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Mutated genetic resources play an important role in gene/allele characterization. Currently, there are few hexaploid winter wheat mutated resources available. Here, we developed a hexaploid winter wheat resource by inducing mutations via EMS treatment by the single seed descent method. A broad mutation spectrum with high mutation frequency (∼19%) on phenotypic variations was identified. These mutations included spike, leaf and seed morphology, plant architecture, and heading date variations. To evaluate the efficiency of the resource for reverse genetic analysis, allelic variations in the TaAGP.L-B1 gene, encoding the AGPase large subunit, were screened by the TILLING approach. Four missense mutations were identified and one allele in line E3-1-3, resulted in an amino acid change predicated to have severe effects on gene function. The other three mutations were predicted to have no effect. Results of gene expression patterns and grain starch content demonstrated that the novel allele in E3-1-3 altered the function of TaAGP.L-B1. Our results indicated that this mutated genetic wheat resource contained broad spectrum phenotypic and genotypic variations, that may be useful for wheat improvement, gene discovery, and functional genomics.
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INTRODUCTION

Genetic resources played a tremendous role in the first green revolution, providing dwarfing, disease resistance, and yield-improving genes (Hoisington et al., 1999). Forward and reverse genetic approaches have identified novel genes and gene functions that have proved important for new or improved genetic-based plant traits. An example of this is the highly resistant starch mutant in rice created for improving human health that utilized map-based cloning to discover the function of the soluble starch synthase gene, SSIIIa, in combination with the granule-bound starch synthase Waxya allele to play a critical role in resistant starch synthesis (Zhou et al., 2016). A few other examples include the shrunken rice mutant that demonstrates how the OsAGPL2 gene plays an essential role for storage substance accumulation (Tang et al., 2016) and the wheat mutant gene MNR220 that carries a broad-spectrum disease resistance locus that enhances resistance to powdery mildew and three rust species (Campbell et al., 2012). Numerous SNPs and novel alleles have been targeted for gene characterization using functional genomics tools in model plants putatively useful for crop improvements (Hadrich et al., 2011; Hazard et al., 2012).

Many mutagenized populations have been created in several species such as soybean (Tsuda et al., 2015), rice (Wu et al., 2005; Till et al., 2007; Suzuki et al., 2008; Serrat et al., 2014), maize (Till et al., 2004), and sorghum (Xin et al., 2008). These resources have been used for novel gene/allele mining and morphological variation screening. Wheat is classified into diploid, tetraploid, and hexaploid wheat and further split into spring and winter wheat according to ploidy and growth habits. It has genomic redundancy and a large genome size. Due to these characteristics, a single gene mutation would not likely result in phenotypic changes. Numerous mutant populations would need to be developed using multi-polymorphic wild types to account for this redundancy and present changes in phenotypes. Recently, mutated wheat populations have been developed from several genotypes. Under a tetraploid background, Kronos (Slade et al., 2005; Uauy et al., 2009), Marco Aurelio (Colasuonno et al., 2016), and Svevo (Bovina et al., 2014) have been used as the wild type varieties to develop the mutagenized population. For hexaploid spring wheat, seven genotypes from four countries have been used as the background genotype. These include Cadenza (Rakszegi et al., 2010) and a breeding line “UC1041+Gpc-B1/Yr36” (Uauy et al., 2009) from the United Kingdom, Chara (Fitzgerald et al., 2015), QAL2000 (Dong et al., 2009) and Ventura (Dong et al., 2009) from Australia, and Express (Slade et al., 2005) and Indian (Dhaliwal et al., 2015) from the United States. In hexaploid winter wheat, only one mutated population based on cultivar Jinmai 47 (drought tolerant) has been created (Chen et al., 2012). Allelic mutations have been identified in these populations, while phenotypic variations only are screened in populations from Svevo, Cadenza, Indian, and Jinmai 47. Additional mutated populations from polymorphic genetic backgrounds and various environmental growth conditions should be used in reverse genetic research to build upon our knowledge of wheat genetic plasticity. An ideal candidate for mutated germplasm is hexaploid winter wheat as it is grown and consumed globally. Greater understanding of wheat morphology variation could lead to innovative mutant germplasm resources to ensure crop preservation.

Starch is the major component of wheat endosperm and has a large impact on grain yield and quality characteristics. Its synthesis and accumulation is an intricate biological process that is regulated by multiple enzymes. Adenosine diphosphate glucose phosphorylase (AGPase, EC: 2.7.7.27) is one of these enzymes and catalyzes the conversion of glucose-1-phosphate (G-1-P) to ADP-glucose (ADP-Glc) (Tuncel and Okita, 2013). ADP-Glc is continuously converted to starch by a series of enzymes including soluble starch synthase and starch branching enzymes (Keeling and Myers, 2010). In wheat, AGPase consists of two large and two small subunits (Danishuddin et al., 2011; Saripalli and Gupta, 2015) and overexpression of the large subunit gene not only increases starch biosynthesis in the endosperm of wheat (Kang et al., 2013), but also stimulates photosynthesis and carbon metabolism (Smidansky et al., 2007). However, the biological mechanism of the AGPase gene on plant growth and crop productivity is still not very clear (Tuncel and Okita, 2013; Saripalli and Gupta, 2015). Gene mining techniques involving the search for novel alleles or functionality research involving gene mutations would benefit our understanding of this genes role in crop production. The AGPase large subunit gene SNPs and in-dels previously identified are mostly synonymous substitutions or located in non-coding regions. Four SNPs were specifically found to affect seed number and thousand grain weight (TGW), but their effects on starch content were not elucidated (Rose et al., 2016). Even a single missense mutation identified in a mutagenized wheat population might be able to create allelic variation in the resulting AGPase-mutant phenotype (Li S. et al., 2017; Li W. et al., 2017). To better understand its function in starch biosynthesis, yield production and plant development, it is necessary to mine for additional non-lethal alleles.

A non-transgenic, reverse genetic approach referred to as TILLING (Targeting Induced Local Lesions IN Genomes) has been used for mutation discovery and gene function characterization in many plant species in recent years (Till et al., 2003; Slade et al., 2005; Xin et al., 2008; Kim and Tai, 2014). By using this platform, a series of novel alleles have been identified from mutated populations. Genetic effects derived from functional alleles in the gene GPC-1 (Avni et al., 2014), SBEII (Hazard et al., 2012), and VRN (Chen and Jorge, 2012) have been analyzed in wheat to enhance the understanding of their biological roles in metabolic networks and their function on agronomic traits.

The present study developed a mutagenized genetic population resource that possessed phenotypic variation using the high-yield winter wheat cultivar Jing 411 as the wild type. Novel allele in the large subunit gene of AGPase was identified using the TILLING approach in which the missense mutation resulted in reduced starch content in wheat grain.

MATERIALS AND METHODS

Materials

Winter wheat (Triticum aestivum L.) cultivar Jing411 was bred for high yield potential, cold tolerance, high tilling ability, and is frequently planted in the Northern winter wheat region in China. It has become the elite parent in wheat high-yield breeding processes. Seeds of Jing411 were used for ethyl methane sulphonate (EMS) treatment to induce random mutations.

EMS Treatment

Dry seeds (Supplementary Figure S1a) of Jing411 were initially soaked in tap water for 10 h until germinated and embryo buds began to emerge out of the seed coat (Supplementary Figure S1b). The germinated seeds were then incubated in 0.5, 1.0, or 1.5% EMS in 0.1 M sodium phosphate buffer (pH 7.0) for 4 h. Around 2000 seeds were used in each treatment. EMS treatment was performed on a shaker at 50 rpm in dark conditions at 20°C with one seed per milliliter EMS buffer. After incubation, seeds were washed in tap water for 4 h at room temperature and prepared for sowing.

Plant Growth Conditions and Harvest

Treated seeds were directly sowed with 5 cm spacing and grown into M1 plants. All spikes were bagged to be used strictly in self-crosses. One single M2 seed was harvested from each plant. All harvested M2 seeds were sowed and grown into M2 individual plants. Twenty M2 seeds per row were planted in 19 rows with one row wild type Jing411 wheat. Each M2 plant was harvested to develop the M3 generation. Twenty M3 seeds from individual M2 plant were planted into one row and used to verify their phenotype variation.

Row length was 2 m long with 30 cm row-to-row spacing. All plants were grown in the experimental field, Institute of Crop Science, Chinese Academy of Agricultural Sciences, Beijing.

Screening and Identification of Phenotypic Mutation

Mutations in growth habit, leaf morphology, heading date, and spike morphology were investigated in the M2 generation. Heading date ±2 days compared to the wild type was considered a mutant. The plant height, tiller number, spike length, and TGW of all individuals were measured after harvesting and a mean value greater or less than two standard deviations of the wild type mean was classified as a mutant. The mutated phenotype was identified in the M3 generation plants.

Mutation frequency was calculated as percentage of total number of mutants divided by corresponding population size.

Construction of DNA Pool

Young leaves at seedling stage from M2 individual plants were collected and genomic DNA was extracted using the DNA-quick Plant System kit (Tiangen Biotech, Beijing, China). The DNA concentration was normalized to 50 ng/μl according to Guo et al. (2017). The DNA was 2×-pooled for gene TILLING according to Till et al. (2006).

Targeting Induced Local Lesions IN Genomes

Point mutations of the target gene TaAGP.L-B1 (7725 bp; GenBank accession no: AJ563452) were screened using the TILLING approach following the protocol of Till et al. (2006). Specific primers were designed and used for PCR amplification of this region. Their sequences are: AGP-1F:ATCTGGATACTTGTACATCTGC, AGP-1R: GAAGACATAGACTCCCATAG; AGP-2F: CATTGCAGCCCCCAAAGTTC, AGP-2R: AAAGCGGCGTGGTTTCAGAC. Gene structure and location of the primers were shown in Supplementary Figure S2, lengths of the amplicons were 670 and 728 bp respectively, including exons and introns region. Potential mutations were further sequenced to verify nucleotide variation.

Each point mutation was analyzed online by the PARSESNP (Project Aligned Related Sequences and Evaluate SNPs1) and SIFT (Sorting Intolerant from Tolerant2) programs. Mutations with PSSM > 10 or SIFT < 0.05 are predicted to have a severe effect in protein function (Ng and Henikoff, 2003; Taylor and Greene, 2003).

Real Time-Quantitative Polymerase Chain Reaction

At 12, 18, and 24 days after flowering (DAF), seeds were sampled for gene expression analysis. Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA, United States), and cDNA was synthesized with 5×All In One MasterMix kit (With gDNase, ABM, Co.). Primers for RT-qPCR were designed using software Beacon Designer 7.5 (PREMIER, Palo Alto, CA, United States). The following primers were used: AGP-qF: GAACTACATGACTTTGGGTCTGAGA, AGP-qR: CATCATCATCGCATTCTTGAGCT. Amplification was performed with 0.5 μmol primer using SsoFast EvaGreen Supermix kit (Bio-Rad) on a CFX96 system. The program started from an initial denaturation at 95°C for 3 min, and followed by 40 cycles at 94°C for 30 s, annealing for 30 s, and 72°C for 10 s, and a melt curve stage. The actin gene (GenBank accession no: AAW78915) was used as an internal control. Three biological and technical replicates were used for each genotype. The relative expression level was calculated using ΔΔCt method (Livak and Schmittgen, 2001). Data were analyzed using a one-way ANOVA with P < 0.05 or 0.01 considered as significant.

Determination of Starch Content

Mature seeds were milled using a cyclone mill (CT410, FOSS Analytical, Co., Ltd) with a 0.5 mm flour screen. Starch content was measured using a Total Starch Assay Procedure (amyloglucosidase/α-amylase method, K-TSTA) from Megazyme (Megazyme International, Ltd, Wicklow, Ireland). Data were analyzed by one-way ANOVA and P < 0.05 or 0.01 was considered significant.

RESULTS

Broad Mutation Spectrum on Visible Phenotype

A total of 313, 489, and 417 individual M2 plants and their M3 lines were investigated at 0.5, 1.0, and 1.5% EMS treatment, respectively. Mutations were observed in the heading date, spike, plant architecture, and leaf and grain morphology. Phenotypic variations in the mutagenized wheat population can be observed in Figure 1. The mutation frequency of each morphological variation category grew as EMS concentration increased (Figure 2 and Supplementary Table S1).
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FIGURE 1. Phenotypic mutations in the mutagenized wheat population. (a–f) Represent spike morphology mutations observed in mutagenized wheat. (a) Compact spike; (b) degenerated spike; (c) awnless spike; (d) male sterile spike without awn; (e) male sterile spike with awn; (f) totality of spike mutation phenotypes. (g–n) Represent mutation in leaf morphology. (g,h) Curly flag leaf; (i,j) degenerated leaf; (k) leaf size and chlorophyll content variation; (l) yellow-striped leaf; (m) chlorotic leaf; (n) necrotic leaf. (o–s) Represent plant architecture mutations observed. (o) Waxless plant; (p) prostrate growth habit; (q) dwarfing plant; (r) increased tiller numbers; (s) single tiller. (t–v) Represent mutations in seed morphology. (t) Red grain; (u) small grain; (v) wrinkle grain.
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FIGURE 2. Mutation frequency of each morphological variation category in the three mutagenized wheat populations. Mutations were observed in the heading date, spike, plant architecture, and leaf and grain morphology. Wheat was treated with 0.5% (n = 313), 1.0% (n = 489), and 1.5% (n = 417) EMS to induce mutations. Mutation frequency increased with increased EMS application.



Spike Morphology

Mutations on spike morphology manifested in spikelet density, awn character, sterility, and spike length (Figures 1a–f). Increased spikelet density (averaging 3.0 spikelets per cm) was observed on compact spikes in the field; in contrast, decreased spikelet density was also observed as a spelta spike mutation. Wild type spikelet density was 2.3 ± 0.1 spikelets per cm. The mutation frequency of spikelet density was relatively higher than other morphological mutations.

Interestingly, two degenerated spike mutations were obtained (Figure 1b). Unlike the lower spikelet, the upper spikelets showed much slower development starting at spikelet emergence and ceased growth completely after heading. This variation showed a mutated phenotype without segregation in the M3 plants, indicating that they are regulated by a single recessive gene or genes.

Leaf Morphology

Leaf size and chlorophyll content variations (Figures 1g–n) were screened from the seedling stage until maturity. Degenerated leaf mutations (Figures 1i,j) were observed in the elongation stage, where the flag leaves were completely degenerated. A hypersensitive reaction-like mutation appeared throughout the entire growth period (Figure 1k second from right and Figure 1n). This mutation was hereditable and the necrotic size varied among different mutagenized wheat lines. The chlorotic leaf mutant showed a gradient leaf color from petiole to apex from green to yellow (Figure 1k right and Figure 1m).

Plant Architecture

The wild type Jing 411 showed semi-erect growth before the elongation stage, where its height was about 90 cm. Plant architecture variation was observed in the 1.0 and 1.5% mutagenized population in the plant height, growth habit, tiller number, and plant wax phenotypes. Plant height variation was classified into three groups, including two taller lines (>95 cm), six semi-dwarfing (50–80 cm, Figure 1q) and two dwarfing (<50 cm) mutants. Three mutant lines showed prostrate phenotypes before the elongation stage (Figure 1p). Greater or fewer tiller amounts compared to the wild type were also obtained including a single tiller mutant (Figures 1r,s).

Seed Morphology

Mutations on grain color (Figure 1t), grain size and weight (Figure 1u), and grain shape (Figure 1v), were observed. The mutation frequency in grain morphology in each EMS treatment was higher than mutation frequency observed in any other traits (Figure 2). Grain color of the wild type is white. A single red color mutant was identified in the 1.0% mutagenized population.

Allelic Variation in the TaAGP.L-B1 Gene

Two primers specific to the gene TaAGP.L-B1 were designed and used for allelic variation screening in the M2 population (n = 1218) treated with 0.5, 1.0, and 1.5% EMS (n = 312, 489, and 417, respectively), and 18 mutations were identified in 1.0 and 1.5% subpopulation with 72% transitions (C > T, G > A) and 22% transversions (C > A, T > C, A > C) (Table 1 and Supplementary Table S2), mutation density was 1/35 and 1/104 Kb respectively, none was screened in 0.5% subpopulation. Four missense mutations and one splice mutation were identified (Table 1). One of the missense mutations in line E3-1-3 resulted in a change from proline to leucine in the 378th amino acid. The amino acid site is located in a conserved region in wheat, maize, rice, and potato (Supplementary Figure S3). The PSSM and SIFT values also predicted a mutation in line E3-1-3 that might affect gene function. The other three missense mutations in lines E049-4, E422, and E051-6 had PSSM and SIFT values that predicted no significant alteration on function. Furthering analysis on gene expression and starch content were carried out to verify allelic effects.

TABLE 1. Missense, synonymous, and splice mutations identified in gene TaAGP.L-B1.
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Expression Effects in Developing Seeds from the Novel TaAGP.L-B1 Alleles

The TaAGP.L-B1 expression patterns in developing seeds with missense mutations (lines E051-6, E422, and E3-1-3) were analyzed. Expression levels of the TaAGP.L-B1 gene in mutant E3-1-3 were significantly reduced (P < 0.01) compared to the wild type at 12, 18, and 24 DAF (Figure 3). The mutant line E051-6 showed significant change in gene expression at 18 DAF and 24 DAF compared to the wild type (P < 0.05). The E422 mutant line only showed a significant change in gene expression compared to the wild type at 12 DAF (P < 0.05).
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FIGURE 3. Expression change of gene TaAGP.L-B1 in developing seeds. Fold change is normalized using the actin gene (GenBank accession no: AAW78915) as a control. Three mutated lines in the TaAGP.L-B1 gene were compared to the wild type wheat Jing411. WT, wild type; ∗, ∗∗ significantly different from WT at the P = 0.05, 0.01 level, respectively, based on the Student’s t-test.



Effects of Novel Allele on Starch Content

Starch content in the wild type and mutant M3 and M4 seeds were measured. In the mutated line E3-1-3, starch content showed a significant decrease compared to the wild type, while no significant changes were observed in the other two mutants (Table 2).

TABLE 2. Differences in starch content of mature seeds.
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DISCUSSION

EMS Treatment and Mutation Frequency

Damaging effects in the M1 population are closely related with chemical concentration, treatment time, temperature, seed physiological state, and genotype. Typical EMS treatments are carried out using dry seeds directly soaked in solutions at room temperature for 16–18 h in concentration ranging from 0.6 to 1.2% (Slade et al., 2005; Rakszegi et al., 2010; Chen et al., 2012). As germinated seed is more sensitive than dry seed (Lin et al., 1991), we pre-treated our seeds in tap water to achieve germination and only treated seeds for 4 h. Treated seedlings were half the size of the untreated wild type at the 1.0% EMS treatment (Supplementary Figure S1c), allowing treatment time to be remarkably shortened. Temperature is an important element in our treatment process to keep seeds in an appropriate physiological state. Here, we treated seeds at 20°C for 4 h with a 10 h pre-treatment of germinating. Higher temperatures would cause physiological and biochemical reactions to occur faster, in turn leading to severe damage effects. To avoid this, treatment times should be shortened. On the contrary, low temperatures result in minor damage effects, allowing for treatment times to be longer.

Gene mutation density in multi-ploid species is higher than in diploid species (Parry et al., 2009). It has been shown that high phenotypic mutation frequency can also be generated in a mutagenized durum wheat population (Bovina et al., 2014). In the present study, the single nucleotide mutation density in 1.0% subpopulation was similar with those in other hexaploid wheat (Slade et al., 2005; Uauy et al., 2009; Chen et al., 2012); while in 1.5% subpopulation was relatively lower. But phenotypic mutation frequencies were different, it ranged from 4 to 19% and increased linearly with increased EMS concentration. The relationship of nucleotide mutation density and phenotypic mutation frequency in mutagenized population need further analysis based on more target genes and larger population. However, mutation frequency varied among phenotypes and EMS treatments (Supplementary Table S1). As reported, EMS treatment resulted in more G/C to A/T transitions than other mutation types in rice, maize, soybean and wheat (Till et al., 2004, 2007; Slade et al., 2005; Cooper et al., 2008; Chen et al., 2012). In our population, 72% mutation type was G/C to A/T transitions, it reconfirmed that EMS induced changes are transitions especially G/C to A/T.

Phenotypic Mutation Type Is Closely Related with the Genotype of Wild Type

Cultivars arise from long-term evolution and artificial selection and their gene regulatory networks have been optimized during this process. However, mutation induction leads to sequence changes in one or more genes and can break the balance of this network. The majority of mutations result in negative effects on agronomic traits. The Jing411 winter wheat wild type used in this study is an elite cultivar with high yield potential. Its TGW is about 50 g, showing high quality wheat. In many mutants, the TGW was lower. Our result showed that the maximum mutation frequency was observed in seed morphology, followed by spike morphology.

Numerous phenotypic mutations have been identified in previous reports, but the specific mutated traits in each wild type cultivar were different (Rakszegi et al., 2010; Chen et al., 2012; Bovina et al., 2014; Dhaliwal et al., 2015). These mutant lines, including ours, could be used for further novel gene discovery. More plant height mutations have been observed in mutagenized populations of Indian and Jinmai 47 and this could be a result of both wild type heights being greater than other wheat cultivars (Chen et al., 2012; Dhaliwal et al., 2015). Here, we did not see much phenotypic variation in plant height in the mutagenized lines. Two of the semi-dwarfing mutants from our Jing 411 mutated resource carried the semi-dwarfing genes Rht-D1b, which is the mutation of the allele Rht-D1a (Xiong et al., in press). We deduced that mutation type and frequency could be closely related to the genes that are available in the wild type. More mutant resources derived from different wild type cultivars with far genetic distances could produce different phenotypic and genetic mutations that could ultimately be used to increase cultivar quality.

Non-lethal Allele in Large Subunit Gene AGPase

The large subunit gene of the AGPase enzyme is expressed during grain development (Smidansky et al., 2007; Tang et al., 2016), and the overexpression of this gene results in enhanced AGP activity and starch content (Li et al., 2011; Tuncel and Okita, 2013). The altered amino acid residue in mutant E3-1-3 was located in a conserved region shared with potato and rice. The specific residue interacts with amino acids of the small subunit (Tuncel et al., 2008; Dawar et al., 2013). We did not observe any other mutations in this region. In order to validate the effect of this novel mutated allele, we analyzed the change in AGPase expression at 12, 18, and 24 DAF, as these times are peak expression periods (Thorneycroft et al., 2003; Stamova et al., 2009; Zhang et al., 2016). We found that expression was significantly down-regulated in the mutant E3-1-3, and led to a significant decrease in starch content compared to the wild type. This is consistent with transgenic results (Tuncel and Okita, 2013). Our results confirmed that the mutant E3-1-3 carried a novel allele, which was non-lethal and might related with functional variation of AGPase large subunit gene, it could be used for further analysis of the AGPase large subunit gene effect on wheat growth and development.

Non-lethal Alleles and Functional Analysis on Multi-ploid Species

Mutagenesis generates mutations randomly and usually produces more than one gene/allele mutation in an individual mutant line. These multi-genic mutations might demonstrate an effect on a phenotypic trait. To reduce mutation background, backcrossing is one of the most commonly used strategies (Konik-Rose et al., 2007; Sestili et al., 2015; Mizuno et al., 2016; Acevedo-Garcia et al., 2017). However, it may take several years for hexaploid wheat crossings and the development of triple mutant lines. Utilization of multiple independent mutants is another alternative strategy (Krasileva et al., 2017). In the present study, we compared expression and phenotypic results of line E3-1-3 with the other two mutant lines E051-6 and E422. The PSSM value of lines E051-6 and E422 were less than 10 and were predicated to have no severe effect. The gene expression patterns and starch contents in these two lines varied slightly, indicating that background mutations did not affect AGPase large subunit gene function. The starch content variation in the mutant E3-1-3 resulted from a novel allele in TaAGP.L-B1. Similarly, mutations on gene TaSSIVb-D have been identified in a mutagenized population, and by directly using two mutant lines, the gene function of TaSSIVb-D on transient starch synthesis in wheat leaves was elucidated (Guo et al., 2017). This suggests that using multiple individual mutant lines to illustrate gene characterization in multi-ploid species is an effective strategy for reverse genetics at least in major genes. Contribution of each homoeologous loci might be different (Yu et al., 2012; Yang et al., 2014), expression variations and phenotypic changes caused by gene mutation would be different either, those with higher genetic effects would be much easier to be analyzed. Genetic effects and their difference of the three homoeologous of TaAGP.L need to be verified by further experiments.

CONCLUSION

A new genetic resource with phenotypic variation and non-lethal alleles was developed using a hexaploid winter wheat cultivar as the wild type. This resource could be used for wheat forward and reverse genetic research to improve wheat agronomic traits.
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FIGURE S1 | Seeds used in EMS treatment and seedlings post-EMS treatment. (a) Dry seeds; (b) germinated seeds for EMS treatment; (c) seedlings after EMS treatment.

FIGURE S2 | Diagram of the gene TaAGP.L-B1 structure. The black rectangle represents the genomic sequence of the gene; orange arrowheads and rectangles indicate exons and their locations; blue rectangles represent 2 sets of specific primers.

FIGURE S3 | Alignment of the amino acid sequence of the AGPase large subunit. Black rectangles show wheat line point mutations in amino acid sites resulting from EMS-treatment. Sequences were aligned using ClustalX, Accession numbers of potato, maize, and rice are Q00081.1, P55241.1, and ACJ71342.1 respectively.

FOOTNOTES

1http://blocks.fhcrc.org/proweb/parsesnp/

2http://sift.bii.a-star.edu.sg/

REFERENCES

Acevedo-Garcia, J., Spencer, D., Thieron, H., Reinstadler, A., Hammond-Kosack, K., Phillips, A. L., et al. (2017). mlo-based powdery mildew resistance in hexaploid bread wheat generated by a non-transgenic TILLING approach. Plant Biotechnol. J. 15, 367–378. doi: 10.1111/pbi.12631

Avni, R., Zhao, R., Pearce, S., Jun, Y., Uauy, C., Tabbita, F., et al. (2014). Functional characterization of GPC-1 genes in hexaploid wheat. Planta 239, 313–324. doi: 10.1007/s00425-013-1977-y

Bovina, R., Brunazzi, A., Gasparini, G., Sestili, F., Palombieri, S., Botticella, E., et al. (2014). Development of a TILLING resource in durum wheat for reverse- and forward-genetic analyses. Crop Pasture Sci. 65, 112–124. doi: 10.1071/cp13226

Campbell, J., Zhang, H., Giroux, M. J., Feiz, L., Jin, Y., Wang, M., et al. (2012). A mutagenesis-derived broad-spectrum disease resistance locus in wheat. Theor. Appl. Genet. 125, 391–404. doi: 10.1007/s00122-012-1841-7

Chen, A., and Jorge, D. (2012). Wheat TILLING mutants show that the vernalization gene VRN1 down-regulates the flowering repressor VRN2 in leaves but is not essential for flowering. PLoS Genet. 8:e1003134. doi: 10.1371/journal.pgen.1003134

Chen, L., Huang, L., Min, D., Phillips, A., Wang, S., Madgwick, P. J., et al. (2012). Development and characterization of a new TILLING population of common bread wheat (Triticum aestivum L.). PLoS ONE 7:e41570. doi: 10.1371/journal.pone.0041570

Colasuonno, P., Incerti, O., Lozito, M. L., Simeone, R., Gadaleta, A., and Blanco, A. (2016). DHPLC technology for high-throughput detection of mutations in a durum wheat TILLING population. BMC Genet. 17:43. doi: 10.1186/s12863-016-0350-0

Cooper, J. L., Till, B. J., Laport, R. G., Darlow, M. C., Kleffner, J. M., Jamai, A., et al. (2008). TILLING to detect induced mutations in soybean. BMC Plant Biol. 8:9. doi: 10.1186/1471-2229-8-9

Danishuddin, M., Chatrath, R., and Singh, R. (2011). Insights of interaction between small and large subunits of ADP-glucose pyrophosphorylase from bread wheat (Triticum aestivum L.). Bioinformation 6, 144–148. doi: 10.6026/97320630006144

Dawar, C., Jain, S., and Kumar, S. (2013). Insight into the 3D structure of ADP-glucose pyrophosphorylase from rice (Oryza sativa L.). J. Mol. Model. 19, 3351–3367. doi: 10.1007/s00894-013-18517

Dhaliwal, A. K., Mohan, A., Sidhu, G., Maqbool, R., and Gill, K. S. (2015). An ethylmethane sulfonate mutant resource in pre-green revolution hexaploid wheat. PLoS ONE 10:e0145227. doi: 10.1371/journal.pone.0145227

Dong, C., Dalton-Morgan, J., Vincent, K., and Sharp, P. (2009). A modified TILLING method for wheat breeding. Plant Genome 2, 39–47. doi: 10.3835/plantgenome2008.10.0012

Fitzgerald, T. L., Powell, J. J., Stiller, J., Weese, T. L., Abe, T., Zhao, G., et al. (2015). An assessment of heavy ion irradiation mutagenesis for reverse genetics in wheat (Triticum aestivum L.). PLoS ONE 10:e0117369. doi: 10.1371/journal.pone.0117369

Guo, H., Liu, L., Li, X., Yan, Z., Xie, Y., Xiong, H., et al. (2017). Novel mutant alleles of the starch synthesis gene TaSSIVb-D result in the reduction of starch granule number per chloroplast in wheat. BMC Genomics 18:358. doi: 10.1186/s12864-017-37244

Hadrich, N., Gibon, Y., Schudoma, C., Altmann, T., Lunn, J. E., and Stitt, M. (2011). Use of TILLING and robotised enzyme assays to generate an allelic series of Arabidopsis thaliana mutants with altered ADP-glucose pyrophosphorylase activity. J. Plant Physiol. 168, 1395–1405. doi: 10.1016/j.jplph.2011.01.013

Hazard, B., Zhang, X., Colasuonno, P., Uauy, C., Beckles, D. M., and Dubcovsky, J. (2012). Induced mutations in the starch branching enzyme ii (SBEII) genes increase amylose and resistant starch content in durum wheat. Crop Sci. 52, 1754–1766. doi: 10.2135/cropsci2012.02.0126

Hoisington, D., Khairallah, M., Reeves, T., Ribaut, J.-M., Skovmand, B., Taba, S., et al. (1999). Plant genetic resources: what can they contribute toward increased crop productivity? Proc. Natl. Acad. Sci. U.S.A. 96, 5937–5943. doi: 10.1073/pnas.96.11.5937

Kang, G., Liu, G., Peng, X., Wei, L., Wang, C., Zhu, Y., et al. (2013). Increasing the starch content and grain weight of common wheat by overexpression of the cytosolic AGPase large subunit gene. Plant Physiol. Biochem. 73, 93–98. doi: 10.1016/j.plaphy.2013.09.003

Keeling, P. L., and Myers, A. M. (2010). Biochemistry and genetics of starch synthesis. Annu. Rev. Food Sci. Technol. 1, 271–303. doi: 10.1146/annurev.food.102308.124214

Kim, S.-I., and Tai, T. H. (2014). Identification of novel rice low phytic acid mutations via TILLING by sequencing. Mol. Breed. 34, 1717–1729. doi: 10.1007/s11032-014-0127-y

Konik-Rose, C., Thistleton, J., Chanvrier, H., Tan, I., Halley, P., Gidley, M., et al. (2007). Effects of starch synthase IIa gene dosage on grain, protein and starch in endosperm of wheat. Theor. Appl. Genet. 115, 1053–1065. doi: 10.1007/s00122-007-06310

Krasileva, K. V., Vasquez-Gross, H. A., Howell, T., Bailey, P., Paraiso, F., Clissold, L., et al. (2017). Uncovering hidden variation in polyploid wheat. Proc. Natl. Acad. Sci. U.S.A. 114, E913–E921. doi: 10.1073/pnas.1619268114

Li, N., Zhang, S., Zhao, Y., Li, B., and Zhang, J. (2011). Over-expression of AGPase genes enhances seed weight and starch content in transgenic maize. Planta 233, 241–250. doi: 10.1007/s00425-010-1296-5

Li, S., Wei, X., Ren, Y., Qiu, J., Jiao, G., Guo, X., et al. (2017). OsBT1 encodes an ADP-glucose transporter involved in starch synthesis and compound granule formation in rice endosperm. Sci. Rep. 7:40124. doi: 10.1038/srep40124

Li, W., Guo, H., Wang, Y., Xie, Y., Zhao, L., Gu, J., et al. (2017). Identification of novel alleles induced by EMS-mutagenesis in key genes of kernel hardness and starch biosynthesis in wheat by TILLING. Gene Genomics 39, 387–395. doi: 10.1007/s13258-016-05045

Lin, Z., Huang, Z., Tang, W., and Lin, G. (1991). Mutagenic effects of different physiological states in rice. J. Nucl. Agric. Sci. 12, 1–4.

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2-ΔΔCT method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Mizuno, N., Kinoshita, M., Kinoshita, S., Nishida, H., Fujita, M., Kato, K., et al. (2016). Loss-of-function mutations in three homoeologous PHYTOCLOCK 1 genes in common wheat are associated with the extra-early flowering phenotype. PLoS ONE 11:e0165618. doi: 10.1371/journal.pone.0165618

Ng, P. C., and Henikoff, S. (2003). SIFT: predicting amino acid changes that affect protein function. Nucleic Acids Res. 31, 3812–3814. doi: 10.1093/nar/gkg509

Parry, M. A. J., Madgwick, P. J., Bayon, C., Tearall, K., Hernandez-Lopez, A., Baudo, M., et al. (2009). Mutation discovery for crop improvement. J. Exp. Bot. 60, 2817–2825. doi: 10.1093/jxb/erp189

Rakszegi, M., Kisgyörgy, B. N., Tearall, K., Shewry, P. R., Láng, L., Phillips, A., et al. (2010). Diversity of agronomic and morphological traits in a mutant population of bread wheat studied in the Healthgrain program. Euphytica 174, 409–421. doi: 10.1007/s10681-010-0149-4

Rose, M. K., Huang, X. Q., and Brule-Babel, A. (2016). Molecular characterization and sequence diversity of genes encoding the large subunit of the ADP-glucose pyrophosphorylase in wheat (Triticum aestivum L.). J. Appl. Genet. 57, 15–25. doi: 10.1007/s13353-015-02981

Saripalli, G., and Gupta, P. K. (2015). AGPase: its role in crop productivity with emphasis on heat tolerance in cereals. Theor. Appl. Genet. 128, 1893–1916. doi: 10.1007/s00122-015-25652

Serrat, X., Esteban, R., Guibourt, N., Moysset, L., Nogués, S., and Lalanne, E. (2014). EMS mutagenesis in mature seed-derived rice calli as a new method for rapidly obtaining TILLING mutant populations. Plant Methods 10:5. doi: 10.1186/1746-4811-10-5

Sestili, F., Palombieri, S., Botticella, E., Mantovani, P., Bovina, R., and Lafiandra, D. (2015). TILLING mutants of durum wheat result in a high amylose phenotype and provide information on alternative splicing mechanisms. Plant Sci. 233, 127–133. doi: 10.1016/j.plantsci.2015.01.009

Slade, A. J., Fuerstenberg, S. I., Loeffler, D., Steine, M. N., and Facciotti, D. (2005). A reverse genetic, nontransgenic approach to wheat crop improvement by TILLING. Nat. Biotechnol. 23, 75–81. doi: 10.1038/nbt1043

Smidansky, E. D., Meyer, F. D., Blakeslee, B., Weglarz, T. E., Greene, T. W., and Giroux, M. J. (2007). Expression of a modified ADP-glucose pyrophosphorylase large subunit in wheat seeds stimulates photosynthesis and carbon metabolism. Planta 225, 965–976. doi: 10.1007/s00425-006-04003

Stamova, B. S., Laudencia-Chingcuanco, D., and Beckles, D. M. (2009). Transcriptomic analysis of starch biosynthesis in the developing grain of hexaploid wheat. Int. J. Plant Genomics 2009:407426. doi: 10.1155/2009/407426

Suzuki, T., Eiguchi, M., Kumamaru, T., Satoh, H., Matsusaka, H., Moriguchi, K., et al. (2008). MNU-induced mutant pools and high performance TILLING enable finding of any gene mutation in rice. Mol. Genet. Genomics 279, 213–223. doi: 10.1007/s00438-007-02932

Tang, X. J., Peng, C., Zhang, J., Cai, Y., You, X. M., Kong, F., et al. (2016). ADP-glucose pyrophosphorylase large subunit 2 is essential for storage substance accumulation and subunit interactions in rice endosperm. Plant Sci. 249, 70–83. doi: 10.1016/j.plantsci.2016.05.010

Taylor, N. E., and Greene, E. A. (2003). PARSESNP: a tool for the analysis of nucleotide polymorphisms. Nucleic Acids Res. 31, 3808–3811. doi: 10.1093/nar/gkg574

Thorneycroft, D., Hosein, F., Thangavelu, M., Clark, J., Vizir, I., Burrell, M. M., et al. (2003). Characterisation of a gene from chromosome 1B encoding the large subunit of ADPglucose pyrophosphorylase from wheat: evolutionary divergence and differential expression of Agp2 genes between leaves and developing endosperm. Plant Biotechnol. J. 1, 259–270. doi: 10.1046/j.1467-7652.2003.00025.x

Till, B. J., Cooper, J., Tai, T. H., Colowit, P., Greene, E. A., Henikoff, S., et al. (2007). Discovery of chemically induced mutations in rice by TILLING. BMC Plant Biol. 7:19. doi: 10.1186/1471-2229-7-19

Till, B. J., Reynolds, S. H., Greene, E. A., Codomo, C. A., Enns, L. C., Johnson, J. E., et al. (2003). Large-scale discovery of induced point mutations with high-throughput TILLING. Genome Res. 13, 524–530. doi: 10.1101/gr.977903

Till, B. J., Reynolds, S. H., Weil, C., Springer, N., Burtner, C., Young, K., et al. (2004). Discovery of induced point mutations in maize genes by TILLING. BMC Plant Biol. 4:12. doi: 10.1186/1471-2229-4-12

Till, B. J., Zerr, T., Comai, L., and Henikoff, S. (2006). A protocol for TILLING and Ecotilling in plants and animals. Nat. Protoc. 1, 2465–2477. doi: 10.1038/nprot.2006.329

Tsuda, M., Kaga, A., Anai, T., Shimizu, T., Sayama, T., Takagi, K., et al. (2015). Construction of a high-density mutant library in soybean and development of a mutant retrieval method using amplicon sequencing. BMC Genomics 16:1014. doi: 10.1186/s12864-015-2079-y

Tuncel, A., Kavakli, I. H., and Keskin, O. (2008). Insights into subunit interactions in the heterotetrameric structure of potato ADP-glucose pyrophosphorylase. Biophys. J. 95, 3628–3639. doi: 10.1529/biophysj.107.123042

Tuncel, A., and Okita, T. W. (2013). Improving starch yield in cereals by over-expression of ADPglucose pyrophosphorylase: expectations and unanticipated outcomes. Plant Sci. 211, 52–60. doi: 10.1016/j.plantsci.2013.06.009

Uauy, C., Paraiso, F., Colasuonno, P., Tran, R. K., Tsai, H., Berardi, S., et al. (2009). A modified TILLING approach to detect induced mutations in tetraploid and hexaploid wheat. BMC Plant Biol. 9:115. doi: 10.1186/1471-2229-9-115

Wu, J.-L., Wu, C., Lei, C., Baraoidan, M., Bordeos, A., Madamba, M. R. S., et al. (2005). Chemical- and irradiation-induced mutants of indica rice IR64 for forward and reverse genetics. Plant Mol. Biol. 59, 85–97. doi: 10.1007/s11103-004-51120

Xin, Z., Li Wang, M., Barkley, N. A., Burow, G., Franks, C., Pederson, G., et al. (2008). Applying genotyping (TILLING) and phenotyping analyses to elucidate gene function in a chemically induced sorghum mutant population. BMC Plant Biol. 8:103. doi: 10.1186/1471-2229-8-103

Xiong, H., Guo, H., Xie, Y., Zhao, L., Gu, J., Zhao, S., et al. (in press). Enhancement of dwarf wheat germplasm with high yield potential derived from induced mutagenesis. Plant Genet. Resour. doi: 10.1017/S1479262116000459

Yang, Y., Li, S., Zhang, K., Dong, Z., Li, Y., An, X., et al. (2014). Efficient isolation of ion beam-induced mutants for homoeologous loci in common wheat and comparison of the contributions of Glu-1 loci to gluten functionality. Theor. Appl. Genet. 127, 359–372. doi: 10.1007/s00122-013-22244

Yu, C., Bie, T., Wang, C., Zhang, X., Wu, R., Cheng, X., et al. (2012). Development of near-isogenic lines with different wheat Wx genes and their effects on amylose content and noodle quality. Acta Agronomica Sin. 38, 454–461. doi: 10.3724/sp.j.1006.2012.00454

Zhang, X. W., Li, S. Y., Zhang, L. L., Yang, Q., Jiang, Q. T., Ma, J., et al. (2016). Structure and expression analysis of genes encoding ADP-glucose pyrophosphorylase large subunit in wheat and its relatives. Genome 59, 501–507. doi: 10.1139/gen-2016-0007

Zhou, H., Wang, L., Liu, G., Meng, X., Jing, Y., Shu, X., et al. (2016). Critical roles of soluble starch synthase SSIIIa and granule-bound starch synthase waxy in synthesizing resistant starch in rice. Proc. Natl. Acad. Sci. U.S.A. 113, 12844–12849. doi: 10.1073/pnas.1615104113

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Guo, Yan, Li, Xie, Xiong, Liu, Zhao, Gu, Zhao and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers
in Plant Science

Development of a High-Efficient
Mutation Resource with
Phenotypic Variation in

Hexaploid Winter Wheat and

Identification of Novel Alleles in

the TaAGP.L-B1 Gene





OPS/images/fpls-08-01404-t002.jpg
Line Starch content (%)

WT 61.96 £ 3.59 A
EO051-6 61.59+0.34 A
E422 62.06 +2.36 A
E3-1-3 56.43+342C

Values are described as means + standard deviation;, labeled with different capital
letters denote significant differences at the P < 0.01 level based on the Student’s
t-test.





OPS/images/fpls-08-01404-t001.jpg
EMS
concentration
(%)

Nucleotide number begins at the start codon ATG.

Line

E049-4
E2-1-43
E3-1-3
E038-3
E422
E2-1-32
E051-6

Nucleotide
change

G1748A
C1938A
C2531T
G2677A
G2889A
G2973A
G3116A

Amino acid
change

S261N
A290=
Pa78L
Spiice Junction
M436l
Ed6d=
G48OR

Zygosity

Homo
Homo
Homo
Homo
Homo
Homo
Homo

PSSM
value

SIFT
score

0.37

0.34

022





OPS/images/cross.jpg
3,

i





OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-08-01404-g001.jpg





OPS/images/fpls-08-01404-g003.jpg
B o S
SESTs mEaz

2 ) 24
me (@)





OPS/images/fpls-08-01404-g002.jpg
mutation frequency %

heading
date

spike

leaf

plant
arcitechture

grain





