protein can activate the expression of the A1 (anthocyanidin synthase) gene to produce pigments. The 3GT encodes glycosyltransferase, which catalyzes the last step in the anthocyanin pathway [2,45].



The LOC_Os06g10820 locus was annotated as a gene encoding a protein containing the bHLH domain. Although it is a functional gene in the wild-type IR64, its anthocyanin biosynthesis pathway is not expressed because the OsC1 gene in IR64 is not functional. The pigmentation in AZ1711 is due to the reverse evolution and gain-of-function mutations in the OsC1 and 3GT genes. These mutations are unique because the two mutations occurred together in a mapped locus containing three genes in the order, OsC1, bHLH, and 3GT [1,35]. Therefore, the OsC1-bHLH-3GT genes in the same locus recover the pigmentation of AZ1711 (Table 4). Intriguingly, the induced mutations in the colorless IR64 made the pigmentation in AZ1711 look like that in the wild rice O. rufipogon [46].



A 10 bp insertion was found in the OsC1 gene of AZ1701, AZ1702, AZ1711, AZ1714, and AZ1715 mutants and resulted in pigmented tissues. The 10 bp fragment is only found in the Nipponbare japonica variety but is not presented in the 93-11 and many indica varieties. It had never been reported that many japonica rice varieties carried the 10 bp insertion while many indica rice lost it (Table S4) [36,47]. Some varieties that carried the 10 bp insertion expressed the pigment in tissue, such as O. rufipogon, T65 (japonica), and ZhanShen97 (indica), while Nipponbare (japonica) is colorless [36]. The colorlessness in Nipponbare might be due to a 3 bp deletion in the first exon of OsC1, resulting in the deletion of amino acid, while no similar deletion was found in 93-11 or IR64 (Figure S3). Furthermore, Nipponbare has a 72 bp deletion that causes loss of function in the 3GT gene, which is essential for pigmentation (Figure S4). The 10 bp insertion/deletion (In/Del) seems to be a common variation in rice, and it can differentiate most indica and japonica rice (Table S4) [36], supporting that the variation of 10 bp might occur during evolution before the separation of indica and japonica rice. The 10 bp in the R3 domain of the MYB DNA binding domain affects the ability of transcription factors to recognize and bind to the structural gene by the frameshift mutation [7,48]. Similarly, the 3 bp deletion caused the amino acid deletion [49] in the R3 DNA binding domain of the MYB. It should affect the recognition of transcription factors and the function of structural genes.



In summary, the 10 bp insertion in the OsC1 and the 72 bp insertion are found in the 3GT in the AZ1711, AZ1714, and AZ1715 mutant lines. However, the 72 bp insertion is not found in the pigmented mutant lines AZ1701 and AZ1702, indicating that the 3GT gene may not be required for the pigmentation of these lines [6]. The 3GT gene is near the OsC1 gene and mutates in many pigmented lines, showing the exact mechanisms by which sodium azide-induced mutations might occur repeatedly and not randomly. According to the bioinformatics analyses, the 72 bp insertion is also found in O. rufipogon and 93-11 but not in Nipponbare. The BLASTN analysis found that the 72 bp insertion also presents in the ORUFI06G07520 gene, which shares 97.2% similarity with the UDP-glycosyltransferase (A0A0E0PV26). Therefore, we speculate that the 3GT gene might have drifted or been lost during rice domestication or selective breeding for colorless plants, but the structure and function are resumed. The insertional mutations in the NaN3-mutagenized mutants recover the function of the proteins, and reverse evolution processes may not occur randomly. A mechanism related to the involvement of retrotransposons might occur and will be discussed later.




4.2. The Characteristics of Mutations Induced by Sodium Azide in AZ1711


The pigmented AZ1711 mutant line was generated by sodium azide mutagenesis from the non-pigmented IR64 variety, and insertion was found to be responsible for the color reversal. At the same time, many pigmented mutant lines with the same insertion were found in AZ1701, AZ1702, AZ1714, and AZ1715. Thus, NaN3 induced repeated mutations in the mutant pool, as in our previous report that more than 15 blast disease-resistant mutant lines were generated from the TNG67 variety by NaN3 mutagenesis [50]. NaN3 was reported to induce only point mutations in plants in the past [51,52,53]. In the OsC1 gene, five-point mutations and a 10 bp insertion, and in the 3GT gene, 24 point-mutations and a 72 bp insertion, were identified in the pigmented mutant AZ1711 (Figure 3), indicating that not only point mutations but also In/Del mutations can be induced by NaN3 in rice.



Interestingly, the insertions in two pigmentation genes from a single locus of the AZ1711 show the pigment trait similar to that in the wild rice O. rufipogon. In addition, the four mutants, AZ1701, AZ1702, AZ1714, and AZ1715 also have the same mutations and recover functions to produce pigment. Therefore, mutations induced by sodium azide are not random but show a trend of reverse evolution; they can be considered reverse evolution events because the colorless trait of plants has been selected during domestication or selective breeding. Our results showed that the 10 bp insertion fragment in Chr. 6, identified in AZ1711, is presented in the japonica variety Nipponbare and the W1943 line of wild rice (O. rufipogon), but is not found in indica varieties IR64 and 93-11 (Figure 3A). Similarly, the 72 bp insertional fragment is discovered in the 3GT gene in AZ1711, indica rice 93-11 (Figure 3B), and the W1943 strain but has no function in IR64 and Nipponbare without color on plants.



Since Asia rice, like japonica and indica types, come from the exact origin, their traits and genomes might evolve with either the gain or loss function during their evolution. In this study, we discovered two fragments in the mutant AZ1711 that do not exist in its parental variety, IR64. However, the same or similar fragments can be identified on other chromosomes of IR64 (Figure 5 and Figure 6). The indica rice variety IR64 lost some traits like seed dormancy, awn, pigment, and so on that had evolved from its ancient rice origin [46,54,55]. The recovery of gene functions induced by gene insertion in our anthocyanin mutants is assumed reverse evolution mutation from the wild-type IR64 through NaN3 treatment.



The reverse evolution might not occur randomly because of the 10 bp insertion found in the japonica variety Nipponbare and the 72 bp fragment found in the indica variety 93-11 in the genome database of these two subtype rice varieties and, instead, might have occurred as repetitive events in the mutation pool. Unlike the DNA repair by CRISPR that is generated randomly [56], our results indicated that the probability of this mutation is too high to be explained by random chance. The large fragment mutation does not quickly happen in the induced mutations, while most reported cases were by the insertion of TEs or T-DNA mechanisms [57,58]. The 72 bp insertion and its sequences also match (homologous) to the part of retrotransposons that might reflect possible mechanisms (Figure 6). Transposable elements (TEs) play essential roles in plant evolution with un-identified functions, and no report has ever related it to the mutations induced by sodium azide. Therefore, direct evidence is required to prove the involvement of the TEs in sodium azide-induced mutations.




4.3. Proposed Mechanisms for Sodium Azide Mutagenesis


NaN3 was reported to provide the oxidative stress condition in mutation treatment to the plant tissues [59,60,61]. It has been reported that it introduces point mutation by adding methyl or ethyl groups to bases, resulting in base mispairing during DNA replication [62]. Our results showed that NaN3 induced not only point mutations but also insertions.



According to the sequencing results of the candidate genes, insertion seems to happen frequently. The sequence of the 72 bp insertional fragment is 80–90% similar to the sequences of one-gene family Ty1-Copia retrotransposon (LOC_Os04g12090) on Chr. 4 with a high identity (83–90%) (Figure 6). In addition, a secondary structure was found when analyzing the 72 bp insertion (Figure 7). The very unusual secondary structures of the 72 bp insertional fragment were analyzed as part of Ty1-Copia retrotransposon sequences in the mutant line AZ1711, providing evidence that retrotransposons might have been activated during mutagenesis and integrated or recombined into the original rice genome during DNA replication. Our result may be the first finding of retrotransposon genomic sequences inserted in the genes induced by sodium azide treatment in rice. Unraveling the mechanism and its relationship with mutations induced by sodium azide will be interesting. Unfortunately, no direct evidence can prove the hypothesis or provide direct evidence to show that the TEs can be activated to induce mutations by external treatments of sodium azide so far. In regard to the previous report, it was the first time we realized that Tos17 is active in the rice genome and affects the phenotype after tissue culture [18]. Our finding showed progress in understanding that the retrotransposon also can be activated by NaN3 mutagenesis. Moreover, this activation is related to the genes, which link to rice evolution. Transposable elements and the phenotypes they introduced in the mutant kernels were first observed by Dr. Barbara McClintock in maize in “The origin and behavior of mutable loci in maize” in the early 90s [63]. The association of TE insertion and rice grain width was found in the 1132 accessions rice [64]. The insertional fragments from retrotransposon might be a mechanism of functional recovery mutation as reverse mutation [65]. It had been reported that the Copia-like retrotransposon Tos17 in rice was activated by tissue culture and generated 47,196 Tos17-insertional rice mutants. In addition, the Tos17 insertion in genic regions was three-fold higher than in intergenic regions [66]. The retrotransposons may be activated by the oxidative stress-induced double-strand breakages (DSBs) [67] during the sodium azide mutagenesis conditions at low pH. The homologous recombination repair mechanism in the genome occurred and produced the insertion of sequences with high nucleotide identity, or the transposon was activated and intruded into the gene through the unusual secondary structure of DNA sequences [68]. Due to the stress, the ends-out recombination was reported to occur between two paired homologous sequences located on different chromosomes [69,70]. It is reasonable to speculate that sodium azide induces oxidative stress during seed treatment at a low pH and activates retrotransposons or other TEs, and causes many mutations and diverse phenotypes in the rice genome. The TNG67 variety has only one copy of Copia-LTR (B4-450); however, its mutants show seven restriction fragment length polymorphisms (RFLPs), and many mutants (unpublished data) have more than one copy, as discovered with the Tos17 copy number that increased in rice tissue culture [18]. Due to the stress, the ends-out recombination was reported to occur between two paired homologous sequences located on different chromosomes [71].



According to the high sequences identity around the insertional fragment, it is reasonable to explain that this insertion may be inserted into the 3GT through the homologous recombination during DNA replication or repair after sodium azide mutagenesis through the error-prone non-homologous end-joining (NHEJ) mechanism. It has been reported that the NHEJ could be more precise in repairing the DBS and may result in a diversity of sequence outcomes [72]. However, the insertional sequences in the AZ1711 are the same as the homolog one in the genome of the retrotransposon containing the 72 bp 3GT sequences (>83% identity). In a previous report, at least 74% identity is enough to cross over in yeast [73]. Therefore, the insertional fragment might have been inserted through the activation of RT through the single-strand annealing (SSA) mechanism to introduce the insertional sequence [72] and repaired by end-joining as a regular one.



Due to the stress, the ends-out recombination was reported to occur between two paired homologous sequences located on different chromosomes [74]. However, the detailed mechanism for retrotransposon-induced mutation must be further evidenced.





5. Conclusions


In the sodium azide-induced mutant pool of the rice variety IR64, there are mutant lines with many trait variations, among which the colored mutants have apparent color changes. Several pigmented lines were selected for genetics analysis. The particular locus was mapped on Chr. 6 and carried three candidate genes, MYB (OsC1), bHLH, and 3GT, within ~0.83 Mb inherited as one locus. The variations found in the regulatory gene OsC1 and the structural gene 3GT, which belonged to the anthocyanin biosynthesis pathway, differed between AZ1711 and its wild-type IR64, and their sequence differences were confirmed to be the dominant characteristics. The insertions of 10 bp and 72 bp in the OsC1 and 3GT genes to restore the protein function in the IR64 background of the mutant lines might not randomly occur. Because two types of rice varieties, Nipponbare and 93-11, carry a similar insertion, these results support the reverse evolution mutations induced by sodium azide mutagenesis. The sequence and structure analysis of insertion fragments demonstrate that the reverse evolution might relate to the action of retrotransposon during the mutagenesis of sodium azide. The similar mutations on many mutant lines and recovery of the protein functions supported our hypothesis that sodium azide-induced mutations may not randomly happen. The anthocyanin is an antioxidant because of its ring structure. Therefore, the pigmented rice must have a higher nutritional quality than non-pigment rice. This shows an impact on generating new functional rice varieties using NaN3 mutagenesis. Finally, the SSR markers during gene identification can be used for breeding programs.
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Figure 1. Plant architecture and anthocyanin pigmentation in the plant tissues of (A) IR64 and (B) its mutant line AZ1711. The tissues auricle (Au), ligule (Lg), apiculus (Ap), and sheath (Sh) are labeled. 
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Figure 2. A genetic and physical map of the locus that controls leaf sheath, auricle, ligule, and apiculus pigmentation in the AZ1711×IR64 cross. Genome-wide LOD plots of QTL analyses in different regression models by the Haley–Knott regression method. (A) LOD plot from the whole-genome scan. (B) LOD plot of Chr. 6 only. The X-axis indicates the relative position on the linkage map, and the Y-axis represents the LOD score. The solid line indicates the LOD significance threshold of 3.61. (C) Fine mapping and the locus responsible for the pigmentation mapped on Chr. 6 within a 0.83 Mb region. A filled pink area shows the 95% Bayesian credible interval and the number of recombinants shown below the markers. (D) The three candidate genes were obtained from Gramene (release 64) that may be related to the pigmentation in AZ1711. 
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Figure 3. Mutation of the candidate genes in the mapped region between RM253 and RM2615 markers defined from Nipponbare, 93-11, and wild type IR64 and its anthocyanidin mutant line AZ1711. (A) The SNPs and amino acids are labeled under the OsC1 gene. (B) The SNPs and amino acids are listed under the 3GT gene, and primers for PCR are labeled above genes. Nucleotides in blue represent nonsynonymous SNPs, those in black indicate synonymous SNPs, and the red dash indicates In/Del mutations. Red stars represent the stop codon. 
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Figure 4. Polymorphism of OsC1 and 3GT gene-specific fragments amplified in the pigmented mutant lines. (A) The gDNA fragments of the OsC1 gene amplified by the OsC1-5F and OsC1-4R primers in Nipponbare, 93-11, IR64, AZ1701, AZ1701.1, AZ1709, AZ1711, AZ1714, and AZ1715, respectively. (B) The gDNA fragments of the 3GT gene by the 3Oglu-RT1 and 3Oglu-6R primers in Nipponbare, 93-11, IR64, AZ1701, AZ1701.1, AZ1709, AZ1711, AZ1714, and AZ1715, respectively. 
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Figure 5. Comparison of the homologous sequences of OsC1 in the genome of IR64. (A) A 10 bp insertion of OsC1 is identical to the R2R3 domain of LOC_Os10g35660 in AZ1711. (B) The 10 bp insertion might be popped out during DNA replication or repair from the 27 bp of LOC_Os10g35660 (OsC1) on Chr. 6 and the MYB gene on Chr. 10 during NaN3 mutagenesis. 
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Figure 6. Comparison of the homologous sequences of 3GT in the AZ1711 genome. The 3GT (LOC_Os06g11270) and the LOC_Os04g12090 genes have homologous sequences. Two sequence homologs of the Ty1-Copia retrotransposon (RT) (LOC_Os04g12090) with 90% and 83% identities with Nipponbare and AZ1711, respectively. The blue-colored sequence represents the region that showed 90% and 83% identities. The red-colored sequence represents the 72 bp insertion. The white boxes represent the 72 bp insertion of AZ1711 and the green boxes represent exons (E1–E5). The non-pigment of Nipponbare is due to the deletion of the 72 bp fragment. 
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Figure 7. The predicted secondary structure of the 72 bp insertional fragment in the 3GT of the AZ1711 line contains four hairpin loops (at ~10th, 20th, 35th, and 50th nucleotide positions), a multi-loop (5′–3′), and an internal loop (at ~60th nucleotide position). 
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Table 1. Pigmentations in four tissues of IR64 and its pure line mutants and their F1 and F2 plants.
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Plant

	
Tissue Phenotype a




	
Leaf-Sheath

	
Auricle

	
Ligule

	
Apiculus






	
IR64

	
G

	
G

	
G

	
G




	
AZ1701

	
P

	
LP

	
P

	
R




	
AZ1702

	
P

	
LG

	
P

	
R




	
AZ1711

	
P

	
LP

	
P

	
R




	
AZ1714

	
LP

	
P

	
P

	
R




	
AZ1715

	
P

	
P

	
P

	
R




	
AZ1701×IR64 F1

	
P

	
LP

	
LP

	
R




	
AZ1702×IR64 F1

	
P

	
LP

	
LP

	
R




	
AZ1711×IR64 F1

	
P

	
P

	
P

	
P




	
AZ1714×IR64 F1

	
P

	
P

	
P

	
R




	
AZ1715×IR64 F1

	
P

	
P

	
P

	
R




	
AZ1711×IR64 F2

	
Pig: Non-pig b

	
402:155

	
401:156

	
400:157

	
401:156




	
Tested ratio

	
3:1

	
3:1

	
3:1

	
3:1




	
χ2

	
2.45 ns

	
2.77 ns

	
3.10 ns

	
2.77 ns








a Color: G, green; P, purple; LP, light purple; R, red. b Pig, pigmentation; non-pig, non-pigmentation. ns Means that the observed phenotypic ratio matches the expected genetic ratio. χ2(0.05, 1) = 3.841.













 





Table 2. ANOVA analysis, R2, additive, and the dominant effect of pigmentation trait with markers in the RM276-RM6817 region were analyzed using the MapDisto with the AZ1711×IR64 F2 mapping population.
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	Marker
	p-Value a
	R2 b
	A c
	D d
	|D/A| e





	RM6773
	1.41 × 10−11
	0.43
	−0.33
	0.34
	1.02



	RM5754
	2.11 × 10−11
	0.42
	−0.36
	0.3
	0.83



	RM253
	7.24 × 10−31
	0.78
	−0.45
	0.46
	1.03



	RM2615
	2.78 × 10−18
	0.59
	−0.40
	0.37
	0.94







a Probability value of t-test. b Coefficient of determination. c Additive effect. d dominant effect. e Gene action is determined on the basis of genotypic class means |D/A|; where <0.5 = additive, >0.5–<0.75 = partial dominant, >0.75–<1.25 = dominant, and >1.25 = over-dominant.













 





Table 3. The candidate genes identified in the mapped region involved in the pigmentation of the AZ1711 mutant line of IR64 cultivar.
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	Gene
	MSU ID
	BGI ID
	Annotation





	OsC1
	LOC_Os06g10350
	BGIOSGA022508
	MYB family transcription factor



	bHLH
	LOC_Os06g10820
	BGIOSGA022533
	helix-loop-helix DNA-binding domain-containing protein



	3GT
	LOC_Os06g11270
	BGIOSGA021671
	anthocyanidin 3-O-glucosyltransferase










 





Table 4. Mapping the mutated pigmentation loci for rice tissues using SSR markers of the IR64 variety, F1 plant, F2 population of AZ1711, and IR64 through R/qtl.
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	Plant
	RM5754
	C
	OsC1
	RM253
	S
	G
	3Oglu
	RM2615
	Phenotype





	AZ1711
	AA
	CC
	AA
	AA
	SS
	GG
	AA
	AA
	Purple



	AZ1711×IR64 F1 a
	AB
	Cc
	AB
	AB
	SS
	Gg
	AB
	AB
	Purple



	F2 P13
	AA
	CC
	AA
	AA
	SS
	GG
	AA
	AA
	Purple



	F2 G11
	AB
	cc
	BB
	BB
	SS
	gg
	BB
	BB
	Green



	F2 G15
	BB
	cc
	BB
	BB
	SS
	Gg
	AB
	AB
	Green



	IR64
	BB
	cc
	BB
	BB
	SS
	gg
	BB
	BB
	Green







a F1, P13, G11, and G15 are F2 plants of the AZ1711×IR64 cross randomly chosen for genotype testing within two mapped markers, RM5754 and RM2615. Only genotypes showing dominant C (OsC1), S (bHLH), and G (3GT) presented purple; otherwise, they were green.
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