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Abstract: Peanut (Arachis hypogaea L.) is an oil and economic crop of vital importance, and peanut pod is the key organ influencing the yield and processing quality. Hence, the Pod-related traits (PRTs) are considered as important agronomic traits in peanut breeding. To broaden the variability of PRTs in current peanut germplasms, three elite peanut cultivars were used to construct Ethyl methane sulfonate (EMS)-induced mutant libraries in this study. The optimal EMS treatment conditions for the three peanut varieties were determined. It was found that the median lethal dose (LD50) of EMS treatment varied greatly among different genotypes. Finally, the EMS-induced peanut mutant libraries were constructed and a total of 124 mutant lines for PRTs were identified and evaluated. Furthermore, “M-8070”, one of the mutant lines for pod constriction, was re-sequenced via high-throughput sequencing technology. The genome-wide variations between “M-8070” and its wild parent “Fuhua 8” (FH 8) were detected. 2994 EMS-induced single nucleotide polymorphisms (SNPs) and 1188 insertion-deletions (InDels) between “M-8070” and its wild parent were identified. The predominant SNP mutation type was C/G to T/A transitions, while the predominant InDel mutation type was “1-bp”. We analyzed the distribution of identified mutations and annotated their functions. Most of the mutations (91.68% of the SNPs and 77.69% of the InDels) were located in the intergenic region. 72 SNPs were identified in the exonic region, leading to 27 synonymous, 43 non-synonymous and 2 stop-gain variation for gene structure. 13 Indels were identified in the exonic region, leading to 4 frame-shift, 8 non-frame-shift and 1 stop-gain variations of genes. These mutations may lead to the phenotypic variation of “M-8070”. Our study provided valuable resources for peanut improvement and functional genomic research.
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1  Introduction

Peanut (Arachis hypogaea L.), which is rich in vegetable fat, proteins, vitamins, mineral elements and other nutrients, supplies excellent raw material for oil processing industry and food productions [1]. It is one of the most significant oil and economic crops worldwide, with a global production of approximately 47 million metric tons during the year 2020 [2]. Breeding new peanut varieties with high yield production and good quality will be meaningful for consumers, peanut producers, manufacturers and all allied industries.

Pod is the most important organ in peanut from an agronomic perspective. Pod-related traits (PRTs) are also considered as important agronomic traits in peanut breeding. PRTs, such as pod weight, pod length, and pod width have been reported to directly influence peanut yield production [3]. Furthermore, some of the PRTs, such as pod length-width ratio and constriction trait co-determine pod size, shape and appearance of peanut, which are also important in in-shell consumption and processing industry [4,5]. Therefore, it is important for us to broaden the variability of PRTs in the current peanut breeding resource in order to meet various requirements.

Induced mutagenesis, which provides the possibility of generating desired phenotypes that are not present in nature, is a useful tool in plant breeding by broadening the genetic diversity in the existing varieties. It is also widely applied in plant functional genome research [6]. Ethyl methane sulfonate (EMS) is one of the most commonly used mutagens. It induces point base substitutions of guanine-cytosine (G/C) to adenine-thymine (A/T) with high efficiency [7,8]. Compared with other mutant strategies which give rises to chromosomal deletions or aberrations, EMS-induced random point mutations are less detrimental to the organism, and consequently the treated organism has a higher frequency to survive. As a result, it is easier to obtain a saturated mutant population [9]. In peanut, efforts have been made to construct the EMS-induced mutant library, and a lot of mutants with desirable mutant traits, such as high-oleate content [10–12], allergen reduction [13], oil content [14], different testa color [15], salt tolerance [16] and yield-related traits [17,18], have been identified. Some of the new peanut varieties have been developed based on the EMS mutants [19]. However, more mutants with different genetic backgrounds are still urgent needed. It is important for both peanut breeding programs and functional genomic research.

In this study, three elite peanut varieties were treated by EMS to produce new chemical mutants. The optimal EMS concentrations for mutagenesis for different peanut varieties have been investigated. A series of PRTs mutant lines were selected and identified from the mutant libraries. Furthermore, one of the mutants “M-8070”, which showed a deeper constriction phenotype than its wild type, was re-sequenced and analyzed.

2  Materials and Methods

2.1 Plant Materials

Three peanut cultivars, “Fuhua 6” (FH 6), “Fuhua 8” (FH 8) and “Kanghuang 1” (KH 1), were used in this study. These three cultivars were widely cultivated in Fujian Province, South of China. “FH 6” is a peanut cultivar with high-oil; “FH 8” is a high-protein content peanut cultivar, and “KH 1” is one of the earliest released Aspergillus flavus-resistant peanut cultivars in China [20]. All the seeds used for EMS treatment were propagated by selfing for over five generations to guarantee the purity and homozygous.

2.2 EMS Treatment and Measurement of the Germination Rate under EMS Treatment

The EMS treatments consisted of 0.3%, 0.6% and 0.9% (v/v) EMS solutions (Sigma-Aldrich (Shanghai) Trading Co., Ltd., Shanghai, China) (0.1 M phosphate buffer (pH 7.0) was used as dissolvent of EMS solutions). In general, peanut seeds were soaked and shaken at low speed in the EMS solution for 8 h. The control seeds were treated by 0.1 M phosphate buffer (pH 7.0) without EMS. Then, all the treated seeds were washed via running water for 4 h. After basically drain surface moisture of seeds, the treated seeds were sowed in the field of Fuzhou (E: 119.28; N: 26.08). In order to calculate the germination rate under the EMS treatments, each treatment had three parallel replications and each replication included 300 seeds. The experiment was carried out in a complete randomized-block design. The germination rates of the treated seeds and their control were evaluated at 17 days after sowing (EMS treatment delayed the emergence of some treated seeds). Germination rate was calculated by dividing the number of germinated seeds by the total number of tested seeds, and then multiplying the number by 100 to get a percentage. The relative germination rate of different treatments in this study was calculated by dividing the germination rate of any treated group by the germination rate of the control group, and then multiplying the number by 100 to get the percentage. The LD50 values for peanut mutagenesis with different EMS concentrations in this study were estimated by linear regression analysis described in a previous study [17], based on the relative germination rate.

2.3 Phenotypic Evaluation

The mutants for PRTs were firstly detected by visual observation during the harvest. The pods from mutants were harvested and dried. The 100-pod weight (HPW), pod length, and pod width were analyzed via a Wanshen seed testing instrument, using at least 10 typical pods. The pod length/width ratio was calculated based on the data of pod length and width. The pod constriction extent was also firstly visual evaluated in the field, and then calculated by a pod constriction index (PCI) described in a previous study [5] (The width of the constricted area was measured by a Vernier caliper, and at least 5 typical pods were measured for a line).

2.4 Identification and Annotation of EMS-Induced Mutations

The young leaves from the mutant line “M-8070” (in the M4 generation) were collected for DNA extraction. The DNA library was constructed following the protocol of NEB Next Ultra II DNA Library Prep Kit for Illumina. A high-throughput sequencing of “M-8070” DNA library was carried out by Illumina NovaSeq platform with NovaSeq 6000 S4 Reagent Kit. In addition, we got the high-throughput sequencing data of “FH 8” from a previous study [21]. Then, the clean data of “M-8070” and “FH 8” were mapped to a reference genome of cultivated peanut (Tifrunner_V20190521, https://www.peanutbase.org/data/public/Arachis_hypogaea/Tifrunner.gnm2.J5K5/) using the tool of BWA [22], and the comparison results were obtained in a SAM format. “SAMtools” [23] was applied to transform the comparison results from sam to bam format. Picard was used to sort duplicates, add read group information and index the bam file (http://broadinstitute.github.io/picard/). Any possible EMS-induced mutation was detected by the “HaplotypeCaller” module of “GATK” tools software [24]. The annotation and effects of mutations on gene function were predicted by “ANNOVAR” [25]. The raw data were deposited on https://www.ncbi.nlm.nih.gov/sra/PRJNA839216.

2.5 Statistical Analysis

The data obtained from different types of mutants were statistically analyzed by one-way ANOVA analysis, using SPSS 16.0 software (SPSS, Chicago, IL, USA). The analyzed data were presented as means (±SD) for at least three replications.

3  Results

3.1 Determination of the Optimal EMS Concentrations for Mutagenesis in Three Peanut Varieties

To determine the optimal EMS concentration of mutagenesis for peanut in this study, three EMS solution concentrations (v/v) of 0.3%, 0.6% and 0.9% were applied to treat seeds from three peanut cultivars, “FH 6”, “FH 8” and “KH 1” for 8 h, respectively. Field germination rates of the treated seeds and their control were evaluated. It was found that the germination rate was negatively correlated with the EMS concentration. However, different genotypes showed different sensitivity to the EMS treatment. Under the treatment of 0.3% EMS concentration for 8 h, about 80% “FH 6” seeds, over 70% “FH 8” seeds and over 40% “KH 1” seeds were germinated. Under the treatment of 0.6% EMS concentration for 8 h, over 60% “FH 6” seeds, about 50% “FH 8” seeds and about 2% “KH 1” seeds were germinated. When the seeds were treated with 0.9% EMS concentration for 8 h; the germination rate was about 58.33%, 38.77% and 0% for “FH 6”, “FH 8” and “KH 1”, respectively (Fig. 1). Hence, the median lethal dose (LD50) of EMS concentration for “FH 6” was around 0.9% (0.96%), for “FH 8” was around 0.6% (0.68%), and for “KH 1” was around 0.3% (0.34%) under the 8-h treatment.
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Figure 1: The relative germination rate of M0 seeds treated by different EMS concentrations. Each histogram represented the means of relative germination rate for different EMS concentration treatments for various peanut genotypes, n = 3 replications, each replication included 300 seeds. Vertical bars represented means ± standard deviations of the results of three independent replications

3.2 Development of the Mutant Peanut Libraries and Identification of Mutants for PRTs

Approximately 5000 treated seeds were germinated as M0 Plants. 3502 of these plants (1562 plants for “FH 6”, 1711 plants for “FH 8” and for 229 plants for “KH 1”, respectively) were harvested with seeds. The remaining plants did not produce seeds for various reasons, such as sterility, severe dwarfing and all kinds of diseases in the field. The seeds harvested from the M0 plants which survived were planted as M1 lines. Preliminary field observations for PRTs variation (including pod length, width, the length-width ratio and pod constriction) were conducted during the harvest period of M1 lines. The seeds of the M1 plants which showed variation in PRTs were harvested and planted as M2 lines. The pods from each of the M2 lines were evaluated to confirm the results of the M1 population. As a result, 124 mutant lines (51 lines for “FH 6”, 70 lines for “FH 8” and 3 lines for “KH 1”, respectively) with stable inheritance variation in PRTs were obtained (Fig. 2).
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Figure 2: Development of the mutagenized peanut libraries

We analyzed the PRTs (including pod weight, pod length, pod width, the length-width ratio and pod constriction) variation in all identified mutants of “FH 6” and “FH 8”. Among accessions of the identified “FH 6” PRTs mutants, the one hundred pod weight ranged from 127.13 to 209.31 g, 5 lines showed heavier pods, and 46 lines showed less pod weights than their wild type. The pod length ranged from 24.30 to 34.64 mm, and 8 lines showed an increase, while the remaining 38 lines showed a decrease in pod length than “FH 6”. The pod width of the “FH 6”-based mutants ranged from 13.82 to 18.47 mm; 2 lines increased in pod width, and the remaining lines decreased in pod length than “FH 6” (Figs. 3A and 3C; Table S1). 14 lines exhibited a visual change in length-width ratio, and 5 lines varied in pod constriction extent (Table S1).
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Figure 3: Phenotypic evaluation of PRTs mutants for the “FH 6” and “FH 8” mutagenesis libraries. (A) One hundred-pod weight of PRTs mutant lines from the “FH 6” mutant library. The blue spot represents the wild type parent “FH 6”; (B) One hundred-pod weight of PRTs mutant lines from the “FH 8” mutant library. The blue spot represents “FH 8” (C) Variation in pod length and pod width of PRTs mutant lines from the “FH 6” mutant library. (D) Variation in pod length and pod width of PRTs mutant lines from the “FH 8” mutant library

In the “FH 8”-based mutant, the one hundred pod weight ranged from 124.15 to 239.64 g, and 21 lines increased in pod weight, while 49 lines decreased in it. The pod length of “FH 8”-based mutant lines ranged from 26.47 to 36.37 mm, 16 lines increased in pod length, and 54 lines decreased in pod length. The pod width of the “FH 8”-based mutant lines rangeed from 13.96 to 18.42 mm. Among the identified lines, 12 showed and increased pod width, while 58 showed a decrease on it (Figs. 3B and 3D; Table S2). In addition, we also identified 5 lines with a varied length-width ratio mutant, and 1 line with a different pod constriction extent in this “FH 8”-based mutant library (Table S2). The information of PRTs mutants in the “KH 1” background was listed in Table S3.

3.3 Identification of a Pod-Constriction Mutant and Its Whole-Genome Sequencing

Among the identified mutant, “M-8070”, one “FH 8”-based mutant showed deeply constricted pods, while its wild type “FH 8” exhibited slightly or no constriction (Fig. 4). This mutant was re-sequenced, and a total of 33.25 Gb paired-end reads were obtained with 11.69 × average sequencing depth. The obtained clean short-read sequences were mapped to the Tifrunner reference genome, and the average genome coverage was 95.64%. Meanwhile, the “FH 8” re-sequencing data were obtained from our previous study (also used Tifrunner as a reference genome). After filtering out the common base change shared by “M-8070” and “FH 8”, a total of 4,182 loci were considered as EMS-induced sites. Among them, 2,994 were single nucleotide polymorphisms (SNPs), and 1,188 were InDels. As expected, 2,258 SNPs were G/C to A/T transitions, and they were the predominant SNP base changes (75.41%) in our mutant. This is also the typical point base substitutions induced via EMS. The frequency was followed by C/G to A/T transversions (265, 8.85%), A/T to G/C transitions (201, 6.71%), A/T to T/A transversions (165, 5.51%), C/G to G/C transversions (58, 1.94%), and A/T to C/G transversions (57, 1.90%) (Fig. 5A). Among the 1,188 identified InDels, the most frequent InDel length was 1-bp (593), it accounted for 49.92% of the total InDels (Fig. 5B). We further analyzed the distribution and density of EMS-induced sites. It demonstrated that the mutant frequency was 1.65 mutant site/Mb, and those sites were evenly distributed in the whole genome (Figs. 6 and 7, Table 1).
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Figure 4: The phenotype of “M-8070” and its wild type parent “FH 8”. (A) Pods of “M-8070” and its wild type parent “FH 8”. The pod of “FH 8” is present in the upper line, while the pod of “M-8070” is present in the lower line. The white bar represents the length of 1 cm. (B) The PCI index of “M-8070” and “FH 8”. The error bars represent the mean ± SD of five biological replicates. The Student t-test was applied to assess the difference of means between the two varieties. “**” indicates a significant difference between “M-8070” and “FH 8” (P =< 0.01)
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Figure 5: Type of mutations identified in “M-8070”. (A) The type of SNPs identified in “M-8070”. (B) The type of InDels identified in “M-8070”
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Figure 6: The identified mutation of “M-8070” in chromosomes view
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Figure 7: The distribution of identified mutation in the genome of “M-8070”
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3.4 Determination of the Functional Effects of EMS-Induced Mutation

We used the software “ANNOVAR” to annotate these mutations, and predicted the effect of mutations on gene function. Most SNPs (2,745 of 2,994, 91.68%) mutations were located in the intergenic region. 70 of 2,994 SNPs (2.37%) were identified in the upstream/downstream region. There were 178 of 2,994 SNPs (5.95%) identified in the genic region. 91 of them were in the intronic region, 72 were in the exonic region, and the rest were identified in the UTR region or splicing region (Table 2). The 72 SNPs identified in the exonic region led to 27 synonymous, 43 non-synonymous and 2 stop-gain variations of genes. For InDels, most of them (923 of 1,188, 77.69%) also occurred in the intergenic region. Nevertheless, 77 InDels (6.48%) occurred in the upstream/downstream region, and 188 InDels (15.82%) were identified in the genic region (Table 2). 13 Indels occurred in the exonic region led to 4 frame-shift, 8 non-frame-shift and 1 stop gain variations of genes.

[image: images]

Some of the EMS-induced SNPs were located on the exonic region of genes; we collected the information of these genes and annotated them (Table 3). In addition, we further annotated genes which EMS-induced Indels mutations led to the “stop-gain”, “nonframeshift insertion”, “frameshift insertion”, or “frameshift-deletion” effect on gene structure (Table 4). Among these genes, two “stop-gain” type genes induced by SNPs, which encode “zinc finger MYM-type protein 1-like” and “probable dolichyl pyrophosphate Man9GlcNAc2 alpha-1, 3-glucosyltransferase-like”, respectively, showed the typical point base substitutions of guanine-cytosine (G/C) to adenine-thymine (A/T) induced via EMS treatment. We speculated that they were the possible candidate genes for the deep constriction phenotype in our mutant.
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4  Discussion

In this study, we investigated the optimal EMS treatment condition for different peanut genotypes, and constructed an EMS-induced mutant library. The mutants underlying PRTs were identified. One of the PRTs mutants which exhibited deeply constricted pods was selected for re-sequencing.

According to our study, there were great differences in EMS sensitivity among peanut varieties. Although previous studies have reported that the sensitivity to EMS mutagens varied with genotype in peanut [17], such great variation in EMS sensitivity was not addressed. It is reported that a higher frequency of nucleotide variation would be induced by a higher EMS concentration treatment [26,27]. Since the multiple mutations may mask the possible varied phenotype induced by EMS treatment, and the extraordinary high frequency mutations may lead to a higher possibility for lethal phenotypes in the mutant library [28], an optimal EMS treatment concentration should be determined [29]. The LD50 value is regarded as the evaluating indicator for the EMS treatment. Hence, it is worthwhile to evaluate the LD50 value for different peanut genotypes before large scale application of EMS inducement for the new genotypes.

Pod-related traits (PRTs) are important agronomic traits not only influencing peanut yield, but also affecting pod appearance and processing quality. Although many QTLs underlying PRTs were identified through natural populations [30–35], more information was still needed for elucidating the genetic mechanism underlying these traits. EMS-induced mutagenesis is a suitable choice to supplement the study in the natural population. On the one hand, mutants may create haplotypes not existing in the natural environment. On the other hand, fewer variations in the genome and typical point mutations in the EMS-induced mutant make it easier to find the candidate gene than using the natural materials. In this study, we also produced a variety of peanut PRTs mutants via this method. They exhibited a varying degree of variations in PRTs, and they will be good materials for further peanut breeding programs and functional genomics research.

Whole-genome sequencing is a powerful tool for surveying the mutations induced by EMS mutagens [36]. It has been successfully applied in several crop species. However, few reports were listed about the whole-genome sequencing for EMS induced mutants in peanut. In our study, whole-genome sequencing was applied to survey the mutations in one of our identified mutants. A total of 2,994 SNPs and 1,188 InDels have been identified and characterized. The mutation frequency in our study was 1.65 mutant site/Mb, and this was similar to that of in other crop species, such as Arabidopsis (11.24 mutant site/Mb) [37], foxtail millet (4.69 mutant site/Mb) [28], rice (3.77 mutant site/Mb) [38], maize (2.06 mutant site/Mb) [39], sorghum (1.90 mutant site/Mb) [40], and tomato (1.36 mutant site/Mb) [41]. It indicates that our EMS mutagens may induce proper density of mutation in the genome. On one hand, it can induce enough mutations to create variation in phenotypes. On the other hand, a moderate frequency of mutations can minimize the possible masked phenotypes resulted by multiple mutations. Based on our result, the majority of mutations were C/G to T/A transitions in our mutant. It is consistent with the previous studies, and fit the working mechanism of EMS alkylating agent. However, a series of non-C/G to T/A transitions have also been detected in our mutant. This condition has also been reported in other studies [27,36,42]. What is certain is that some of the non-C/G to T/A transitions may be the false positive result during re-sequencing and data analysis. However, the mechanism on how other non-C/G to T/A transitions are induced is still unclear to us. Nevertheless, in the traditional reverse-genetic study, non-C/G to T/A type mutations were filtered out, and only C/G to T/A type mutations were considered to be the reason for variation [36,43]. In this study, after filtering out the non-C/G to T/A type mutations, 2,248 C/G to T/A-type mutations remained. 2,057 of the 2,248 SNPs were identified in the intergenic region, 54 were in the upstream/downstream of gene, and 137 were identified in the genic region. Among the 137 SNPs identified in the genic region, 68 are identified in the intronic region, 11 were identified in the UTR region or splicing region and the remaining 58 were identified in the exonic region, leading to 27 synonymous, 29 non-synonymous and 2 stop-gain variations of genes, respectively.

The degree of pod constriction influences seed development in peanut. It is also an important agronomic trait affecting peanut processing, especially for peanut in-shell processing industry. The genetic mechanism for peanut constriction is known to be very complex [5,44,45]. Although some QTLs underlying the peanut pod constriction degree have been identified via linkage analysis [5], more genes controlling constriction should be addressed to dissect its genetic mechanism. In this study, we identified the deep constriction mutant lines, and re-sequenced one of them. We propose that those mutations leading to the stop-gain variations are the most likely cause for the phenotype variation. In our study, two genes exhibited the “stop-gain” variation in gene structure resulting from the typical G/C to A/T transitions point base substitutions induced via EMS treatment. We speculated that they were the possible candidate genes for deep constriction phenotypes in our mutant. These two genes encode “zinc finger MYM-type protein 1-like” and “probable dolichyl pyrophosphate Man9GlcNAc2 alpha-1, 3-glucosyltransferase-like”, respectively. Their specific roles in peanut pod development are still not known based on the current knowledge. According to the study in other species, the zinc finger MYM-type proteins are involved in a protein-protein interaction module, a function in regulating the transcriptional ability [46], telomeric fusions [47], and DNA repair [48]. The dolichyl pyrophosphate Man9GlcNAc2 alpha-1, 3-glucosyltransferase catalyzes the addition of the second glucose residue to the lipid-linked oligosaccharide precursor for N-linked glycosylation of proteins [49]. Of course, the candidate gene for phenotypic variation should be confirmed via further study, such as mut-map, and so on.
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Table 1: The distribution and density of SNPs and InDels in “M-8070”

Chr Length No. SNPs SNP density No. InDels InDel density
A01 112,420,854 180 1.60 60 0.53
A02 103,302,290 97 0.94 42 0.41
A03 143,109,472 158 1.10 63 0.44
A04 128,801,742 167 1.30 46 0.36
A05 116,542,366 119 1.02 51 0.44
A06 118,975,115 109 0.92 40 0.34
A07 81,752,458 144 1.76 30 0.37
A08 51,529,986 33 0.64 34 0.66
A09 120,499,698 177 1.47 38 0.32
A10 117,076,737 134 1.14 41 0.35
BO1 149,287,806 178 1.19 55 0.37
B02 120,530,088 167 1.39 68 0.56
B03 146,301,462 168 1.15 78 0.53
B04 143,237,272 194 1.35 80 0.56
BO05 160,028,458 105 0.66 74 0.46
B06 151,242,074 194 1.28 69 0.46
B0O7 134,191,082 62 0.46 78 0.58
BO8 135,027,066 161 1.19 117 0.87
B09 159,361,216 238 1.49 56 0.35
B10 145,034,356 209 1.44 68 0.47
Whole 2,538,251,598 2,994 1.18 1,188 0.47
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Table 3: EMS-induced SNPs located on the exonic region and their effect on gene function

Chr Position Alt Ref Annotated genes ID Function effect

A01 6651746 G A arahy.36HDXC Nonsynonymous SNV
A01 95115500 G A arahy.Y0IGTZ Synonymous SNV
A01 106168680 G A arahy.ZP1L4J Synonymous SNV
A01 11206955 C T arahy.2D2JRR Synonymous SNV
A02 58822935 G A arahy.74EFZ5 Nonsynonymous SNV
A02 99506837 C T arahy. JXQ8LX Nonsynonymous SNV
A02 100347946 C T arahy.4NCV9J Nonsynonymous SNV
A03 87014831 G A arahy. FKNVIQ Nonsynonymous SNV
AO03 120306286 G A arahy.4PZU7W Synonymous SNV
A03 47333363 A G arahy.LZ43MP Nonsynonymous SNV
A03 2819807 C T arahy.LSO9MUN Nonsynonymous SNV
AO03 140850761 C T arahy.DBKV77 Synonymous SNV
A04 3325232 C T arahy.NSSOLJ Nonsynonymous SNV
A04 20822870 C T arahy. XDA15Z Synonymous SNV
A04 114373666 C T arahy.RCOQ4HC Nonsynonymous SNV
A05 27745830 G A arahy.4M9DN5 Synonymous SNV
A05 78001184 C T arahy.LWOR 14 Nonsynonymous SNV
A05 86949125 C T arahy.VH9XRT Synonymous SNV
A05 112320302 C T arahy.UM4T3G Nonsynonymous SNV
A06 114168565 C A arahy. X97wWXI Nonsynonymous SNV
A06 115785640 A C arahy.2TEC20 Nonsynonymous SNV
A06 115785650 A G arahy.2TEC20 Synonymous SNV
A06 115785646 A T arahy.2TEC20 Nonsynonymous SNV
A06 76905 C T arahy. XSF16F Nonsynonymous SNV
A06 3416849 C T arahy.3M3KZ3 Synonymous SNV
A06 93326873 C T arahy.RZ4PVC Synonymous SNV
A07 6116346 G A arahy. 3MHP6W Nonsynonymous SNV
A07 8379780 G A arahy.2X25WT Stopgain

A07 15129083 G A arahy.OPI3PU Nonsynonymous SNV
A07 73920297 G A arahy.4JR4GS Nonsynonymous SNV
A07 7168648 C T arahy.M90Q60A Nonsynonymous SNV
A08 6722519 G C arahy.V3SW7Y Nonsynonymous SNV
A09 115938063 T C arahy.Q67274 Nonsynonymous SNV
A09 5107771 C T arahy.6GXK25 Nonsynonymous SNV
A09 6067020 C T arahy.EFT9AB Synonymous SNV
A09 31550399 C T arahy.HONCP1 Nonsynonymous SNV
A09 108695001 C T arahy.ZJJ54E Nonsynonymous SNV
A10 3583664 G A arahy11TJ3H Nonsynonymous SNV
A10 103846494 G A arahy. K7FNKV Nonsynonymous SNV
A10 110548042 G A arahy. T9QV62 Nonsynonymous SNV
BO1 143406854 T C arahy.Q5SNINX Synonymous SNV
BO1 8273553 C T arahy.57ZBEA Synonymous SNV
BO1 34464634 C T arahy. TC99UD Nonsynonymous SNV
B02 115955722 G A arahy.RL25CR Nonsynonymous SNV
B02 110414469 T G arahy.D4T60G Nonsynonymous SNV
B03 131958401 G A arahy.T94LMP Synonymous SNV
B03 131574658 T C arahy.C5DY5V Synonymous SNV
B03 1854275 C T arahy.356BXD Synonymous SNV
B03 8783675 C T arahy. V9TZWK Synonymous SNV
B03 61402045 C T arahy.Z58MGP Synonymous SNV
B04 107646158 C T arahy.Y46IFH Stopgain

B04 112697161 C T arahy.NSWSLK Nonsynonymous SNV
B04 136079673 C T arahy.ZOVDVK Nonsynonymous SNV
BO5 19377867 G A arahy. UE7NKS8 Nonsynonymous SNV
BO5 24202403 G A arahy.ML4V41 Nonsynonymous SNV
B06 1465071 C T arahy.Y8618S Synonymous SNV
B06 140526535 C T arahy.08UKT4 Synonymous SNV
B06 144902137 C T arahy.798C6B Synonymous SNV
B07 127642840 G A arahy.UITY6Q Nonsynonymous SNV
B07 73475588 T C arahy.3118X0 Synonymous SNV
B0O8 20193704 G A arahy.RBKOJN Nonsynonymous SNV
B0O8 7217142 C T arahy. XIRCBJ Nonsynonymous SNV
B09 8239656 G A arahy.9NZ7QY Nonsynonymous SNV
B09 8239674 G A arahy.9NZ7QY Nonsynonymous SNV
B09 153235201 G A arahy. KVoMGK Nonsynonymous SNV
B09 153565374 G A arahy.19YJEB Nonsynonymous SNV
B09 153945439 G A arahy.R2BN40 Synonymous SNV
B09 68506213 T A arahy.BAL0O3A Nonsynonymous SNV
B09 8239712 T G arahy.9NZ7QY Synonymous SNV
B09 8268721 C T arahy.84IRST Synonymous SNV
B10 24082209 T A arahy. 141CKU Nonsynonymous SNV
B10 131725482 C T arahy.FBF79B Synonymous SNV

Note: “Alt” is the sequence from “M-8070”, while “Ref” is the sequence from “FH 8.
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Table S2: Evaluation of PRTs for PRTs-mutant lines in “FH 8” mutant library

No. HPW (g) APL (mm) APL (mm) APL/APW PCI
80631 239.64 33.50 17.55 1.91 0.85
80606 235.64 33.57 16.99 1.98 0.88
80105 232.93 35.75 18.01 1.99 0.84
80796 231.50 32.12 17.31 1.86 0.88
80684 231.27 33.35 17.46 1.91 0.86
80782 231.23 37.27 18.28 2.04 0.85
80751 224.80 31.35 17.69 1.78 0.91
80681 216.40 35.15 16.72 2.11 0.86
80253 214.61 32.89 16.97 1.94 0.86
80286 214.54 35.11 17.32 2.04 0.80
80692 213.33 36.37 18.02 2.02 0.76
80625 213.31 33.80 16.71 2.03 0.98
80302 212.13 32.74 18.42 1.78 0.73
80493 209.25 32.36 15.78 2.05 0.99
80291 208.45 33.87 16.42 2.07 0.80
80296 203.00 31.91 15.87 2.01 0.94
80812 202.60 31.26 17.04 1.84 0.92
80491 202.25 33.05 16.79 1.98 0.78
80463 202.08 29.95 16.95 1.78 0.77
80621 201.57 31.32 16.03 1.96 0.95
80273 200.57 32.62 17.06 1.92 0.98
FHS (Wild Type) 189.87 32.86 17.18 1.91 0.95
80451 186.21 28.77 17.20 1.68 0.80
80122 185.25 33.84 16.61 2.04 0.77
80794 178.36 31.54 16.50 1.92 0.97
80756 177.54 33.93 17.39 1.96 0.94
80262 174.64 31.54 16.79 1.88 0.75
80121 174.58 32.52 16.49 1.97 0.78
80644 170.55 27.64 15.92 1.74 0.97
80591 169.36 29.18 15.89 1.84 0.84
80263 168.58 31.75 16.33 1.96 0.81
80502 167.92 29.87 16.19 1.85 0.83
80256 166.82 31.50 16.53 1.91 0.83
80623 166.07 31.33 15.59 2.02 0.93
80851 165.54 30.63 15.72 1.96 0.93
80271 163.00 29.47 15.10 1.97 0.75
80222 163.00 28.28 16.10 1.76 0.93
80203 162.88 28.54 16.39 1.74 0.93
80243 162.75 29.72 16.20 1.83 0.87
80671 162.29 29.16 15.51 1.89 0.91
8070 161.15 33.37 16.76 2.00 0.47
80287 159.38 30.94 14.68 2.11 0.75
80652 158.77 30.16 16.22 1.87 0.91
80061 158.70 32.30 15.82 2.06 0.92
80633 157.10 27.62 15.13 1.83 0.92
80301 156.08 28.69 16.10 1.79 0.81
80421 155.57 29.16 16.92 1.73 0.84
80813 155.17 32.89 17.09 1.93 0.96
80073 154.27 29.98 15.47 1.95 0.87
80341 153.17 27.12 15.45 1.76 0.97
80181 152.27 29.09 15.08 1.94 0.87
80276 150.22 27.76 14.76 1.88 0.96
80391 150.11 29.16 14.87 1.97 0.94
80353 148.77 26.47 14.49 1.83 0.97
80465 148.50 26.79 14.87 1.81 0.86
80281 148.36 32.33 16.12 2.02 0.74
80022 147.43 29.83 16.28 1.83 0.72
80581 146.46 27.99 14.71 1.90 0.86
80204 146.40 26.98 15.48 1.75 0.90
80695 145.07 27.39 15.05 1.83 0.93
80124 14431 32.70 16.48 1.99 0.84
80223 139.50 29.56 16.54 1.79 0.90
80081 13731 27.89 15.20 1.84 0.89
80321 136.08 28.53 14.99 1.91 0.97
80842 135.40 30.43 16.91 1.81 0.90
80231 134.25 28.09 14.43 1.96 0.86
80013 133.40 28.91 16.03 1.82 0.91
80761 131.27 29.02 15.50 1.88 0.87
80542 127.77 28.63 13.96 2.05 0.76
80342 125.43 24.33 15.04 1.63 0.73

80464 124.15 26.85 16.16 1.67 0.84
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Table 4: EMS-induced InDels with large effect on gene function

Chr Pos Ref Alt Gene Annotation-effect
AO01 93319428 C CCTTCTT arahy. nonframeshift
VAS4HN insertion
A05 112910960 T TGTTGGGAATAAGACAC- arahy. stopgain
AATTCCCCCTTGAGAAA- GW217K
ACACCTTTGA
A06 633363 T TAACAG arahy.V481EC frameshift insertion
A08 27342401 AGAGAGAGAGC A arahy.S7J6Q0 frameshift deletion
A09 61462085 C CCTTCTTCTTCTTCTTCT- arahy.LOC43K nonframeshift
TCTTCTTCTT insertion
A09 6511203 T TTCTGGTTTTGGAATTTC- arahy.F66BS8V nonframeshift
AGGGACTTTAGACAAC insertion
B04 119970377 G GGAA arahy. nonframeshift
HQSSVE insertion
B04 132222186 GCTGGAACGGC- G arahy. frameshift deletion
GAGTTCGACTG- EX98MN
GGCGAGGGCGA-
CGGCA
B05 158240870 TAACCCTAGAA T arahy.63SMXT frameshift deletion
B06 140799753 A AATAAGACACAATTCCCC arahy.DD5I6P frameshift insertion
B06 124958265 C CAGAGAGAGAGAGAG arahy. frameshift insertion
UOLKDO
B06 140799750 T TGGTGTTG arahy.DD5I6P frameshift insertion
B10 118607079 G GTGTTAGGATTTGGTTGAATT arahy.DAV6SS frameshift insertion

Note: “Alt” is the sequence from “M-8070”, while “Ref” is the sequence from “FH 8”.
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Table S3: Evaluation of PRTs for PRTs-mutant lines in “KH 1” mutant library

No. HPW (g) APL (mm) APL (mm) APL/APW PCI
1025 172.35 31.27 16.92 1.85 0.91
10188 160.65 30.21 16.72 1.81 0.90
11237 171.22 31.71 17.26 1.84 0.89

KH 1 192.25 33.26 18.29 1.82 0.95
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Table 2: Distribution and percentage of mutations in the genome

SNPs InDels

Position Number Ratio (%) Position Number Ratio (%)
Intergenic 2745 91.68% Intergenic 923 77.69%
Upstream 42 1.40% Upstream 38 3.20%
Downstream 26 0.87% Downstream 38 3.20%
Up/down 2 0.07% Up/down 1 0.08%
Genic 178 5.95% Genic 188 15.82%
Intronic 91 3.04% Intronic 132 11.11%
Exonic 72 2.40% Exonic 13 1.09%
UTRS 6 0.20% UTRS5 21 1.77%
UTR3 6 0.20% UTR3 20 1.68%
Splicing 3 0.10% Splicing 2 0.17%
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Table S1: Evaluation of PRTs for PRTs-mutant lines in “FH 6” mutant library

No. HPW (g) APL (mm) APL (mm) APL/APW PCI
60211 209.31 32.96 18.47 1.79 0.83
60142 195.80 32.74 17.03 1.94 0.71
60521 194.23 28.98 16.59 1.76 0.89
60631 192.55 30.29 16.90 1.79 0.94
60201 190.77 34.64 16.98 2.05 0.49
FH6 (Wild Type) 182.08 30.40 17.04 1.79 0.89
60731 179.29 29.25 18.11 1.62 0.76
60361 167.27 31.62 16.08 1.97 0.91
60713 164.77 29.11 16.11 1.82 0.84
60061 160.23 26.87 14.16 1.91 0.99
60543 158.75 30.65 14.71 2.09 0.85
60143 158.67 32.77 16.58 2.00 0.32
60182 158.00 30.02 15.36 1.96 0.69
60171 157.44 30.02 15.67 1.93 0.42
60342 156.33 28.62 15.91 1.81 0.88
60111 155.36 28.89 16.41 1.76 0.95
60443 155.33 29.51 15.22 1.95 0.89
60832 155.20 27.96 15.99 1.76 0.90
60471 154.19 28.10 15.26 1.84 0.98
60701 152.67 28.07 16.30 1.73 0.84
60743 151.50 30.09 16.50 1.83 0.80
60861 151.33 27.64 14.78 1.88 0.91
60041 150.00 31.16 14.15 221 0.86
60072 150.00 26.76 15.20 1.76 0.97
60292 148.56 26.99 14.55 1.86 0.93
60391 148.00 25.82 14.82 1.75 0.89
60891 147.33 27.67 15.12 1.85 0.97
60801 146.25 27.83 16.28 1.74 0.94
60671 145.86 26.54 15.52 1.71 0.91
60831 144.46 27.81 15.10 1.86 0.85
60333 14431 28.86 15.75 1.84 0.99
60522 143.83 28.56 15.11 1.90 0.90
60233 143.44 27.11 15.49 1.75 0.46
60352 143.07 28.32 14.85 1.91 0.97
60371 142.40 29.95 15.03 2.00 0.84
60633 141.90 29.14 15.85 1.85 0.87
60838 141.86 29.47 15.11 1.97 0.66
60263 141.67 27.73 14.26 1.95 0.94
60202 140.65 29.56 15.08 1.97 0.77
60052 140.47 29.80 14.89 2.01 0.72
60133 138.47 30.13 15.26 1.99 0.89
60601 137.23 27.12 14.90 1.83 0.96
60883 136.06 25.80 14.39 1.80 0.96
60421 135.79 27.26 14.78 1.86 0.89
60621 13531 28.88 14.90 1.94 0.89
60312 133.94 25.40 14.94 1.72 0.97
60092 132.50 24.86 15.06 1.66 0.97
60151 132.00 29.10 14.71 1.99 0.76
60031 130.50 30.65 15.28 2.01 0.37
60835 129.88 28.25 13.82 2.05 0.70
60872 128.00 24.59 14.11 1.75 0.93

60841 127.13 24.30 15.25 1.57 0.86
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