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Abstract

:

This paper presents the results of several experiments identifying basal salts (BS) contained in maturation medium, polyethylene glycol (PEG) concentration, abscisic acid (ABA) concentration, additional supplementation with potassium chloride (KCl), amino acid (AA) concentration, and proliferation culture medium (PCM) as the main culture factors affecting somatic embryo maturation in sugi (Japanese cedar, Cryptomeria japonica, Cupressaceae). Highly efficient embryo maturation was achieved when embryogenic cell lines (ECLs) were cultured on media supplemented with a combination of PEG, ABA, and AAs. More than 1000 embryos per gram of fresh weight (FW) can be produced on EM maturation medium supplemented with 175 g L−1 PEG, 100 µM ABA, 2 g L−1 glutamine, 1 g L−1 asparagine, and 0.5 g L−1 arginine.






Keywords:


ABA; amino acid; cotyledonary embryo; EM medium; KCl; PEG; somatic embryogenesis












1. Introduction


Clonal propagation is an essential tool in biotechnology and breeding programs. Among the available clonal propagation methods, somatic embryogenesis (SE) is the most attractive technique for the large-scale propagation of conifers and long-term conservation of different embryogenic cell lines (ECLs) without changing their initial characteristics [1]. Additionally, SE is an ideal system for cell biology and molecular studies, including of the cell cycle, cell division, cell differentiation, and for understanding different genetic and epigenetic mechanisms for gene expression and phenotypic variation in plants. The mass propagation of conifers by SE, which was developed over the last three decades, has become the first biotechnology showing great potential for application in forestry [2]. However, for many species, in vitro clonal propagation is still difficult or inefficient [3]. The low efficiency of somatic embryo maturation is one of the major problems hampering efficient mass production and limiting practical applications [4]. Therefore, the high-quality somatic embryo production is one of the most important factors for using SE protocols in commercial propagation and breeding programs [5].



Sugi (Japanese Cedar, Cryptomeria japonica (Thunb. ex L.f.) D. Don, Cupressaceae), the most commercially important forest tree in Japan, is mainly used as construction wood, and today approximately 4.5 million ha (44% of the total artificial stands) are covered by sugi plantations [6]. Currently, breeding programs to produce elite trees (superior trees selected mainly on the basis of growth performance and wood quality) are being developed [7]. Furthermore, as a countermeasure against sugi pollinosis, a serious social and public health problem in Japan, efforts to produce superior male-sterile sugi trees are also being made [8]. In this context, the application of biotechnology to produce superior male-sterile trees in a short period of time is one of our main priorities. Now, efficient protocols to propagate male-sterile somatic plants of sugi involve combining the selection of embryogenic cells (ECs) with marker-assisted selection, and propagation through SE has been established [9].



Since SE was first reported for spruce species, numerous studies on conifer trees have been reported [10,11,12]. For sugi, after the first report on plant regeneration via SE [13], more results including studies on SE initiation [14,15,16,17,18], somatic embryo maturation [19,20,21,22], plant conversion [9,23], cryopreservation [24,25], and plant transformation [26,27] were published, showing progress in optimizing SE protocols. However, detailed reports on the factors influencing somatic embryo maturation in several ECLs from different seed families of sugi have not yet been published. Enhancing the high-quality embryo maturation efficiency is vitally important for improving SE protocols in mass production for practical uses. Against this background, this study aimed to obtain information from several ECLs analyzing the factors that affect the efficiency of somatic embryo maturation in C. japonica, to apply them to improving protocols for the production of somatic embryos. This paper describes the results of several experiments, including studies on the effect of basal salts (BS) contained in maturation medium, polyethylene glycol (PEG) concentration, abscisic acid (ABA) concentration, additional supplementation with potassium chloride (KCl), amino acid (AA) concentration, and proliferation culture medium (PCM), as the main culture factors affecting somatic embryo maturation in Japanese cedar.




2. Results and Discussion


2.1. Effect of Basal Salts (BS) in Medium on Somatic Embryo Maturation Efficiency


The first experimental approach used here was to determine the effect of BS contained in the medium on somatic embryo maturation efficiency in C. japonica. The mixtures of BS of three of the most popular media used in plant tissue culture were tested, comparing them with the BS of the EM medium [13] developed for SE of sugi. The results after eight weeks of culturing are shown in Table 1 and Figure 1. The best result was achieved using EM medium registering an average of 215.5 somatic embryos per plate, in comparison to 3.1, 14.8, and 48.8 embryos for MS, B5, and WP media, respectively. The highest maturation efficiency was achieved with S-18 ECL matured on EM medium (335.3 embryos) and the lowest efficiencies with S-73 and S-113 ECLs matured on MS medium (both 2.3 embryos). Although the statistical analysis results indicated that the number of embryos significantly differed depending on the BS of maturation media (deviance explained = 75.8%, df = 3, p < 0.001) (Table 2), statistically significant differences (p < 0.001) among ECLs were observed only within the WP maturation medium (Table S1). The unexpected results regarding to the low production of somatic embryos recorded using MS and B5 medium may be attributable to the high level of inorganic nitrogen (IN) present in both media. This would agree with the intermediate values obtained with the WP medium, which contains levels of IN intermediate between those of the high-content media (MS and B5 media) and the EM medium. A detailed study about the role of nitrogen during SE in Norway spruce was reported by Carlsson (2018) [28].



Similar to our experiment on C. japonica, the best results for embryo maturation in Chamaecyparis pisifera [29], Larix decidua [30], Pinus nigra [31], and Picea abies [32] were obtained in media supplemented with low IN, rather than the high concentration in the other media tested. In contrast, a survey of SE in crop plants noted that 70% of the explants were cultured on an MS medium or a modified version of it [33]. In conifers, several formulations of media are used; generally, the principal characteristic of these media is the reduction of NH4+ and NO3- as IN from the standard concentrations and the addition of organic nitrogen sources, particularly L-glutamine. The addition of glutamine as a principal source of organic nitrogen to medium was reported in loblolly pine [34], radiata pine [35], Scots pine and maritime pine [36], Norway spruce [37,38], black spruce [39], and Fraser fir [40]. Notwithstanding the fact that numerous studies have reported that somatic embryos have been cultured in a range of media (from dilute formulations to high-concentration formulations), a suitable maturation medium for each species or ECL can only be developed by trial and error. However, traditionally, efforts to improve media based on empirical modifications of existing basic formulations can be inefficient and costly, and do not always produce the desired improvement [41]. Several media for coniferous plants have been developed with the aid of tissue analyses [42].




2.2. Effect of Polyethylene Glycol (PEG) Concentration in Medium on Somatic Embryo Maturation Efficiency


The effect of PEG on embryo maturation efficiency was evaluated with five different ECLs of sugi. As shown in Table 3, for all of the lines tested, the number of embryos increased with increasing PEG concentration in the medium, reaching the highest peak at a concentration of 17.5% with maturation efficiency ranging from 446.3 to 812.7 embryos per plate. At a concentration of 20%, the number of achieved embryos dropped considerably to about one-fifteenth of the highest mean value. This result was consistent with our previous study on enhancing the maturation efficiency with increasing PEG concentrations, but inconsistent with the results obtained at a concentration of 20% as reported previously [22]. Differences in these results can be attributed to the differences in ECL genotypes and methodology used. In our present experiment, although a great difference in the phenotype of the mature embryos regarding to different PEG concentrations was not observed, active embryogenic cell proliferation was evident on medium containing 10% PEG, while the presence of many not well-developed embryos (short embryos) was frequently observed on medium supplemented with 20% PEG (Figure 2). Statistical analysis of our experimental results indicated that the maturation efficiency significantly differed among PEG concentrations in maturation media (deviance explained = 80.5%, df = 3, p < 0.001) (Table 4). No statistically significant differences were observed among the ECLs (Table S2).



PEG is one of the most popular osmoticants used in SE and reported to be an effective osmoregulator that plays an important role in enhancing embryo maturation efficiency in many conifers [5,11,29,43,44,45,46,47,48,49]. In this study, it was clearly demonstrated that, for C. japonica, the addition of PEG to the medium notably improved the embryo maturation efficiency. In the absence of PEG or at a low concentration of it, rarely or very low maturation frequency was observed, respectively (data not shown). This is consistent with the findings obtained in our previous studies where it was determined that increasing the osmolarity of the medium was necessary for the efficient production of somatic embryos [13,22].




2.3. Effect of Abscisic Acid (ABA) Concentration in Medium on Somatic Embryo Maturation Efficiency


ECs derived from seven different ECLs were used to test the effect of ABA concentration on embryo maturation efficiency in sugi. As shown in Table 5, the results among ABA treatments suggest that, with the exception of ECL S-85, which registered its best response at 200 µM, the appropriate concentration for embryo maturation is around 100 µM. The low number of cotyledonary embryos per plate achieved in the absence of ABA (6.5) was increased at 50 µM (201.4) and peaked at a concentration of 100 µM (336.2) but decreased when 200 µM (138.2) was added to the maturation medium. The number of mature embryos differed significantly among ABA concentrations of maturation medium (deviance explained = 71.9%, df = 3, p < 0.001) and there was also a significant interaction between ABA and ECLs (deviance explained = 12.4%, df = 3, p < 0.001) (Table 6, Table S3).



Numerous studies on the SE of conifers have indicated that ABA plays an important role in the efficient production of quality embryos, suggesting that ABA is closely related to the deposition of storage reserves (lipids, carbohydrates, and proteins) during the process of somatic embryo maturation, and prevents precocious germination [50,51,52]. Somatic embryos of spruces require higher levels of ABA to promote the normal development of plants [53,54]. Scots pine, maritime pine, radiata pine, and hybrid larches were produced normally with the addition of 60 µM ABA [36,55,56]. Conversely, ABA did not significantly benefit the somatic embryo maturation of some cypress trees, but also at a high concentration the cultures exhibited lower production, became necrotic, and did not undergo further development [57]. In addition, for some ECLs of European larch, the production of a large quantity of normal somatic embryos without the addition of ABA was reported [58]. However, for Japanese cedar, it was clearly demonstrated in this study that the number of mature embryos produced in the absence of ABA was far inferior, and only one of the seven ECLs tested was able to produce more than a dozen cotyledonary embryos per plate (Table 5). This response was similar to that of other Japanese conifers, in which the efficiency of embryo maturation was enhanced by the addition of 100 µM ABA to PEG-supplemented medium [5,29,45].




2.4. Effect of Additional Supplementation of Potasium Chloride (KCl) in Medium on Somatic Embryo Maturation Efficiency


The effect of the additional supplementation of KCl into medium on embryo maturation efficiency was evaluated with seven different ECLs of sugi. The results after eight weeks of culturing showed that the additional supplementation of KCl into maturation medium increased the number of cotyledonary embryos per plate in some ECLs (Table 7). However, the results of the data analysis indicated that the maturation efficiency did not differ significantly among the KCl concentrations and that there was no significant interaction of ECL:KCl supplementation (Table 8). With the exception of the ECL S-182, no statistically significant differences were observed among the ECLs (Table S4).



The addition of KCl to medium was reported to be beneficial for enhancing the induction of SE and maturation efficiency in loblolly pine [59,60]. Supplementation of KCl significantly enhanced initial-stage embryo formation and, when combined with 7.5% PEG, was reported to give the best result with the maximum number of mature embryos in loblolly pine [60]. However, the effect of KCl supplementation in enhancing embryo maturation in C. japonica was not statistically significant with the ECLs tested. The unclear effect of KCl supplementation can be attributed to the high concentration of PEG used in our experiment. Further study is needed to clarify the putative effect of KCl during the SE process in Japanese cedar.




2.5. Effect of Amino Acid (AA) Concentration in Medium on Somatic Embryo Maturation Efficiency


Table 9 shows the results on the effect of AA concentration in medium on somatic embryo maturation efficiency in five ECLs of sugi. The lowest result (11.3 embryos) achieved at AA 0× concentration indicates that the addition of AAs is essential for an efficient somatic embryo maturation in C. japonica. The best result was obtained in ECL S-18 at AA 2× concentration (452.7 embryos). Data analysis of our experimental results indicated that the maturation efficiency significantly differed among AA concentrations in maturation media (deviance explained = 70.6%, df = 3, p < 0.001), ECL (deviance explained = 6.8%, df = 4, p < 0.001), and depending on the interaction of ECL:AA concentration (deviance explained = 11.78%, df = 12, p < 0.001) (Table 10). However, these statistically significant differences among the variables were dependent on the lowest and highest efficiencies recorded by the AA 0× concentration and ECL S-18, respectively (Table S5).



Organic nitrogen is essential for the production of healthy embryos during SE, and glutamine is one of the most common sources of organic nitrogen reported in conifers [32,61]. The addition of glutamine, asparagine, arginine, and other AAs to the maturation medium has been commonly used to enhance the maturation efficiency of somatic embryos [2,5,29,35,45,62,63,64,65,66,67]. The role of AAs during SE has been widely reported [28,40,68,69,70]. In our experiments, it was demonstrated that the addition of AAs was essential to obtain an efficient somatic embryo maturation in Japanese cedar. Although some ECL differences were observed regarding to the preferences for AA concentrations (i.e., S-113 preferred 1×, S-182 preferred 3×, and the other ECLs preferred 2×), supplementation of AA concentrations from 1× to 3× significantly improved the maturation efficiency (Table 9, Figure 3).




2.6. Effect of Proliferation Culture Medium (PCM) on Somatic Embryo Maturation Efficiency


As shown in Table 11, the average of somatic embryos varied from 318.9 to 384.6, but no statistically significant differences among the PCM were observed (Table 12). Data analysis of the GLM results indicated that the maturation efficiency significantly differed among ECLs (deviance explained = 27.2%, df = 3, p < 0.001), but the interaction of ECL:PCM was not significant (Table 12 and Table S6).



Although differences in the preferences for PCM were observed among ECLs (i.e., S-18 and T-158 preferred 3-1, S-100 preferred EM3-1, and T-1151 preferred EM3-1m) (Table 11) and all tested PCM were able to support the growth of ECs without significantly affecting the subsequent maturation process, the best somatic embryo maturation efficiency was achieved when ECLs were proliferated on 3-1 medium. This medium was also used as a maintenance-proliferation medium for other Japanese conifers [5,29,45,71,72,73,74,75]. It is well known that the composition of the medium significantly affects the initiation of SE as well as the efficiency of embryo maturation. In this context, recent improvements to the culture medium based on analytical studies of seed tissues, zygotic and somatic embryos, and gene expression in megagametophytes have been reported [12]. ECs of conifers are usually subcultured onto media of the same composition as those used for SE initiation or with some modification in terms of PGRs and sugar concentration. In some cases, weekly subcultures on PGR-free medium are recommended to minimize the effects of aging in ECs of maritime pine [76]. Similarly, subcultures of ECs on media with no PGRs were reported for radiata pine [35]. However, ECs of C. japonica subcultured on PGR-free medium led to embryo development and showed a decline in their proliferative capacity over time. The PCM developed for Japanese cedar supported the growth of ECLs by two- to three-week subculture routines for several years without losing their proliferative potential and initial morphological characteristics (data not shown).




2.7. Optimal Factors Giving the Best Results Achieved in Our Six Independent Experiments


The results of our six independent experiments with different ECLs, including studies on the effect of BS contained in maturation medium, PEG concentration, ABA concentration, additional supplementation of KCl, AA concentration, and PCM, as the main culture factors affecting somatic embryo maturation in sugi are summarized in Table 13.





3. Materials and Methods


3.1. Plant Material and Culture Conditions


Immature seeds collected from seed orchards were used as plant material for SE initiation. After isolation from collected cones, seeds were surface-sterilized with 1% (w/v) sodium hypochlorite solution for 15 min and then rinsed three times with sterile distilled water for 5 min each. Then, the entire megagametophytes were aseptically excised from seeds and used as explants. For the induction of ECs, explants were placed horizontally onto initiation medium contained in 90 × 15 mm quad-plates (three explants per well, 12 per plate) and cultured in the dark at 25 °C. Initiation medium containing BS (basal salts) reduced to half the concentration from the standard EM medium [13] was supplemented with 10 g L−1 sucrose, 10 μM 2,4-D, 5 μM BA, 0.5 g L−1 casein acid hydrolysate, 1 g L−1 glutamine, and solidified with 3 g L−1 gellan gum (Gelrite®; Wako Pure Chemical, Osaka, Japan). The pH was adjusted to 5.8 prior to autoclave the medium for 15 min at 121 °C.




3.2. Maintenance and Proliferation of Embryogenic Cells (ECs)


Induced ECs were subcultured every two to three weeks on maintenance/proliferation medium containing BS reduced to half the concentration from the standard EM medium [13] supplemented with 3 μM 2,4-D, 1 μM 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. The ECs subcultured three to four times after induction were used for somatic embryo maturation.




3.3. Maturation of Somatic Embryos


3.3.1. Effect of Basal Salts (BS) in Medium on Somatic Embryo Maturation Efficiency


For the maturation of somatic embryos, three-week-old proliferated ECs (early stage of somatic embryos characterized by an embryonal head with suspensor system) [13] from five ECLs (S-18, S-73, S-100, S-113, and S-352) were cultured in clumps (three masses per 90 × 20 mm plate, 100 mg each) on maturation medium for eight weeks. Maturation media containing the BS formulation of MS (Murashige and Skoog Medium M0237; Duchefa Biochemie B.V., Haarlem, the Netherlands), B5 (Gamborg’s B5 Medium Salt Mixture 399-00621; Wako Pure Chemical, Osaka, Japan), WP (McCown Woody Plant Medium M0220; Duchefa Biochemie B.V., Haarlem, the Netherlands), and EM medium [13] were supplemented with 30 g L−1 maltose, 2 g L−1 activated charcoal (AC), 100 µM abscisic acid (ABA), amino acids (AAs) (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 3.3 g L−1 gellan gum (Table 1). The plates were sealed with Parafilm® and kept in the dark at 25 °C. After eight weeks of culturing, the number of somatic embryos at the cotyledonary stage was recorded.




3.3.2. Effect of Polyethylene Glycol (PEG) Concentration in Medium on Somatic Embryo Maturation Efficiency


To determine the effect of PEG concentration on the somatic embryo maturation of five ECLs (S-18, S-100, S-352, T-1151, and T-158), two-week-old proliferated ECs were cultured in clumps (five masses per 90 × 20 mm plate, 100 mg each) on maturation medium for eight weeks. Maturation medium containing the BS concentration of the standard EM medium [13] was supplemented with 30 g L−1 maltose, 2 g L−1 AC, 100 µM ABA, AAs (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), 3.3 g L−1 gellan gum, and 100, 150, 175, or 200 g L−1 PEG (Table 3). The plates were sealed with Parafilm® and kept in the dark at 25 °C. After eight weeks of culturing, the number of somatic embryos at the cotyledonary stage was recorded.




3.3.3. Effect of Abscisic Acid (ABA) Concentration in Medium on Somatic Embryo Maturation Efficiency


To determine the effect of ABA concentration on somatic embryo maturation, two-week-old proliferated cells from seven ECLs (S-18, S-64, S-85, S-100, S-113, S-352, and T-1151) were cultured in clumps (three masses per 90 × 20 mm plate, 100 mg each) on maturation medium for eight weeks. Maturation medium containing the BS concentration of the standard EM medium [13] was supplemented with 30 g L−1 maltose, 2 g L−1 AC, AAs (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, 3.3 g L−1 gellan gum, and 0, 50, 100, or 200 µM ABA (Table 5). The plates were sealed with Parafilm® and kept in the dark at 25 °C. After eight weeks of culturing, the number of somatic embryos at the cotyledonary stage was recorded.




3.3.4. Effect of Additional Supplementation of Potassium Chloride (KCl) to the Medium on Somatic Embryo Maturation Efficiency


The effect of additional supplementation of KCl to the maturation medium was evaluated with seven ECLs (S-18, S-85, S-100, S-182, S-352, T-1151, and T-158). Two-week-old proliferated ECs were cultured in clumps (three masses per 90 × 20 mm plate, 100 mg each) on maturation medium for eight weeks. Maturation medium containing the BS concentration of the standard EM medium [13] was supplemented with 30 g L−1 maltose, 2 g L−1 AC, 100 µM ABA, AAs (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, 3.3 g L−1 gellan gum, and with (+) or without (–) additional supplementation of 0.67 g L−1 (9 mM) KCl (Table 7). The KCl concentration in medium without (–) and with (+) additional supplementation was 0.08 g L−1 (1 mM) and 0.75 g L−1 (10 mM), respectively. The plates were sealed with Parafilm® and kept in the dark at 25 °C. After eight weeks of culturing, the number of somatic embryos at the cotyledonary stage was recorded.




3.3.5. Effect of Amino Acid (AA) Concentration in Medium on Somatic Embryo Maturation Efficiency


The effect of AA concentration in maturation medium was evaluated with five ECLs (S-18, S-100, S-113, S-182, and S-352). Two-week-old proliferated ECs were cultured in clumps (three masses per 90 × 20 mm plate, 100 mg each) on maturation medium for eight weeks. Maturation medium containing the BS concentration of the standard EM medium [13] was supplemented with 30 g L−1 maltose, 2 g L−1 AC, 100 µM ABA, 175 g L−1 PEG, 3.3 g L−1 gellan gum, and AAs (in g L−1: glutamine 0–3, asparagine 0–1.5, arginine 0–0.75, citrulline 0.079, ornithine 0.076, lysine 0.055, alanine 0.04, and proline 0.035). The AA concentration 1× represents the addition of 1 g L−1 glutamine, 0.5 g L−1 asparagine, and 0.25 g L−1 arginine (major AA mix). The AA concentrations 2× and 3× represent the addition of two and three times the concentration of the major AA mix of 1×, respectively. Minor AAs (citrulline, ornithine, lysine, alanine, and proline) were added at the same concentrations as described above for 1×, 2×, and 3×. The AA concentration 0× represents no addition of AAs to the medium (Table 9). The plates were sealed with Parafilm® and kept in the dark at 25 °C. After eight weeks of culturing, the number of somatic embryos at the cotyledonary stage was recorded.




3.3.6. Effect of Proliferation Culture Medium (PCM) on Somatic Embryo Maturation Efficiency


The effect of PCM on somatic embryo maturation was evaluated with four ECLs (S-18, S-100, T-1151, and T-158). The following media, named 3-1, EM3-1, EM3-1m, and EM10-0, were tested as PCM of ECs before maturation (Table 6). The composition of 3-1 medium was the same as described above in the section on the maintenance and proliferation of ECs. The EM3-1 medium represents the formulation of 3-1 medium but containing BS at the standard concentration of EM medium [13]. The EM3-1m medium had the same formulation as the EM3-1 medium but contained maltose instead of sucrose at the same concentration. The EM10-0 medium had the same formulation as EM3-1 medium but contained 10 μM 2,4-D and no BA. Subsequently, after two weeks of culture on different PCM, ECs were cultured in clumps (three masses per 90 × 20 mm plate, 100 mg each) on maturation medium for eight weeks. Maturation medium containing the BS concentration of the standard EM medium [13] was supplemented with 30 g L−1 maltose, 2 g L−1 AC, 100 µM ABA, AAs (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, and 3.3 g L−1 gellan gum. The plates were sealed with Parafilm® and kept in the dark at 25 °C. After eight weeks of culturing, the number of somatic embryos at the cotyledonary stage was recorded.





3.4. Data Analysis


The effects of the six types of trial (BS, PEG, ABA, KCl, AA, and PCM), ECLs, interactions between the trials and the ECLs, and the replicates (plates) on somatic embryo maturation in sugi were analyzed using negative binomial generalized linear models (GLMs). To compare the importance of each variable, percent deviance explained (%) was calculated as {1– (residual deviance) / (null deviance)} × 100, where residual deviance is the deviance of each variable, and null deviance is the deviance of the null model (i.e., intercept only model). The post hoc analysis of Tukey’s all-pair comparisons for the GLMs was carried out to evaluate significant differentiation within the trials and the ECLs. The GLMs were fitted using R package “MASS” [77], and the multiple comparisons within the trials and the ECLs were performed using R package “multcomp” [78].





4. Concluding Remarks


Genotypes, BS formulations, sugars, AAs, PGRs, osmotic agents, and culture conditions are some of the principal factors controlling SE [10,79,80,81,82,83,84,85,86,87]. Highly efficient embryo maturation was achieved when ECLs were cultured on media supplemented with a combination of PEG, ABA, and AAs. More than 1000 embryos per gram (FW) can be produced on media supplemented with 175 g L−1 PEG, 100 µM ABA, and 2× AA concentration. This result represents a significant improvement in somatic embryo maturation efficiency compared with that in our previous studies [13,22]. Although the results obtained in this study analyzing the main factors affecting the efficiency of somatic embryo maturation in C. japonica could be used to enhance the protocols for producing high-quality somatic embryos, it is necessary to consider that, given that SE is a complex multistage process influenced by the active interaction of several variables, the results obtained in our independent experiments may vary with the interaction of the factors. Despite the fact that more efforts, including studies on the interaction of main factors, are necessary to maximize the efficiency in the production of somatic embryos for practical purposes, to our knowledge, this is the first detailed report on the main factors affecting somatic embryo maturation in Japanese cedar, which should contribute to improving SE protocols. In addition, we believe that this report can also provide useful information to improve embryo maturation efficiency in other conifers.
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Figure 1. Somatic embryo maturation of sugi S-18 ECL on different media: (A) B5, (B) EM, (C) MS, and (D) WP media. Bars: 5 mm. 
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Figure 2. Somatic embryo maturation of sugi S-18 ECL on medium containing different PEG concentrations: (A) 10%, (B) 15%, (C) 17.5%, and (D) 20%. Bars: 5 mm. 
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Figure 3. Somatic embryo maturation of sugi S-18 ECL on medium containing different amino acid (AA) concentrations: (A) 0×, (B) 1×, (C) 2×, and (D) 3×. Bars: 5 mm. 
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Table 1. Effect of basal salts (BS) of medium on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs). Data are presented as the mean ± SD (standard deviation) of the number of cotyledonary somatic embryos per plate from three replicates for each ECL matured on media containing different BS formulations.
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ECL

	
Cotyledonary Somatic Embryos per Plate by BS Formulations of Maturation Medium




	
B5

	
EM

	
MS

	
WP

	
Average per Cell Line






	
S-18

	
34.7 ± 7.4

	
335.3 ± 136.1

	
5.0 ± 1.0

	
134.7 ± 20.0

	
127.4 ± 147.3 a




	
S-73

	
7.7 ± 5.0

	
223.0 ± 56.2

	
2.3 ± 1.5

	
87.3 ± 39.7

	
80.1 ± 97.6 ab




	
S-100

	
11.0 ± 9.0

	
235.0 ± 145.2

	
2.7 ± 2.5

	
6.3 ± 5.9

	
63.8 ± 120.5 ab




	
S-113

	
9.3 ± 11.0

	
130.7 ± 39.0

	
2.3 ± 0.6

	
5.7 ± 4.0

	
37.0 ± 59.2 b




	
S-352

	
11.3 ± 9.5

	
153.3 ± 83.7

	
3.0 ± 1.0

	
10.0 ± 7.8

	
44.4 ± 75.0 ab




	
Average per medium

	
14.8 ± 12.7 c

	
215.5 ± 113.4 a

	
3.1 ± 1.6 d

	
48.8 ± 57.5 b

	








Different letters show significant differences according to Tukey’s post hoc test (p < 0.05).
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Table 2. Summary of deviances of the generalized linear model (GLM) of data from Table 1 (Effect of basal salts (BS) of medium on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs)). Deviance of the variable “null” indicates the null deviance (deviance of the null model), and other deviances indicate the residual deviance (deviance of the variable).
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	Variables
	df
	Residual df
	Deviances
	p Value
	Significance
	Deviance Explained (%)





	Null
	
	59
	925.01
	
	
	



	ECL
	4
	55
	76.45
	<0.001
	***
	8.3



	BS
	3
	52
	701.02
	<0.001
	***
	75.8



	Plate
	2
	50
	6.02
	<0.05
	*
	0.7



	ECL:BS
	12
	38
	76.14
	<0.001
	***
	8.2
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Table 3. Effect of polyethylene glycol (PEG) concentration on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs). Data are presented as the mean ± SD (standard deviation) of the number of cotyledonary somatic embryos per plate from three replicates for each ECL matured on media containing different concentrations of PEG.






Table 3. Effect of polyethylene glycol (PEG) concentration on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs). Data are presented as the mean ± SD (standard deviation) of the number of cotyledonary somatic embryos per plate from three replicates for each ECL matured on media containing different concentrations of PEG.





	
ECL

	
Cotyledonary Somatic Embryos per Plate by PEG Concentrations




	
PEG 10%

	
PEG 15%

	
PEG 17.5%

	
PEG 20%

	
Average per Cell Line






	
S-18

	
222.3 ± 95.6

	
544.0 ± 200.3

	
640.3 ± 61.0

	
36.7 ± 7.8

	
360.8 ± 272.0 a




	
S-100

	
160.3 ± 45.6

	
322.3 ± 109.3

	
532.0 ± 120.0

	
20.0 ± 17.8

	
258.7 ± 211.8 a




	
S-352

	
210.0 ± 100.5

	
395.7 ± 209.9

	
446.3 ± 145.4

	
51.7 ± 19.6

	
275.9 ± 201.2 a




	
T-1151

	
222.3 ± 127.6

	
461.3 ± 77.6

	
812.7 ± 196.2

	
58.7 ± 18.2

	
388.8 ± 314.4 a




	
T-158

	
157.7 ± 73.0

	
317.0 ± 106.2

	
686.0 ± 172.9

	
43.7 ± 25.8

	
301.1 ± 269.7 a




	
Average per PEG

concentration

	
194.5 ± 84.0 b

	
408.1 ± 155.4 a

	
623.5 ± 180.2 a

	
42.1 ± 21.0 c

	








Different letters show significant differences according to Tukey’s post hoc test (p < 0.05).
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Table 4. Summary of deviances of the generalized linear model (GLM) of data from Table 3 (Effect of polyethylene glycol (PEG) concentration on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs)). Deviance of the variable “null” indicates the null deviance (deviance of the null model), and other deviances indicate the residual deviance (deviance of the variable).






Table 4. Summary of deviances of the generalized linear model (GLM) of data from Table 3 (Effect of polyethylene glycol (PEG) concentration on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs)). Deviance of the variable “null” indicates the null deviance (deviance of the null model), and other deviances indicate the residual deviance (deviance of the variable).














	Variables
	df
	Residual df
	Deviances
	p Value
	Significance
	Deviance Explained (%)





	Null
	
	59
	515.742
	
	
	



	ECL
	4
	55
	13.13289
	< 0.05
	*
	2.5



	PEG concentration
	3
	52
	415.1126
	< 0.001
	***
	80.5



	Plate
	2
	50
	0.261557
	0.877
	ns
	0.1



	ECL:PEG concentration
	12
	38
	14.18647
	0.289
	ns
	2.8







ns, not significant.
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Table 5. Effect of abscisic acid (ABA) concentration on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs). Data are presented as the mean ± SD (standard deviation) of the number of cotyledonary somatic embryos per plate from three replicates for each ECL matured on media containing different concentrations of ABA.






Table 5. Effect of abscisic acid (ABA) concentration on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs). Data are presented as the mean ± SD (standard deviation) of the number of cotyledonary somatic embryos per plate from three replicates for each ECL matured on media containing different concentrations of ABA.





	
ECL

	
Cotyledonary Somatic Embryos per Plate by ABA Concentrations




	
ABA 0 µM

	
ABA 50 µM

	
ABA 100 µM

	
ABA 200 µM

	
Average per Cell Line






	
S-18

	
19.3 ± 10.5

	
186.3 ± 161.1

	
385.0 ± 117.4

	
163.7 ± 49.9

	
188.6 ± 161.9 a




	
S-64

	
2.0 ± 1.7

	
273.0 ± 206.9

	
366.0 ± 128.3

	
22.3 ± 8.6

	
165.8 ± 194.4 b




	
S-85

	
2.3 ± 2.5

	
237.7 ± 18.0

	
256.7 ± 64.0

	
344.7 ± 129.6

	
210.3 ± 146.2 b




	
S-100

	
8.7 ± 7.8

	
354.0 ± 62.4

	
377.3 ± 119.4

	
166.0 ± 117.5

	
226.5 ± 174.4 ab




	
S-113

	
1.7 ± 2.1

	
37.3 ± 18.9

	
228.7 ± 113.1

	
77.7 ± 12.0

	
86.3 ± 102.8 b




	
S-352

	
3.3 ± 0.6

	
50.0 ± 25.5

	
331.7 ± 59.5

	
54.3 ± 27.2

	
109.8 ± 138.7 b




	
T-1151

	
8.0 ± 4.6

	
271.7 ± 98.3

	
408.3 ± 205.9

	
139.0 ± 13.5

	
206.8 ± 183.7 ab




	
Average per ABA

concentration

	
6.5 ± 7.5 c

	
201.4 ± 145.2 ab

	
336.2 ± 122.3 a

	
138.2 ± 116.8 b

	








Different letters show significant differences according to Tukey’s post hoc test (p < 0.05).
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Table 6. Summary of deviances of the generalized linear model (GLM) of data from Table 5 (Effect of abscisic acid (ABA) concentration on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs)). Deviance of the variable “null” indicates the null deviance (deviance of the null model), and other deviances indicate the residual deviance (deviance of the variable).






Table 6. Summary of deviances of the generalized linear model (GLM) of data from Table 5 (Effect of abscisic acid (ABA) concentration on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs)). Deviance of the variable “null” indicates the null deviance (deviance of the null model), and other deviances indicate the residual deviance (deviance of the variable).














	Variables
	df
	Residual df
	Deviances
	p Value
	Significance
	Deviance Explained (%)





	Null
	
	83
	1078.277
	
	
	



	ECL
	6
	77
	66.60139
	<0.001
	***
	6.2



	ABA concentration
	3
	74
	775.4969
	<0.001
	***
	71.9



	Plate
	2
	72
	6.15035
	<0.05
	*
	0.6



	ECL:ABA concentration
	18
	54
	134.1964
	<0.001
	***
	12.4
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Table 7. Effect of potassium chloride (KCl) supplementation on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs). Data are present as the mean ± SD (standard deviation) of the number of cotyledonary somatic embryos per plate from five replicates for each ECL matured on medium with (+) or without (–) additional KCl supplementation.






Table 7. Effect of potassium chloride (KCl) supplementation on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs). Data are present as the mean ± SD (standard deviation) of the number of cotyledonary somatic embryos per plate from five replicates for each ECL matured on medium with (+) or without (–) additional KCl supplementation.





	
ECL

	
Cotyledonary Somatic Embryos per Plate by Additional KCl Supplementation




	
KCl (–)

	
KCl (+)

	
Average per Cell Line






	
S-18

	
381.0 ± 151.0

	
420.8 ± 72.4

	
400.9 ± 113.6 ab




	
S-85

	
294.4 ± 111.7

	
214.4 ± 43.0

	
254.4 ± 90.2 ab




	
S-100

	
325.2 ± 73.3

	
309.2 ± 68.7

	
317.2 ± 67.5 ab




	
S-182

	
197.4 ± 62.7

	
208.2 ± 91.0

	
202.8 ± 73.9 b




	
S-352

	
304.2 ± 204.7

	
336.2 ± 105.0

	
320.2 ± 154.3 ab




	
T-1151

	
459.8 ± 289.8

	
362.6 ± 263.8

	
411.2 ± 266.2 a




	
T-158

	
385.4 ± 126.6

	
391.8 ± 144.8

	
388.6 ± 128.3 ab




	
Average per KCl supplementation

	
335.3 ± 167.6 a

	
320.5 ± 142.7 a

	








Different letters show significant differences according to Tukey’s post hoc test (p < 0.05).
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Table 8. Summary of deviances of the generalized linear model (GLM) of data from Table 7 (Effect of potassium chloride (KCl) supplementation on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs)). Deviance of the variable “null” indicates the null deviance (deviance of the null model), and other deviances indicate the residual deviance (deviance of the variable).






Table 8. Summary of deviances of the generalized linear model (GLM) of data from Table 7 (Effect of potassium chloride (KCl) supplementation on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs)). Deviance of the variable “null” indicates the null deviance (deviance of the null model), and other deviances indicate the residual deviance (deviance of the variable).














	Variables
	df
	Residual df
	Deviances
	p Value
	Significance
	Deviance Explained (%)





	Null
	
	69
	100.8604
	
	
	



	ECL
	6
	63
	25.15085
	<0.001
	***
	24.9



	KCl supplementation
	1
	62
	0.257053
	0.612
	ns
	0.3



	Plate
	4
	58
	0.92416
	0.921
	ns
	0.9



	ECL:KCl supplementation
	6
	52
	2.775315
	0.836
	ns
	2.8







ns, not significant.
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Table 9. Effect of amino acid (AA) concentration on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs). Data are presented as the mean ± SD (standard deviation) of the number of cotyledonary somatic embryos per plate from three replicates for each ECL matured on media containing different concentrations of AAs.






Table 9. Effect of amino acid (AA) concentration on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs). Data are presented as the mean ± SD (standard deviation) of the number of cotyledonary somatic embryos per plate from three replicates for each ECL matured on media containing different concentrations of AAs.





	
ECL

	
Cotyledonary Somatic Embryos per Plate by AA Concentrations




	
0×

	
1×

	
2×

	
3×

	
Average per Cell Line






	
S-18

	
42.0 ± 33.4

	
330.3 ± 211.8

	
452.7 ± 221.2

	
305.0 ± 155.9

	
282.5 ± 214.7 a




	
S-100

	
3.0 ± 2.6

	
156.3 ± 74.9

	
340.7 ± 53.6

	
274.7 ± 39.5

	
193.7 ± 140.7 b




	
S-113

	
6.7 ± 2.5

	
208.7 ± 69.2

	
115.7 ± 38.6

	
94.3 ± 72.2

	
106.3 ± 87.9 b




	
S-182

	
2.3 ± 2.1

	
233.7 ± 83.3

	
274.0 ± 75.6

	
308.0 ± 152.6

	
204.5 ± 148.8 b




	
S-352

	
2.3 ± 2.5

	
268.7 ± 73.7

	
353.3 ± 50.5

	
302.7 ± 110.7

	
231.8 ± 154.3 b




	
Average per AA

concentration

	
11.3 ± 20.5 a

	
239.5 ± 115.3 b

	
307.3 ± 148.7 b

	
256.9 ± 129.4 b

	








Different letters show significant differences according to Tukey’s post hoc test (p < 0.05).
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Table 10. Summary of deviances of the generalized linear model (GLM) of data from Table 9 (Effect of amino acid (AA) concentration on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs)). Deviance of the variable “null” indicates the null deviance (deviance of the null model), and other deviances indicate the residual deviance (deviance of the variable).






Table 10. Summary of deviances of the generalized linear model (GLM) of data from Table 9 (Effect of amino acid (AA) concentration on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs)). Deviance of the variable “null” indicates the null deviance (deviance of the null model), and other deviances indicate the residual deviance (deviance of the variable).














	Variables
	df
	Residual df
	Deviances
	p Value
	Significance
	Deviance Explained (%)





	Null
	
	59
	627.6505
	
	
	



	ECL
	4
	55
	42.45872
	<0.001
	***
	6.8



	AA concentration
	3
	52
	442.8232
	<0.001
	***
	70.6



	Plate
	2
	50
	0.919119
	0.632
	ns
	0.1



	ECL:AA concentration
	12
	38
	73.40887
	<0.001
	***
	11.7







ns, not significant.
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Table 11. Effect of proliferation culture media (PCM) on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs). Data are presented as the mean ± SD (standard deviation) of the number of cotyledonary somatic embryos per plate from five replicates for each ECL matured after culturing on different PCM.






Table 11. Effect of proliferation culture media (PCM) on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs). Data are presented as the mean ± SD (standard deviation) of the number of cotyledonary somatic embryos per plate from five replicates for each ECL matured after culturing on different PCM.





	
ECL

	
Cotyledonary Somatic Embryos per Plate by Proliferation Media




	
3-1

	
EM3-1

	
EM3-1m

	
EM10-0

	
Average per Cell line






	
S-18

	
381.6 ± 88.7

	
345.2 ± 133.5

	
269.6 ± 48.4

	
274.2 ± 143.9

	
317.6 ± 112.4 ab




	
S-100

	
268.0 ± 80.3

	
284.0 ± 70.7

	
233.6 ± 69.3

	
252.0 ± 37.7

	
259.4 ± 63.9 b




	
T-1151

	
478.8 ± 115.0

	
458. 4± 89.8

	
493.6 ± 100.1

	
450.0 ± 130.5

	
470.2 ± 102.4 a




	
T-158

	
410.0 ± 293.7

	
402.2 ± 256.8

	
351.4 ± 114.6

	
299.4 ± 94.7

	
365.8 ± 196.9 ab




	
Average per PCM

	
384.6 ± 173.3 a

	
372.4 ± 157.6 a

	
337.1 ± 130.0 a

	
318.9 ± 128.3 a

	








Different letters show significant differences according to Tukey’s post hoc test (p < 0.05).
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Table 12. Summary of deviances of the generalized linear model (GLM) of data from Table 11 (effect of proliferation culture media (PCM) on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs)). Deviance of the variable “null” indicates the null deviance (deviance of the null model), and other deviances indicate the residual deviance (deviance of the variable).






Table 12. Summary of deviances of the generalized linear model (GLM) of data from Table 11 (effect of proliferation culture media (PCM) on somatic embryo maturation efficiency of sugi embryogenic cell lines (ECLs)). Deviance of the variable “null” indicates the null deviance (deviance of the null model), and other deviances indicate the residual deviance (deviance of the variable).














	Variables
	df
	Residual df
	Deviances
	p Value
	Significance
	Deviance Explained (%)





	Null
	
	79
	126.5727
	
	
	



	ECL
	3
	76
	34.46032
	<0.001
	***
	27.2



	PCM
	3
	73
	4.761264
	0.190
	ns
	3.8



	Plate
	4
	69
	2.787561
	0.594
	ns
	2.2



	ECL:PCM
	9
	60
	3.155583
	0.958
	ns
	2.5







ns, not significant.
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Table 13. Summary of the optimal factors giving the best results achieved in our six independent experiments including studies on the effect of basal salts (BS) contained in maturation medium, polyethylene glycol (PEG) concentration, abscisic acid (ABA) concentration, additional supplementation of potassium chloride (KCl), amino acid (AA) concentration, and proliferation culture media (PCM), as the main culture factors affecting somatic embryo maturation in sugi.






Table 13. Summary of the optimal factors giving the best results achieved in our six independent experiments including studies on the effect of basal salts (BS) contained in maturation medium, polyethylene glycol (PEG) concentration, abscisic acid (ABA) concentration, additional supplementation of potassium chloride (KCl), amino acid (AA) concentration, and proliferation culture media (PCM), as the main culture factors affecting somatic embryo maturation in sugi.





	Factor
	Best Result
	Reference





	BS in medium
	EM
	Maruyama et al. 2000



	PEG concentration
	175 g L−1
	169-09125 Wako Pure Chemical,

Osaka, Japan



	ABA concentration
	100 µM
	BIA-0125 Apollo Scientific Ltd.,

Manchester, UK



	KCl concentration
	0.08 g L−1
	063-03545 Wako Pure Chemical,

Osaka, Japan



	AA concentration
	L (+) Glutamine 2 g L−1

L- Asparagine 1 g L−1

L (+) Arginine 0.5 g L−1
	078-00525 Wako Pure Chemical,

Osaka, Japan

013-04815 Wako Pure Chemical,

Osaka, Japan

011-04615 Wako Pure Chemical,

Osaka, Japan



	PCM
	3-1 (EM proliferation medium)
	Maruyama et al. 2000
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