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Abstract

:

With the spread of pollinosis caused by sugi (Japanese cedar, Cryptomeria japonica) pollen, the use of pollen-free somatic seedlings of sugi is expected in Japan. However, there is a lack of knowledge on the relationship between the abilities during somatic embryogenesis, initial in vitro growth traits, and subsequent growth of somatic seedlings. In the present study, we provide the first basic information on somatic embryo maturation efficiency, somatic embryo germination, and plantlet conversion frequencies, as well as on in vitro growth performance of pollen-free somatic plantlets derived from different embryogenic cell lines (ECLs). Somatic embryo maturation efficiency varied from 34 to 514 cotyledonary embryos per plate and the average for the 19 ECLs tested was 244 embryos per plate. Subsequently, the overall average rates of somatic embryo germination and conversion among ECLs were 87.8% and 85.3%, respectively. The results of in vitro growth performance of pollen-free somatic plantlets showed significant differences in growth rate among ECLs.
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1. Introduction


Among the Organisation for Economic Co-operation and Development (OECD) member countries, Japan is in the top three regarding forest rate (68.4%), surpassed only by Sweden (68.7%) and Finland (73.3%) [1]. In Japanese artificial forests, the planted area of sugi (Japanese cedar, Cryptomeria japonica (Thunb. ex L.f.) D. Don, Cupressaceae) covers approximately 4.5 million ha, representing 44% of the total reforested area [2]. Since large amounts of pollen are released from sugi forests each spring, allergic reactions caused by exposure to pollen are a serious social and public health problem in Japan. It is estimated that almost 40% of people living in Japan suffer from allergic rhinitis caused by sugi pollen [3]. The use of male-sterile plants (MSPs; pollen-free plants) for reforestation has been proposed. Against this background, the application of biotechnology to produce superior male-sterile trees in a short period of time represents a powerful tool to speed up the process.



Recently, efficient protocols to propagate MSPs combining marker-assisted selection (MAS) and micropropagation techniques have been established in sugi [4]. Among the micropropagation techniques, owing to its efficiency in both the large-scale propagation and the ease of long-term conservation in liquid nitrogen, somatic embryogenesis (SE) has become an indispensable tool for accelerating tree breeding programs [5,6]. However, for many coniferous species, SE protocols still require optimization [7]. SE is a complex multistage process in which each stage represents different approaches, and these are strongly dependent on the results of the previous stage [8]. Bottlenecks related to a low frequency of SE initiation, low production of somatic embryos, and low frequencies of germination and conversion are the main impediments that must be resolved for practical applications [9]. Since plant regeneration through SE was first reported for sugi [10], several studies on SE initiation [11,12,13], somatic embryo maturation [14,15,16,17], and plantlet conversion [4,18] were reported, showing progress in enhancing SE protocols. In recent years, our group reported an improved methodology for SE initiation from the analysis of results on the influence of plant material, explant collection time, explant genotype, and culture conditions [19]. Subsequently, an optimized protocol for somatic embryo maturation from studies on the effect of basal salts contained in maturation medium, polyethylene glycol (PEG) concentration, abscisic acid (ABA) concentration, additional supplementation of potassium chloride, amino acid concentration, and proliferation culture medium, as the main culture-related factors affecting somatic embryo maturation in sugi, was reported [20].



In this context, to further improve plant regeneration protocols, in the present study, we aimed to obtain basic information on somatic embryo maturation efficiency, somatic embryo germination, and plantlet conversion frequencies, as well as on in vitro growth performance of pollen-free somatic plantlets derived from different embryogenic cell lines (ECLs). Different morphological variables involved in the initial growth of C. japonica were analyzed in order to apply them to the improvement of protocols for producing somatic plants and selecting potential fast-growing lines. However, to evaluate the growth and wood quality characteristics, many years of field monitoring are required. If the initial growth performance of somatic plantlets in vitro can be regarded as an indicator of the ex vitro growth tendency, then early selection of lines with good traits could be achieved. In fact, there is a case where the early selection of SE-derived plants of Norway spruce (Picea abies (L.) H. Karst.) upregulated growth values and reduced clonal differences [21]. Although it is essential to compare the traits in the early stage of culture and after several subsequent growth periods to test this hypothesis, to our knowledge, there are no reports of growth in SE-derived sugi lines, not even from in vitro plantlets. Therefore, in the present study, we provide the first basic information on the in vitro growth performance of pollen-free somatic Japanese cedar plantlets, which may serve as scientific evidence to support the application of efficient propagation protocols for practical uses.




2. Materials and Methods


2.1. Plant Materials, SE Initiation, and Maintenance and Proliferation of ECLs


Embryogenic cells (ECs) were induced by Maruyama et al. [19] from entire megagametophytes of immature seeds collected from a full sib seed family (‘Shindai 3’ × ‘Suzu 2’) carrying the male sterility allele ms1, in July 2016. Of induced ECLs, 19 male sterile lines from different megagametophytes were used for experiments. Tissues of induced ECLs were maintained and proliferated by regular subcultures at 2- to 3-week intervals on maintenance/proliferation medium containing basal salts reduced to half concentration from the standard EM medium [10] and supplemented with 3 μM 2,4-dichlorophenoxyacetic acid (2,4-D), 1 μM 6-benzylaminopurine (BA), 30 g L−1 sucrose, 1.5 g L−1 glutamine, and 3 g L−1 gellan gum. Clumps of ECs (12 per plate) were cultured in the dark at 25 °C.




2.2. Selection of Male-Sterile ECLs


The major cause of male sterility in Japanese cedar is due to a recessive mutation (ms1) at a single locus, MALE-STERILITY 1 [22]. Discrimination of male-sterile ECLs (namely, homozygotes of ms1) was performed in accordance with the methodology described by Ueno et al. [23]. Briefly, from one spoonful of ECs (30–40 mg fresh weight), DNA was extracted by the CTAB method [22]. Using DNA solution of each sample, an SNP site (dD_Contig_3995-165) closely linked to the male sterility was amplified as an allele-specific PCR marker. A total of 10 μL of PCR reaction mixture containing 3 μL of 2 × Multiplex (Qiagen, Hilden, Germany), 0.2 μM of each of the forward and reverse primers, and 1 μL of DNA template was reacted with the following thermal conditions: initial denaturation at 95 °C for 15 min; 4 cycles of 95 °C for 30 s, 64 °C for 90 s with −1 °C per cycle, and 72 °C for 30 s; and 34 cycles of 95 °C for 30 s, 60 °C for 90 s, and 72 °C for 30 s. The PCR products were electrophoresed on 2% agarose gel and visualized by ethidium bromide staining. Finally, 19 male-sterile ECLs were selected based on the genotype determined from the presence of male-sterile- and/or wild-type-specific amplified fragments [4]. The genotypes and male-sterile discrimination of these lines were subsequently confirmed with a more accurate genetic marker, which was developed on the causable mutation itself [24].




2.3. Maturation of Somatic Embryos


Somatic embryo maturation was carried out in accordance with the methodology described by Maruyama et al. [20]. ECs from 19 ECLs that had proliferated for 2 weeks were cultured in clumps (5 masses per 90 × 20 mm plate, 100 mg each) on maturation medium containing the basal salt concentration of standard EM medium [10] and supplemented with 30 g L−1 maltose, 2 g L−1 activated charcoal (AC), 100 µM ABA, amino acids (in g L−1: glutamine 2, asparagine 1, arginine 0.5, citrulline 0.079, ornithine 0.076, lysine 0.055, alanine 0.04, and proline 0.035), 175 g L−1 PEG (Av. Mol. Wt.: 7300–9300; Wako Pure Chemical, Osaka, Japan), and solidified with 3.3 g L−1 gellan gum. The plates were sealed with Parafilm® and kept in the dark at 25 °C for 8 weeks. The number of matured cotyledonary embryos was counted by plate (5 replicates for each line).




2.4. Somatic Embryo Germination and Plantlet Conversion


Cotyledonary embryos derived from 19 ECLs, picked up one-by-one from maturation medium, were laid horizontally onto germination medium (maintenance/proliferation medium supplemented with 20 g L−1 sucrose, 2 g L−1 AC, and 10 g L−1 agar, but without added plant hormones) and cultured at 25 °C under photon flux density of 45–65 µmol m−2 s−1 provided by white fluorescent lamps (100 V, 40 W) for 16 h daily. Somatic embryo germination, as emergence of root, and plantlet conversion, as emergence of both root and epicotyl, were recorded after 4 and 8 weeks of culture, respectively. The germination rate and the plantlet conversion rate were calculated for each plate as the numbers of germinants and the converted plantlets per number of tested cotyledonary embryos, respectively. The average value of the plates was used as the germination rate and conversion rate of each line (5 to 10 replicates).




2.5. In Vitro Growth of Somatic Plantlets


Plantlet-converted somatic embryos derived from 19 ECLs were transferred to 450 mL culture bottles (https://axel.as-1.co.jp/asone/d/2-085-04/, accessed on 17 November 2021) containing 100 mL of growth medium (germination medium supplemented with 30 g L−1 sucrose and 5 g L−1 AC) and cultured under the same conditions as described above for somatic embryo germination and plantlet conversion. At the end of the 6-month growth period, height growth (HG), diameter growth (DG), developed number of first-order branches (DNB), maximum length of first-order branches (MLB), developed number of roots (DNR), and maximum length of root (MLR) were measured on five to ten somatic plantlets from each ECL tested. The HG was measured from the root collar to the apex of the main stem. The DG was measured at the root collar. The DNB and DNR represent the total numbers of developed branches and roots in each somatic plantlet, respectively. The MLB and MLR represent the length of the largest developed branch and root in each somatic plantlet, respectively.



Additionally, mature seeds that were collected from the same seed family in October 2016 and stored at 4 °C until examination were germinated on 1% agar medium (N = 25 × 6 replicates). Two months after germination in vitro, ten randomly selected seedlings were transferred into 450 mL culture bottles and, after 6 months of growth, traits were measured as experimental controls.




2.6. Statistical Analysis


The data for somatic embryo maturation efficiency, somatic embryo germination, and plantlet conversion from different ECLs were analyzed using one-way analysis of variance following model fittings of the generalized linear models (GLMs) with the lines as the explanatory variable. Here, Poisson and binomial distributions were used for the error distributions of maturation efficiency, germination, and plantlet conversion rate, respectively. The significance of variance components by cell lines was determined from the difference of Akaike’s Information Criterion (ΔAIC > 2) with the null model (i.e., intercept only model). The percent deviance explained was calculated as {1–(residual deviance)/(null deviance)} × 100. Comparisons among ECLs for the morphological characteristics (HG, DG, DNB, MLB, DNR, MLR) of in vitro growth performance in pollen-free somatic plantlets of sugi were analyzed using GLMs with Poisson and binomial error distributions for HG, DG, DNB, and MLB, and DNR and MLR, respectively. Correlations among the mean values of these objective variables, number of matured cotyledonary embryos, germination rate, and conversion rate were analyzed by pairwise Spearman’s correlation coefficient. The post hoc analysis in comparisons between the cultured seedlings (SSD-Seed) and each ECL were tested using the R package “multicomp” [25] with Dunnett adjustment. All statistical analyses were conducted in the R software [26].





3. Results


3.1. Somatic Embryo Maturation


Initial extrusion of ECs from megagametophyte explants was first observed about 2 weeks after the start of culture (Figure 1A) and led to evident proliferation most frequently after 4–6 weeks of culture (Figure 1B). Maintenance/proliferation medium was able to support the growth of initiated ECLs by subculture routines at 2–3-week intervals (Figure 1C).



Development of cotyledonary embryos from most of the ECLs tested was observed 6–8 weeks after the transfer of the ECs to maturation medium (Figure 2A,B). As shown in Figure 3, the SSD-073 line produced the highest average number of somatic embryos per plate (513.8 cotyledonary embryos), whereas the lowest number (25.0 embryos) was recorded for the SSD-174 line. Data analysis of our experimental results indicated that the maturation efficiency significantly differed among the ECLs (deviance explained = 63.2%, df = 18, Figure 3 and Supplementary Table S1). Although the number of mature embryos produced varied among the ECLs, the induction of cotyledonary embryos was confirmed in all lines with an average of 243.6 embryos per plate; and 14 out of 19 ECLs tested showed somatic embryo maturation efficiency greater than 100 cotyledonary embryos per plate (equivalent to more than 200 embryos per gram).




3.2. Somatic Embryo Germination and Plantlet Conversion


The start of germination of the developed cotyledonary embryos was observed at 1–2 weeks after transfer to germination medium (Figure 4A), and the subsequent plantlet conversion in most of the tested lines was achieved 3–6 weeks after (Figure 4B). The frequency of successful germination among ECLs varied from 52.1% to 97.5% with significant differences among the ECLs (deviance explained = 46.8%, df = 18, Figure 5 and Supplementary Table S2). On the other hand, almost all (average 97.3%) germinated cotyledonary embryos successfully converted to the plantlet. There were no significant differences between lines in efficiency from germination to conversion (deviance explained = 18.7%, df = 18, ΔAIC < 2, Supplementary Table S3). The final plantlet conversion rate was 47.7–96.5%. Among ECLs, the best germination and conversion results were achieved with somatic embryos derived from the SSD-18 line, whereas the lowest result was recorded for the SSD-111 line (Figure 5).



The germination rate of seeds of the same family (SSD-Seed) investigated for control comparison was 58.0% (SD ± 7.04), and the success rate of conversion to plantlets was 55.3% (SD ± 7.76).




3.3. In Vitro Growth of Somatic Plantlets and Seedlings


After the end of the 6-month growth period in the culture room (Figure 6), the growth of somatic plantlets derived from different ECLs was evaluated. The overall average HG and DG of somatic plantlets were 6.6 cm and 1.6 mm, whereas those of the control seedlings (SSD-Seed) were 8.1 cm and 1.9 mm, respectively (Figure 7A,B). Among somatic plantlets, the HG and DG varied significantly from 4.6 to 8.6 cm and 1.3 to 1.6 mm, respectively (Supplementary Table S4). Here, the somatic line SSD-182 exceeded the HG of the seedlings, while in contrast, the lowest HG was recorded for the line SSD-183. Although the HG and DG averages of somatic plantlets were lower than those of the control, some of the somatic lines showed similar growth to the control (no significant differences, p > 0.05, GLM and Dunnett test, Figure 7A,B). Regarding DNB and DNR, the averages for somatic plantlets were 3.0 branches and 4.7 roots, whereas for seedlings they were 6.0 branches and 6.3 roots, respectively. DNB was significantly lower than in the control in many cell lines (11/19), while DNR was only significantly lower in SSD-272 (p < 0.05, Figure 7C,D). Although the DNB and DNR varied by cell line from 1.6 to 4.6 branches and from 3.1 to 6.0 roots per plantlet, respectively, cell line was not selected as a significant explanatory variable (ΔAIC < 2, Supplementary Table S4). Regarding the MLB of somatic plantlets, the highest (5.2 cm) and lowest (1.9 cm) values were achieved for the lines SSD-182 and SSD-183, respectively. The overall average for the MLB of somatic plantlets was 3.7 cm, while for the seedlings it was 5.7 cm. MLB varied significantly among strains and was lower than in the control in 11 of 19 strains (Figure 7E, Supplementary Table S4). On the other hand, the highest (24.2 cm) and lowest (7.7 cm) values for the MLR were observed in lines SSD-352 and SSD-270, respectively, where most cell lines showed similar growth to the control (p > 0.05, Figure 7F).





4. Discussion


In the present study, using a previously established culture protocol [4], we obtained efficient cotyledonary embryo development of over 100 embryos per plate (average 243.6), a high level of embryo germination (average 88.9%), and an extremely high rate of plantlet conversion of germinants (average 97.3%) in most of the lines tested. Stable plantlet regeneration from megagametophytes of immature seeds was achieved in the MSPs of sugi. Although it is not possible to make a simple comparison, considering that the percentage of seedlings established from seeds was 55.3%, the plantlet yield from SE is impressive enough. In general, somatic embryo maturation, germination, and plantlet conversion efficiency values achieved in this study were comparable with those reported for other conifers [9,27,28,29,30]. However, the bottleneck was the low initiation rate of ECs (17.2% of the total [19]), which has been similarly reported in many studies of coniferous species including MSP or non-MSP sugi [11,12,13,31,32]. Thus, low induction rates are not a feature characteristic of MSP. If the total yield of seedlings obtained through SE, from the initiation of ECs to plantlet conversion, became higher than that produced from seeds, SE can be expected to have a wide range of applications, not only in mass clonal propagation, but also for example in shortening the breeding period and the conservation of endangered or recalcitrant lines with poor seed germination rates (e.g., [29,33,34]).



Six months after the plantlet conversion, the growth of 19 somatic lines was evaluated, making it—to the best of our knowledge—the first study to evaluate in vitro growth traits of SE-derived MSPs in sugi. In other conifers, growth traits of somatic plants have been evaluated for comparison with seedlings (seed-derived plants), and some of these studies reported lower growth performance of somatic plants compared with seedlings [21,35,36,37]. The reduction in initial growth may have been due to several culture stresses during the whole SE process, such as osmotic, drought, and altered endogenous hormone balance stress. Similar to these reports, the mean values of growth traits of sugi somatic plantlets were lower than those of seedlings. However, there were several lines that showed similar growth to seedlings, and since the traits of seedlings were within the range of variation among that of the somatic cell lines (Figure 7), this difference may indicate variation among siblings rather than an effect of the SE process. Although most of the deviance in maturation and germination was explained by inter-cell-line variation (63.2% and 46.8%, respectively), the cell line variables explained only 19.2–39.7% of the variance components of growth traits (Supplementary Table S4). As some studies comparing growth between male-sterile and fertile sugi cultivars showed no clear differences in growth traits between them [38,39], the male-sterile genotype is also not related to seedling growth. The MSPs propagated via SE would be useful as plant material for afforestation.



As shown in other conifer species (e.g., [40,41,42,43]), our statistical analysis showed that HG, DG, MLB, and MLR were significantly different among the cell lines. Correlation analysis also showed no significant relationships between performance in SE (i.e., the efficiency of cotyledonary embryo maturation, germination rate, and plantlet conversion rate) and initial in vitro plantlet growth traits (p > 0.05, Supplementary Figure S1). This indicates that the difference in the performance of the initial growth of the somatic sugi plantlet is a cell-line-specific characteristic rather than a culture-induced variation. The initial growth traits of the lines are considered to be genetically fixed [21,42]. The cell line SSD-182 was comparable to SSD-seed in all growth traits. Our group has also evaluated the growth of SE-derived MSPs after ex vitro transfer and found that the in vitro growth results were reflected in initial sapling growth, where the SSD-182 line continuously showed better growth among the tested lines, even better than seedlings, not only in plant containers, but also after transfer to the field [44]. The efficiency of initial selection may be achieved by using a strain with good growth performance like SSD-182. Similarly, Högberg et al. [21] reported that the early selection at the time of ex vitro transfer improved clonal performance and reduced intraclonal variation of Norway spruce somatic plants. Although some studies reported that the further growth patterns of seedlings were fixed by each strain in Japanese cedar [45,46], it has also been reported that growth trait heritability is not constant after plantation [46]. To confirm how long the initial in vitro growth trait will be maintained for later growth, continued monitoring of the growth of SE-derived plants for several years and even decades must be performed.




5. Conclusions


In the present study, an efficient and stable method for propagating pollen-free somatic plantlets through SE after early discrimination of ECLs with MAS was demonstrated in Japanese cedar, sugi. Highly efficient embryo maturation, germination, and plantlet conversion from different lines carrying the male sterility allele ms1 were confirmed. In vitro growth performance of the developed somatic plantlets, analyzing different morphological variables involved in the initial growth of sugi, showed significant differences among ECLs. To the best of our knowledge, this is the first report to describe the in vitro growth performance of C. japonica. Additionally, the information from this study may be considered as a first step for evaluating in vitro growth traits of SE-derived MSPs.
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Figure 1. SE initiation in sugi (Japanese cedar, C. japonica). (A) Extrusion of ECs from megagametophyte explant 2 weeks after the start of culture; (B) proliferation from extruded ECs after 6 weeks of culture; (C) maintenance/proliferation of ECs by 2–3-week interval subculture routines. Bars: 5 mm (A,B), 1 cm (C). 
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Figure 2. Somatic embryo maturation in sugi (Japanese cedar, C. japonica). (A) Maturation of somatic embryos 8 weeks after the transfer of ECs to maturation medium; (B) a close-up of developed cotyledonary embryo. Bars: 5 mm (A), 1 mm (B). 
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Figure 3. Box plot of the efficiency of cotyledonary embryo maturation by each line of sugi (Japanese cedar, C. japonica). The black dots indicate outliers. 
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Figure 4. Somatic embryo germination and plantlet conversion in sugi (Japanese cedar, C. japonica). (A) Germination of somatic embryos about 2 weeks after the transfer to germination medium; (B) plantlet conversion about 6 weeks after somatic embryo germination. Bars: 1 cm. 
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Figure 5. Cell line differences in germination and plantlet conversion of sugi (Japanese cedar, C. japonica). The germination rate of somatic embryos (gray bars) and plantlet conversion rate (white bars) per each plate are presented as mean and standard deviation. 
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Figure 6. In vitro growth of sugi (Japanese cedar, C. japonica) somatic plantlets. (A) Somatic plantlets growing in the culture room; (B) growth of somatic plantlets about 6 months after transfer to culture bottles; (C) schematic diagram of each measurement of growth trait. Bars: 5 cm. 
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Figure 7. Box plots for the growth traits in somatic plantlets and control seedlings (SSD-Seed) of sugi (Japanese cedar, C. japonica) for height growth (A), diameter growth (B), developed number of first-order branches (C) and roots (D), and maximum length of branches (E) and roots (F). Significant differences from control seedlings at the 5%, 1%, and 0.1% levels are indicated by *, **, and ***, respectively (Dunnett test). The black dots indicate outliers. 
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