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With the development of the laver industry, germplasm depression has become a serious issue, and current cultivars cannot adapt to different aquaculture regions. In order to increasing the genetic diversity and developing more germplasm sources, it is urgent and reasonable to construct a mutant library with more new germplasms. In this research, a mutant library was constructed by ethyl methanesulfonate (EMS)-mutagenized archeospores, and the most optimal treatment procedure was determined by performing different mutagen concentrations (2.25%) and treatment times (30 min). A total of 1860 haploid thalli were produced as the M1 mutant population and further cultured into conchocelis clones for the reservation of germplasm resources. Among these, 667 individual thalli were evaluated for their phenotypic traits, including thallus length, thallus width, length/width, thallus shape, photosynthesis ability, thallus color, thallus margin, and specific growth speed. The mutation frequency of the length/width ratio was 17.39%, Fv/Fm and NPQ were 21.84% and 29.35%, respectively, and SGR was 13.59%. The mutation frequency of thallus color was 0.91%. This work may not only provide a basic practical reference guide for EMS-based mutant library construction for other seaweeds but, more importantly, also serve as a valuable resource for functional genomics research and laver breeding.
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1 Introduction

As an important economic seaweed, laver is cultivated in east Asian countries such as China, Japan, and Korea because of its high economic value. In China, Neopyropia yezoensis and Neoporphyra haitanensis have been widely cultivated in northern and southern coastal cities, respectively. N. yezoensis and N. haitanensis once belonged to the same genus Pyropia but were recently divided (Yang et al., 2020). In 2019, the production of laver in China reached 212,304 tons in fresh weight with US $2.7 billion of economic value (Kim et al., 2022).

With the development of the laver industry, germplasm depression of current cultivars has become more and more serious (Hwang et al., 2019; Kim et al., 2022). Additionally, in recent years, the environmental factors of cultivated sea areas, especially temperature and nutrient salt, also changed, and current cultivars cannot adapt to the different aquaculture areas. Therefore, it is critical to improve the breeding speed of new varieties or strains with excellent economic traits, such as stress resistance, high yield, and high-quality, by widening the genetic diversity and developing more germplasm sources. Traditionally, the combination of selective breeding and mutation breeding based on cultivated and wild populations has produced some cultivars with desired traits, as well as promoted the development of the entire laver industry. However, the genetic diversity of the present varieties or strains has decreased because of the continued cultivation for many years. Therefore, the construction of a saturated mutant library may provide more innovative resources and promote laver breeding development.

Mutations are the driver of species evolution and adaption; however, spontaneous mutation with extremely low rate requires a long identification time. In addition, spontaneous mutations are often deleterious and identifying the genetic background has remained difficult. (Drake et al., 1998). Although the spontaneous mutation rate of N. yezoensis is higher than those of other species (unpublished data), the mutations resulting from spontaneous mutation tend to be color mutations. Currently, genome editing technology such as CRISPR and insertion mutations still hasn’t been constructed for the construction of a mutant library for N. yezoensis. Therefore, physical and chemical mutations are still the preferred method in mutant library construction. Chemical mutagens have typically been used to create mutants in laver research as an easy and cost-effective approach (Aslam et al., 2016).

Ethyl methanesulfonate (EMS) is one of the most common mutagens. EMS can change the G:C pairing at the base level with other base pairing modes through 3-ethyladenine pairing errors, inducing 2–10 mutations/Mb of diploid DNA with high-frequency(Till et al., 2007; Lian et al., 2020). In addition, it is relatively easy to operate and can be detoxified for disposal (Espina et al., 2018). With the advantages of higher point mutation, fewer chromosomal aberrations, and easier mutant screening, EMS has been widely used to construct mutant libraries as an effective mutagen for chemical mutagenesis in diverse plant species, which efficiently generated phenotypic variations, enabled the functional analysis of genes and the ability to ameliorate phenotypes in molecular breeding (Jankowicz-Cieslak & Till, 2016; Gupta et al., 2017; Penna and Jain, 2017; Chen et al., 2018; Sun et al., 2019; Irshad et al., 2020; Kong et al., 2020; Lian et al., 2020; Udagawa et al., 2021). Although EMS has also been used to produce mutants in laver, only a few mutants with a single trait were obtained (Lee & Choi, 2018; Ma et al., 2019) and no mutant library was reported at present. For the GC content of the N. yezoensis genome was approximately 65% (Wang et al., 2020), which was beneficial for the EMS function at the whole genome-wide level and could be used to further construct a mutant library with higher saturation.

This study aimed to construct a mutant library in N. yezoensis by optimizing EMS experimental procedures, and to further evaluate the phenotypic variations and mutant frequencies from the M1 generation thalli of the mutant library. The conchocelis clones of M1 generation thalli were singly collected as the germplasm resources, and finally, genome-level nucleotide variations were analyzed through re-sequencing of the selected color mutants. This work may serve as a basic practical reference guide for EMS-based mutant library construction in other seaweeds. More importantly, the mutant collection, composed of a broad repertoire of mutants, may also be a valuable resource for basic research, as well as in laver breeding.




2 Materials and methods



2.1 Algal material culturing

The pure RZ line of N. yezoensis, established in our laboratory, was used in this study. Fresh, leafy gametophytes were cultured in sterilized seawater with Provasoli’s enriched seawater (PES) medium at 10°C and 12:12 h light:dark of photoperiod with 50 μmol photons·m−2·s−1 of photosynthetically active radiation (PAR). The seawater was bubbled continuously with filter-sterilized air and renewed every 3 days.




2.2 The release and collection of archeospores from N. yezoensis

The release of archeospores was conducted following the procedures of Nianci Chen, with some modifications (Chen et al., 2020). The unmatured thallus at approximately 35–40 days was cut into small pieces containing approximately 30–50 cells, and then transferred to a microtube and washed with sterilized seawater three times. Then, the micro-thallus pieces were transferred to a flask and cultured in sterilized seawater with PES at 15°C under a 12:12 h light:dark of photoperiod with 40 μmol photons·m−2·s−1 of PAR. After approximately 6–7 days, the spores with a concentration of 10,000/mL were collected and pipetted into 12-well plates for EMS mutation.




2.3 The optimization of EMS mutation treatment

To obtain suitable mutation treatment, different EMS solution concentrations and treating times were performed. The EMS solution concentrations were set at 1.0%, 1.5%, 2.25%, 3.0%, 3.375%, and 5.0625% (v/v), with sterilized seawater as the control. The treatment times included 30 and 60 min, and three biological replicates were tested for each treatment (n = 3). After treatment with EMS, 5% Na2SO4 was added to all treatments to stop the reaction, and then rinsed with sterilized seawater several times to remove the residual reagents. The archeospores in 12-well plates were placed in the dark for 12 h and cultured at 15°C under a 12:12 h light:dark with 40 μmol photons·m−2·s−1. The germination ratio (GR) and relative germination ratio (RGR) were each calculated after 3 days by microscopy observations. The median LD50 from different treatment combinations was selected as the optimal condition for subsequent experiments, following (Ke et al., 2019)

	

	




2.4 The construction and preservation of the M1 mutant library

The archeospores with a concentration of 10,000/mL were treated with an optimal EMS dose and treatment duration. The mutagenic treatment process was followed by the above pre-experiment procedure, and the untreated archeospores were cultured as the control. Approximately 1000 M1 thalli germinated from the mutagenized archeospores were further screened for identification and collection of the mutants, and each thallus was evaluated for phenotypic and physiological variations in comparison with the control.

For M1 mutant library preservation, the thallus pieces 1 cm2 in size from each M1 population individual were cut and cultured in a culture bottle under 20°C, with a 12:12 h light/dark cycle and 30 μmol photons·m−2·s−1, until conchocelis appeared. The conchocelis clones were transferred to 96-well plates and kept as the mutant library germplasm.




2.5 Measurements of the phenotype and photosynthetic physiologic parameters

Phenotypic evaluations were based on the thallus length, thallus width, length/width, thallus shape, photosynthesis ability, thallus margin, and specific growth rate. These traits were recorded by photos and further analyzed by ImageJ software. The specific growth rate (SGR) was determined based on the change of the thallus size(Yong et al., 2013),

	

where S0 is the size of the thallus from the first day, and St is the size of the thallus after t days.

The pigment extraction and contents of phycoerythrin (PE), phycocyanin (PC), allophycocyanin (APC), and chlorophyll a (Chl a) were subsequently measured according to the procedures of Yu et al. (Yu et al., 2020). The contents of Chl a, PE, PC, and APC were quantified by an ultraviolet spectrophotometer (UV-180, Shimadzu, Japan). The Chl a content was analyzed according to the method of Wellburn et al. (Wellburn, 1994), and the PE, PC, and APC contents were analyzed according to the method of Sampath-Wiley and Neefus (Sampath-Wiley & Neefus, 2007). All of these measurement operations were conducted in the dark to avoid degradation of the photosynthetic pigments.

The photosynthetic activity of each thallus was measured by a chlorophyll fluorescence imaging system (FluorCAM MF800, PSI, Czech). The parameters of Fv/Fm (maximum PSII quantum yield), QY(II) (effective PSII quantum yield), NPQ (non-photochemical quenching), and qP (photochemical quenching) were derived from the export data of quenching analysis in the operating software.




2.6 Evaluation of the mutant library

To evaluate whether the variations in M1 mutant populations were significant, the mutation frequency and coefficient of variation (CV) were calculated. The mutation frequency was calculated by the number of effective mutant individuals/the number of total individuals. The effective mutant was determined by the mutation threshold (Xb), and individuals with a value of trait measured higher or lower than Xb were considered to be effective mutants. The Xb value was determined according to the standard deviation method (Wu, 1992)

	

where Xb(±) denotes the mutation threshold, μ and σ indicate the average value and standard deviation, and Zα/2 denotes the percentile among the standard normal distribution. When α was 0.05, Zα/2 equaled 1.964 and was approximated to 2.




2.7 Genome re-sequencing of the mutants

The total genomic DNA was isolated from the thalli of the representative mutants using a plant genomic DNA kit (Tiangen, China) according to the manufacturer’s instructions. The DNA concentration and quality were examined by a Qubit.2.0 fluorometer (Invitrogen) and 1% agarose gel electrophoresis. Paired-end sequencing libraries with insert sizes of approximately 350 bp and a read length of 150 bp were subjected to whole-genome resequencing using an Illumina HiSeq 2000 platform (Illumina, USA).




2.8 SNP identification and annotation

A high-quality reference genome consisting of three chromosomes was obtained from the RZ line (Accession No. WMLA01000000). The resequencing raw reads were filtered and aligned to the reference genome sequence by the Burrows-Wheeler alignment tool (BWA) (Langmead & Salzberg, 2012). Picard software1 was used to mark duplicates, and BCFtools software was used to find common variation sites among the different individuals from the same line. In addition, SAMtools (settings: -bS -t, “rmdup”) and GATK software were used to identify single-nucleotide polymorphisms (SNPs) and InDels (Li et al., 2009; McKenna et al., 2010). ANNOVER software was used to annotate SNPs or InDels based on the GFF3 files for the reference genome(Wang et al., 2010). The SNP/InDel filter standard pipelines were as follows: read depth_4, _1000; mapping quality_20; and adjacent SNP distance_5 bp. The identified SNPs were annotated by custom PERL scripts and the ANNOVAR program according to the reference genome. The output of ANNOVAR was assigned to three categories, namely, (i) the genic region: ‘exonic’, ‘intronic’; (ii) the upstream/downstream region: ‘upstream’, ‘downstream’, and ‘upstream & downstream’; and (iii) the intergenic region.




2.9 Statistical analysis

All data were expressed as the mean value of three replicates with standard deviation (SD). One-way ANOVA and Tukey tests were used to analyze the differences among the treatments using SPSS 17.0 (SPSS Statistics 17.0, IBM), where the significance level was set at 0.05.





3 Results



3.1 Optimized EMS dose determination

To check the sensitivity of archeospores to EMS, different mutagen doses and treatment times were set. The germination rate (GR) and relative germination rate (RGR) were counted on days 1, 4, 7, and 10 after EMS treatment. Under 30 min of treatment, a low EMS concentration (1%, 1.5%) treatment did not affect archeospore germination compared to the control group. When the EMS dose increased to 2.25% and 3.375%, the GR of the archeospores significantly decreased. Nearly all archeospores died under 5.0625%. There was no significant difference in GR from the 4th day to the 10th day under a low EMS dose (1%, 1.5%, 2.25%), suggesting that the GR became stable. However, under the 3.75% treatment, the GR was significantly reduced from the 4th day (Figure S1). With 60 min of treatment, the 1% treatment dose did not affect archeospore germination compared to the control group. Under doses of 1.5% and 2.25%, the GR was significantly reduced. When the EMS concentration increased to 3.375%, almost all of the archeospores died. Similar to the 30 min treatment condition, the GR of the archeospores was stable from the 4th day to the 10th day after treatment (Figure S2).

To determine the most optimal mutation condition, the RGRs on the 10th day for the different EMS concentrations between the 30 and 60 min conditions were jointly compared. The 50% of RGR was considered the screening standard. Finally, to ensure that we obtained a sufficient mutant population, a 2.25% × 30 min treatment combination was selected as the most optimal mutation condition for constructing the mutant library, and under this condition, RGR was approximately 51.57%, compared to the control (Figure 1).




Figure 1 | The relative germination rate of different EMS mutagenize combination on 10 DAG. * indicate statistically significant difference (p<0.05). Bars show means ± SE of three biological replicates (n=3).






3.2 Construction of the EMS mutant library

Based on the above tests, nearly 1 mL of solution with a concentration of 10,000 spores/mL was treated by EMS and then cultured, and developed into the M1 population thalli under normal culturing conditions. The entire culture process was composed of three periods, where the seedlings generated from the archeospores grew slowly. This first period lasted approximately 15 days. The second period also lasted approximately 15 days, and the seedlings were transferred to 9-cm plates and grew into thallus seedlings 1–2 cm in length. The seedlings were transferred to flushes under continuous bubbling and developed into a healthy M1 thallus population in the last period (Figure 2A). These thalli were further used for phenotype analysis and reserved for the mutant library.




Figure 2 | The pipeline about construction of mutant library EMS-mutagenized and the concochelis clones reservation about M1 generation mutant library. (A) The whole process of construction of the mutant library from the archeospores releasing to growing into thallus; (B) The process of preservation of the M1 mutant library.



For mutant germplasm preservation, the thallus pieces 1 cm2 in size from each M1 population individual were cut and cultured in a culture bottle under 20°C, with a 12:12 h light/dark cycle and 30 μmol photons·m−2·s−1, until conchocelis appeared. The conchocelis clones were transferred to 96-well plates and kept as the mutant library germplasm. Finally, 1860 clones were conserved and used to screen for positive mutants (Figure 2B).




3.3 The phenotypes of the M1 mutant populations

Among the M1 populations, 667 thalli were randomly selected to evaluate their phenotypes, including the ratio of length/width, thallus shape, photosynthesis ability, growth ratio, and thallus margin.

For phenotypic analysis of the length/width ratio, in the M1 mutant population, the proportion of ratio value below the 10 range, was approximately 89.1%. The proportions lower than 5 and 5–10 were 37.5% and 51.6%, respectively. The percentages of ratio values from 10–15 and above 15 were 9.8% and 1.1%, respectively. In the control population, the ratio values were distributed between 5 and 15, for which the proportion was approximately 85.45%, with 31.9% for 5–10 and 53.65% for 10–15. The percentages of ratio values above 15 and lower than 5 were 13.82% and 0.66%, respectively (Figure S3). Generally, the average ratio value of the M1 population was approximately 6.06, which was significantly lower than that of the control with a value of 11.02 (P< 0.01) (Figure 3).




Figure 3 | The comparison of average different length/width ratio between M1 mutant population and the control population. * indicate statistically significant difference (p<0.05). Bars show means ± SE of three biological replicates (n=3).



In phenotypic analysis of the thallus shape, the frequencies of the different shapes between the M1 and control populations were different (Figures 4A, B). In the M1 population, the number of acuminate and dumbbell shapes increased by 16.3% and 11.96%, respectively, and the frequency of banding and abnormal shapes also increased. Although the frequencies of oval and long oval shapes ranked at the top, which were the common thallus shape of N. yezoensis, they decreased compared to the control group. This showed that EMS mutation induced a thallus shape change.




Figure 4 | The ratio distribution of different thallus shape between M1 mutant population and the control population. (A), ratio distribution; (B), different thallus shape.



The chlorophyll fluorescence parameters including Fv/Fm, Qy, NPQ, and qP were determined to evaluate the photosynthetic abilities of the mutants. Fv/Fm and NPQ showed a significant difference between the M1 population and the control group (P< 0.05). The Qy and qP values did not show significant differences (Figure 5).




Figure 5 | The analysis of chlorophyll fluorescence parameters between M1 mutant population and the control population. ** indicate statistically significant difference (p<0.01). Bars show means ± SE of three biological replicates (n=3).



The average specific growth rates (SGRs) of the two populations were analyzed, and the results showed that the SGR of the M1 population was higher than that of the control but was not significant (P>0.05), with average SGR values of 16.89% and 14.53%, respectively (Figure S4).

The thallus edge of N. yezoensis is usually smooth, with no tooth, which is the basis of laver classification. Among the observed M1 population individuals, no other types of thallus edges were observed, along with a smooth margin, similar to the control group (Figure S5).

Thallus color mutants can usually be easily identified during the mutation process. In this study, seven color mutants were identified in the M1 population, comprising six red mutants and one purple mutant (Figure 6). No color mutants were found in the control group.




Figure 6 | The color mutants identified in the M1 mutant population. (A), the control; (B-G), red color mutants; (H), purple color mutant. ** indicate statistically significant difference (p<0.01). Bars show means ± SE of three biological replicates (n=3).






3.4 The mutation frequency and coefficient of variation of the mutant library

The mutation frequency is considered an important index for evaluating the mutant library, representing the polymorphisms of the mutant library. In this research, we calculated the mutation threshold, from which the mutation frequency was further calculated. The results showed that the mutation frequency of the length/width ratio was 17.39%, Fv/Fm and NPQ were 21.84% and 29.35%, respectively, and SGR was 13.59%. The mutation frequency of thallus color was 0.91% (Table 1). Because the phenotypes of thalli can be easily affected by environmental factors, we further analyzed the CV between the M1 population and the control group. The CVs of the length/width ratio, Fv/Fm, Qy, NPQ, and qP in the M1 population were higher than those in the control group, and only the CV of SGR in the M1 population was lower than that in the control group (Table 2). These results showed that EMS indeed caused mutations to some extent and affected the growth and development of the M1 population.


Table 1 | The mutation frequency of M1 population.




Table 2 | The coefficient of variation of each phenotype between M1population and the control.






3.5 Phenotypes variations of the color mutants

The thalli of the seven color mutants (RM1-6, PM) displayed obvious color variations compared to the control. To evaluate their phenotype characters, the M2 generation from the M1 generation of the seven color mutants was further produced by the releasing archeospores method. Thirty M2 generation thalli of each mutant were selected and their specific growth rate (SGR), different pigment protein contents, and chlorophyll fluorescence parameters were determined compared to the control. Among the seven color mutants, the SGR of RM3, RM5, and PM showed significant differences (P< 0.01) (Figure 7). Although different pigment protein contents were determined, we still used their ratio to determine their pigment difference. The PE/Chla and PE/PC of most red color mutants were significantly higher than those of the control. PC/Chla, RM1, RM2, and RM4 showed significant differences, and PE/Chla and PC/Chla for the purple color mutant (PM1) also showed significant differences (Figure 8).




Figure 7 | The analysis of specific growth rate among the color mutants. RM1-6, red color mutants. PM, purple mutant. ** and * indicate statistically significant difference (p<0.01 and p<0.05). Bars show means ± SE of three biological replicates (n=3).






Figure 8 | The analysis of different pigment ratio among color mutants and the control. RM1-6, red color mutants. PM, purple mutant. ** and * indicate statistically significant difference (p<0.01 and p<0.05). Bars show means ± SE of three biological replicates (n=3).



The analyzed chlorophyll fluorescence parameters showed that the Fv/Fm of most color mutants did not change, except RM-3 and PM-1, which were significantly higher and lower than those of the control (P< 0.01). The Qy values of all red color mutants were higher than those of the control, except PM-1 (P< 0.01); the NPQ values of all color mutants were lower than those of the control (P< 0.01); and the qP values of the red color mutants, except RM-6, were higher than those of the control (P< 0.01) (Figure 9).




Figure 9 | The analysis of the chlorophyll fluorescence parameters among color mutants and the control. RM1-6, red color mutants. PM, purple mutant. ** and * indicate statistically significant difference (p<0.01 and p<0.05). Bars show means ± SE of three biological replicates (n=3).






3.6 SNP analysis of the red mutants

To evaluate nucleotide mutation at the DNA level of the mutants, five M2 generation individuals from RM-1 and RM-2 were selected to perform genome-wide analyses by re-sequencing. The control line was also re-sequenced as the reference genome for identifying SNP variations. According to the results, the number of mutation sites, distribution, density, and annotations were further analyzed. EMS induced nucleotide mutations in the two mutants, which included SNVs (68.9%) and insertion/deletion mutations (31.1%) (Table 3). These mutation sites were evenly distributed on the three chromosomes. In the RM-1 mutant, 309 SNP sites were identified, comprising 189 SNVs and 120 In/Dels. The whole density distributions on chromosomes 1, 2, and 3 were 2.55, 3.06, and 3.16 SNP/Mb, respectively. In the RM-2 mutant, 679 SNPs were identified, comprising 492 SNVs and 187 In/Dels, and the density distributions on chromosomes 1, 2, and 3 were 6.86, 6.64, and 5.24 SNP/MB, respectively. Among the SNVs in the two mutants, 82.5% and 86.4% (156/425) were C/G to T/A transitions. The annotation of SNVs indicated that although the SNV numbers of the two mutants were different, the ratio of SNV distribution region on the chromosome was similar (Table 4). Most of the SNVs were distributed in the intergenic region, with 61.90% in the RM-1 mutant and 61.79% in the RM-2 mutant. Meanwhile, 18.52% and 18.50% were located on the upstream and downstream of genes, nearly 6.35% and 5.49% were located in the intron region, and 13.23% and 14.23% were located in the exon region. These results showed that the color variations of the two red color mutants were mostly caused by mutations in the regulatory regions, and the candidate mutated gene will be further analyzed in the future.


Table 3 | The genome-wide EMS-induced SNP numbers and mutation density in two red color mutants.




Table 4 | EMS-induced SNV annotation summary in two red color mutants.







4 Discussion

It is necessary to select appropriate materials and technical means for artificial mutagenesis. N. yezoensis possess a life cycle characterized by the alternation of heteromorphic generations, diploid sporophytes and haploid gametophytes, with different morphologies (Wang et al., 2020). In addition, the gametophytic thallus releases archeospores that will further develop into thallus (Chen et al., 2020). This diverse life history of N. yezoensis provides diverse material for constructing a mutant library. However, sporophytic conchocelis and conchospores are diploid, the thallus is a chimera, and mutations would result in the production of heterozygous mutant individuals. Therefore, it is critical to purify these heterozygotes to obtain homozygotes, prolonging the construction time of the mutant library and increasing the costs. In this research, we used archeospores released by sectioning the thallus pieces as mutated materials, which could directly develop into haploid thalli and could be easily identified as candidate mutants. Therefore, the archeospores were considered the preferred material for constructing the N. yezoensis mutant library.

A proper evaluating method about the mutants are important for constructing mutant library. Mutational types and their frequency have often been correlated with the mutagens and species in which they occur(Guo et al., 2021). In this work, we obtained the most optimal mutation condition with a concentration of 2.25% and time of 30 min, which was further used for mutant library construction. The mutation frequency of the mutant library determines the diversity of the mutant germplasm. In higher plants, the mutant frequency differs among different species, with 12.49% for cucumber, 9% for foxtail, and 7.4% for cotton(Chen et al., 2018; Sun et al., 2019; Lian et al., 2020).The phenotype of laver was easily affected by environmental factors, with simple morphological characteristics of the thalli. According to the methods of Wu (Wu, 1992), and based on the Xb(±) value of the trait, the mutation frequency of other detected phenotypes in this research was above 15%, except that of the color mutants was 0.86%, which also provided a reference method for evaluating the mutation frequency of the seaweed mutant library.

Thallus color is considered an important quality trait of laver, controlling not only the photosynthesis ability, and further controlling production, but also the quality of the thallus, especially in post-harvest production. In this research, although seven color mutants were identified, comprising six red color mutants and one purple color mutant, the proportion of pigment mutants was lower than those of other phenotype mutants. Of note, the frequency of red mutants in this study was higher than that of the purple mutants, which implied that red mutants were the most readily available pigment mutants in the mutagenesis of N. yezoensis. Two color mutants were selected for re-sequencing at the genome-wide level and the results showed that the SNP identified were distributed evenly on the three chromosomes. However, the mutation densities in the two color-mutants were 3SNV/Mb and 7SNV/Mb, which were lower than those of higher plants, such as 1/11.8 kb in soybean(Li et al., 2017), 181.7 SNP/Mb in cotton(Abid et al., 2020), 1/213 kb in foxtail(Sun et al., 2019), 1/309.5 kb in rice (Guo et al., 2021), 1/89 kb in Arabidopsis thaliana [4]. Generally, the mutation frequency could be increased due to genetic redundancy provided by duplicated genes and/or the polyploidy of the plant genome(Li et al., 2017), where the higher the ploidy of the chromosome, the higher the mutation frequency. It has been found that the mutation densities for tetraploid or hexaploidy species were higher than those of diploid plant species(Wang et al., 2012). For example, the mutation density was found to be 10-fold higher in EMS-induced mutant hexaploidy wheat than in EMS-induced mutant diploid barley(Krasileva et al., 2017). In this research, the haploid archeospore was used for constructing the library, and the mutant densities in the two mutants were 2.8/Mb and 6.28/Mb, which, as expected, were lower than those of other species. Based on the pigment content and photosynthesis parameters analysis, we can infer that some nucleotide variations occurred exactly in the color mutants, and these variations resulted in the different pigment ratios, further affected their photosynthetic ability, compared to the wild type.




5 Conclusions

In this research, a mutant library was constructed by EMS-mutagenized archeospores, and the most optimal treatment procedure and evaluating method were determined. However, for the variations of laver thallus are easily affected by the environmental factors, other evaluating methods and phenotypes about the mutants are still necessary to further exploring, which will be helpful for identify the candidate mutants. Nevertheless, the mutant library constructed will be valuable in N. yezoensis genetic breeding as well as in functional genomics research.
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