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Abstract: Korean pine is an important afforestation tree species in Northeast China, which has a high ecological and economic value. Although regeneration of somatic embryogenesis using immature zygotic embryos of Korean pine as explants has been successful, it cannot be applied to automation and large-scale production. Therefore, we urgently need a method that can increase the output of somatic embryos (SEs) to meet the needs of large-scale production. We used Korean pine 1–1 and 1–100 cell lines as research materials to evaluate the effects of inoculum-density, culture time, orbiting speed, vessel volume, plant growth regulator (PGR) concentration, and carbon source on the proliferation of embryogenic tissue (ET). The somatic embryogenesis ability of ET cultured in different liquid suspension media was also evaluated. We found that during liquid suspension culture of Korean pine ET, the sedimented cell volume (SCV), fresh weight (FW) and dry weight (DW) were affected by inoculum-density, culture time, orbiting speed, 2,4-D concentration, 6-BA concentration and carbon source type. Fourty mg ⋅ mL−1 ET were transferred to a 200 mL Erlenmeyer flask containing 20 mL liquid medium, and cultured at 100 rpm/min for 14 days to obtain the maximum proliferation. In addition, we also found that SCV, FW and DW were higher when PGRs were reduced in the liquid suspension medium. The substitution of maltose for sucrose resulted in slow growth of cultures and limited SE yield (13 SEs g−1 FW). Although culture proliferation was high at 50 rpm, SE yield was inhibited by 48% compared with 100 rpm (50 rpm = 33 SEs g−1 FW; 100 rpm/min = 70 SEs g−1 FW). Cultivation in low-concentration PGR(1.15 μM ⋅ L−1 2,4-D, 0.25 μM ⋅ L−1 6-BA) and sucrose liquid medium at 100 rpm/min (80 SEs g−1 FW) could not only promote culture proliferation but also increase SE yield. The determination of the suspension culture scheme of Korean pine ET provides a reference for further expansion to bioreactor culture in the future and lays a foundation for the automation and scale of somatic embryogenesis of Korean pine.
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Abbreviations



	ET:
	embryogenic tissue



	SE(s):
	Somatic Embryo(s)



	SCV:
	Sedimented Cell Volume



	FW:
	Fresh Weight



	DW:
	Dry Weight



	PGR:
	Plant Growth Regulator



	MG:
	Megagametophyte




1  Introduction

Korean pine (Pinus koraiensis Sieb.et Zucc.) is the dominant species of broad-leaved Korean pine forests and it has an extremely important ecological value. It is the main afforestation tree species in Northeast China, with excellent wood and seeds, and extremely high economic value [1]. However, with the increasing demand for wood, the natural populations of Korean pine have declined sharply, and Korean pine was listed as a low-risk species by the International Union for Conservation of Nature (IUCN) 2013 Red List [2]. The development of breeding technology for large-scale clone production is imminent to restore and expand the resources of P. koraiensis, and give full play to the ecological function and economic value of this species. Somatic embryogenesis, as the most potential propagation technique in conifers, has been applied in many species such as Pinus densiflora [3], Scots pine [4], and Brazilian pine [5]. At present, the somatic embryogenesis technology of Korean pine has made staged progress, and the tissue induction system with mature and immature zygotic embryos of Korean pine as explants has been successfully established [6,7]. Among them, the embryogenic tissue obtained from the immature zygotic embryos of Korean pine has the ability of somatic embryogenesis [8]. But there are still some practical problems that restrict the occurrence of high frequency of Korean pine somatic embryos (SEs). For example, Korean pine SE yield is low and synchronization is difficult [9]. Therefore, we urgently need a method that can increase the yield of SEs to meet large-scale production.

Early research found that the main reason for limiting the synchronization of SEs during somatic embryogenesis is that the early SEs in the ET are at different stages of development [10]. Filonova et al. [11] and Elhiti et al. [12] divided the proliferation process into three stages (PEMI, PEMII, and PEMIII) based on morphology and cytology. Among them, only early SEs in PEMIII stage can respond to maturation, thus limiting the yield of maturation SEs. In conifers, the metabolic activity of the internal tissues of ET decreases as the proliferation time increases, and only a few early SEs on the surface can respond to maturation, resulting in a decrease in ET utilization [13]. The liquid culture medium can effectively reduce the aggregation of cells by shaking, and make the distribution of nutrients and metabolites uniform. The cells can quickly absorb nutrients increase cell proliferation rate [14]. In addition, liquid suspension culture is conducive to breaking down ET into smaller ET aggregates, effectively increasing ET proliferation and SE yield. Liquid culture can not only provide a scale-up option in bioreactors but also reduces labor force participation, which is necessary for large-scale automated production [15,16], as well as permit to achieve synchronization of cultures and further improve the conversion rate of transgenic technology [17]. At present, suspension culture technology has been reported in many species, such as Norway spruce [10] and Anthurium andraeanum [16]. It has been reported that the inoculum-density in liquid culture is an important factor affecting cell growth and development. Low inoculum-density could lead to low proliferation, while high inoculum-density could inhibit cell growth [18]. Similarly, the volume and orbiting speed of the Erlenmeyer flask can regulate the growth of cells by affecting the amount of gas exchange and hydrodynamic stress [14]. In the semi-solid medium, the diffusion of nutrients is a slow process, and a concentration gradient will be formed around the cells, which will slow down growth, so liquid medium is suitable for medium components with lower concentration [18]. Therefore, the determination of these factors affecting cell growth and development is necessary for the successful establishment of Korean pine suspension culture systems.

The purpose of our study was to establish a suspension culture system of Korean pine, comprehensively evaluate the effects of inoculum-density, culture time, orbiting speed, vessel volume, PGR concentration, and carbon source type on culture proliferation. On this basis, the responsiveness of the proliferating ET in the liquid medium to the maturation medium was further studied. It provides the parameter basis for further application of automated dispersion systems and new temporary immersion bioreactor for Korean pine, and lays a foundation for realizing large-scale commercial reproduction of Korean pine.

2  Materials and Methods

2.1 Plant Material

Immature zygotic embryos of Korean pine are used as explants induced by ET. For the induction method, see Gao et al. [7]. To promote ET proliferation, ET was transferred to proliferation medium, which consisted of DCR [19] supplemented with 0.5 mg L−1 2,4-dichlorophenoxyacetic acid (2,4-D), 0.1 ⋅ mg L−1 6-benzylaminopurine (6-BA), 30 ⋅ g L−1 sucrose, 0.5 ⋅ g L−1 L-glutamine, 0.5 ⋅ g L−1 casein enzymatic chydrolysate and 4 g ⋅ L−1 gellan gum. The pH of the medium was then adjusted to 5.8 before sterilization. ET was subcultured every 2 weeks, with the culture in darkness at 24 ± 1°C. After 3 months of multiplication culture, we selected 1–100 and 1–1 cell lines with the potential for somatic embryogenesis for follow-up experiments.

2.2 Establishment of Suspension Cultures

2.2.1 Effect of Inoculum-Density and Culture Time on Cell Proliferation

1–100 and 1–1 cell lines were used to test the effect of inoculum-density (10, 20, 30, 40 and 50 mg ⋅ mL−1) and culture time (0, 7, 14 and 21 days) on the proliferation of ET. After the ET was cultured in semi-solid medium for 7 days, 200, 400, 600, 800, and 1000 mg of fresh ET were collected and transferred to a 100 mL Erlenmeyer flask with 20 ml of liquid DCR medium. The Erlenmeyer flask was then placed in a shaking incubator (100 rpm/min) (HZQ-F100, Harbin, China) under darkness at 24 ± 1°C. On the 0th, 7th, 14th, and 21st days of culture, three flasks were randomly taken and the culture in the flask was poured into a 50 mL graduated tube and allowed to stand for 30 min to measure the settled cell volume (SCV). Then, the suspension was placed in a Büchner funnel and the excess liquid was filtered to obtain the fresh weight (FW). Finally, the culture was dried in a 60°C oven for 24 h to determine the dry weight (DW). Each treatment was performed in triplicate.

2.2.2 Effect of Orbiting Speed on Cell Proliferation

1–100 and 1–1 cell lines were used to test the effect of orbiting speed (50, 100 and 150 rpm) on cell proliferation. The growth rate of 1–100 and 1–1cell lines in suspension culture was evaluated. After 2 weeks of culture, SCV, FW and DW parameters were measured. Each treatment was performed in triplicate.

2.2.3 Effect of Vessel Volume on Cell Proliferation

1–100 and 1–1 cell lines were used to test the effect of vessel volume (100 and 200 mL Erlenmeyer flasks) on cell proliferation. The growth rate of 1–100 and 1–1 cell lines in suspension culture was evaluated. After 2 weeks of culture, SCV, FW and DW parameters were measured. Each treatment was performed in triplicate.

2.2.4 Effect of PGR Concentration and Carbon Source on Cell Proliferation

1–100 and 1–1 cell lines were used to test the effect of PGR concentration on cell proliferation, including normal- (PGR concentration in a semi-solid medium, 2.3 μM ⋅ L−1 2,4-D, 0.5 μM ⋅ L−1 6-BA), and higher- (4.6 μM ⋅ L−1 2,4-D, 1 μM ⋅ L−1 6-BA) and lower-concentrations of PGR (1.15 μM ⋅ L−1 2,4-D, 0.25 μM ⋅ L−1 6-BA). In addition, the effects of sucrose and maltose (25 g) were also tested on growth parameters at standard concentrations (25 g) in DCR medium. The SCV, FW and DW parameters were measured after 2 weeks of cultivation. Each treatment was performed in triplicate.

2.3 Somatic Embryo Maturation

According to the method described by Peng et al. [9], the somatic embryogenesis and maturation ability of the suspension culture was tested. The excess liquid medium in the suspension culture was filtered out, and 50 mg ET samples were taken out and suspended in the proliferation liquid medium without PGR (DCR basic medium supplemented with 25 mg ⋅ L−1 sucrose). The suspension was poured on qualitative filter paper that has been sterilized under high temperature and high pressure, and it was then dried. After removing the excess liquid, the filter paper was transferred to the maturation medium (mLV basic medium) [20], supplemented with 80 μM ⋅ L−1ABA, 0.2 M ⋅ L−1 sucrose, 0.5 ⋅ g L−1 L-glutamine, 0.5 ⋅ g L−1 casein enzymatic chydrolysate and 1.2% gellan gum (Phytagel™, Sigma-Aldrich)), and cultured in the darkness at 25°C for 10–12 weeks. Each treatment was repeated 10 times, and the SE maturation capacity was recorded as the number of SEs with normal morphology obtained per g of ET FW. Subsequently, the obtained cotyledonary SEs were collected and placed in a 6-well multiplace (Corning-Costar, USA), placed in a refrigerator at 4°C for 1 week, and then transferred to germination medium (mLV as the basic medium, supplemented with 1 g ⋅ L−1 activated carbon, 0.2 M ⋅ L−1 sucrose and 0.4% gellan gum). The regenerated plantlets were obtained after darkness culture at 25°C for 4 weeks.

2.4 Morphological Observation

We used a microscope (SZX-ILLB2-200, Japan) to observe the ET obtained from immature zygotic embryos, and collected ET on the 7th day of proliferation culture. It was stained using 2% (m/v) acetyl group Carmine, compressed on a glass slide, covered with a coverslip, and observed under a Zeiss A× microscope (Carl Zeiss, Jena, Germany). At the same time, we used a camera (Nikon700, Japan) to record the changes in the ET suspension culture process. In addition, we also observed the maturation cotyledonary SEs and regenerated plantlets of Korean pine under a stereomicroscope (SZX-ILLB2-200, Japan).

2.5 Statistical Analysis

The effects of factors were evaluated by one-way analysis of variance (ANOVA) and Duncan’s multiple comparisons using SPSS software (2010, V. 19.0: SPSS, Inc., Cary, NC, USA). Sigmaplot (v12.5, SYSTAT, San Jose, California, USA) and Microsoft Visio 2007 software were used for drawing.

3  Results

3.1 Establishment of Suspension Culture

3.1.1 Inoculum-density and Culture Time

Two cell lines (1–100, 1–1) were used to test their cell proliferation rate under different inoculum-densities. It was found that there were significant differences in SCV and DW between both cell lines (SCV: P = 0.038; DW: P = 0.014) but there was no significant difference in FW (P = 0.084). Between them, the 1–100 cell line had high SCV, FW and DW than the 1–1 cell line. In addition, there were very significant differences in the three growth parameters (SCV, FW, and DW) among different inoculum-densities They have the lowest SCV and DW values at 20 mg ⋅ mL−1 (SCV = 12 mL, FW = 1.57 g, DW = 0.103 g), and reach the highest values at 40 mg ⋅ mL−1 (SCV = 15 mL, FW = 1.96 g, DW = 0.132 g). There was no significant interaction between the cell line and inoculum-density on the three growth parameters (SCV, FW and DW) (SCV: P = 0.449; FW: P = 0.295; DW: P = 0.100) (Tab. 1).
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Two cell lines (1–100, 1–1) were used to test their growth curve changes under different inoculum-densities. We found that at an inoculation density of 40 mg ⋅ mL−1, SCV (1–100 = 16.2 mL; 1–1 = 13.7 mL), FW (1–100 = 2.09 g; 1–1 = 1.83 g) and DW (1–100 = 0.143 g; 1–1 = 0.120 g) reached their maximum values after 14 days of culture. SCV increased sharply from 0–14 days, and gradually decreased from 14–21 days. FW increased sharply from 0–7 d, while 7–21 increased or decreased slowly. DW increased sharply from 0 to 7 days, increased slowly from 7 to 14 days, and remained unchanged after 14 days. At the same time, we conducted a correlation analysis of SCV, FW and DW at 40 mg ⋅ mL−1. As a result, there was a significant correlation between SCV, FW and DW (SCV*FW, P = 0.002; SCV*DW, P = 0.001; DW*FW, P = 0.020). In summary, we found that the optimal inoculation density of suspension culture of Korean pine ET was 40 mg ⋅ mL−1, and the optimal culture time was 14 days (Fig. 1).
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Figure 1: Growth curves of Korean pine cell lines 1–100 and 1–1 at different cell densities. Note: settled cell volume (SCV); fresh weight (FW); dry weight (DW). The inoculum-density was 20, 30, 40, 50 mg ⋅ mL−1. The suspension was incubated at an orbiting speed of 100 rpm for 21 days

3.1.2 Vessel Volume

Two cell lines (1–100, 1–1) were used to test their cell proliferation rate under two vessel volumes. DW was significantly different (P = 0.045) between both vessel volumes, but there was no significant difference in SCV and FW. Among them, the SCV, FW and DW were higher in the 200 mL than the 100 mL Erlenmeyer flask (SCV = 14.2, FW = 1.7, DW = 0.098). In addition, there was no significant interaction between cell lines and vessel volumes (SCV: P = 0.437; FW: P = 0.149; DW: P = 0.077) (Tab. 2).
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3.1.3 Orbiting Speed

Two cell lines (1–100, 1–1) were used to test the effect of orbiting speed on cell proliferation. There were significant differences in SCV and FW between both cell lines (SCV: P = 0.019; FW: P ≤ 0.001), but there was no significant difference in DW (P = 0.253). Among them, the 1–100 cell line has higher SCV and FW than the 1–1 cell line. With the increase of orbiting speed, the three growth parameters were significantly reduced. SCV, FW and DW reached the highest at 50 rpm (SCV = 16.1 mL, FW = 2.24, DW = 0.153) (Fig. 2A), while at 150 rpm (Fig. 2C) SCV, FW and DW were the lowest (SCV = 11.8 mL, FW = 1.80, DW = 0.112). In addition, there was no significant interaction between the cell line and orbiting speed on the three growth parameters (Tab. 3).
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Figure 2: Effect of orbiting speed on the proliferation of Korean pine ET. Note: A: 50 rpm; B: 100 rpm; C: 150 rpm. Bar = 1 cm
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In addition, we observed a significant difference in cellular sediment at different speeds. At 50 rpm, loose bulk sediments were obtained to form higher SCV; at 100 rpm, dense pushing sediments were obtained to form smaller SCV; at 150 rpm, denser packed sediments were obtained to form the smallest SCV.

SCV and FW of the 1–100 and 1–1 cell lines had the same response to different orbiting speeds. SCV and FW of the 1–1 cell lines were lower than those in the 1–100 cell line (Fig. 3). In addition, DW of 1–1 was not greatly affected by the rotation speed, but at 100 rpm where DW was lower in the 1–1 than in the 1–100 cell line (Fig. 3). When the orbiting speed was increased from 100 rpm/min to 150 rpm/min, DW of 1–100 cell line decreased by 40%, and DW of 1–1 cell line decreased by 9%. Interestingly, 50 rpm yields the highest values for the three parameters, with no significant differences between lines. (Fig. 3).
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Figure 3: ETs proliferation of Korean pine cell lines 1–100 and 1–1 at different orbital speeds. Note: Different letters on the 1–100 and 1–1 cell lines within each orbital speed indicate significant differences between cell lines

3.1.4 PGR Concentration

Under various PGR concentrations, SCV and FW of different cell lines were significantly different (SCV, P = 0.007; FW, P = 0.007), and the SCV, FW and DW of the 1–100 cell line were higher than those in the 1–1cell line. FW and DW also showed significant differences among PGR concentrations (FW, P = 0.009; DW, P = 0.001). Similar SCV and FW values were obtained at low and normal PGR concentrations, while lower SCV and FW values were obtained at high concentrations. In addition, there was a significant interaction between cell lines and PGR concentrations on FW (P = 0.08) (Tab. 4).
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3.1.5 Carbon Source

The carbon source had a significant effect on the three growth parameters of ET proliferation. When maltose was used as the carbon source, culture proliferation was lower. FW was significantly different between cell lines, but SCV and DW had no significant difference. In addition, there was no significant interaction between cell lines and carbon sources (Tab. 5).

[image: images]

3.1.6 Subculture Type

Subculture type (liquid and semi-solid medium) has a significant effect on the proliferation of FW and DW of ET (FW, P = 0.001; DW, P = 0.002). Compared with the semi-solid medium, the liquid medium showed a lower FW (1.96 g) and a higher DW (0.132 g). In addition, there was a significant interaction between cell lines and subculture types on FW (P = 0.003) (Tab. 6).
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3.2 Somatic Embryo Maturation

ET after suspension culture was used for maturation of SEs; suspension culture conditions affected the yield of SE (Tab. 7). Compared with the control group (68 SEs ⋅ g −1 FW obtained on semi-solid medium), the number of SEs obtained at 100 rpm was the highest (70 SEs ⋅ g −1 FW), and the number of SEs obtained at 50 rpm/min was the lowest (33 SEs ⋅ g −1 FW). There was no significant change in the number of SEs when cultured with different PGR concentration (P = 0.933) compared with the control. In addition, the difference of carbon sources during ET proliferation significantly affected the number of SE maturation; maltose as a carbon source during suspension culture significantly inhibited SE maturation (13 ⋅ SEs g −1 FW).
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3.3 Observation of Somatic Embryogenesis of Korean Pine

The seeds (the female gametophyte contains immature zygotic embryos) of Korean pine were used as explants and cultured in the induction medium for about 1 month to obtain ET (Fig. 4a). Thereafter, the ET was cultured on proliferation medium (Fig. 4b). After collecting ET on the 7th day of proliferation culture for microscopic observation, we found that there were early SEs in the ET (Fig. 4c). ET was cultured in suspension after 2 times of proliferation culture (Figs. 4d–4f). After 14 days of suspension culture, ET was transferred to maturation medium for SE maturation (Fig. 4h). After 2 months of cultivation, we obtained cotyledonary SEs. The cotyledonary SEs were placed in 4° refrigerators for 1 week and then germinated at room temperature for 2 months to obtain regenerated plantlets (Fig. 4f).
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Figure 4: Observation of maturation of Korean pine somatic embryos. Note: a: Induction of ET of Korean pine (E: ET, MG: Megagametophyte), bar = 1 cm; b: ET cultured on proliferation medium, bar = 0.5 cm; c: microscopic observation of ET (SE: early somatic embryo, S-organized into bundle), bar = 100 μm; d: suspension culture of Korean pine ET 0d, bar = 2 cm, e: suspension culture of Korean pine ET for 7d, bar = 2 cm; f: suspension culture of Korean pine ET for 14d, bar = 2 cm; h: Cotyledonary SE, bar = 2 cm; i: SE has completely germinated, bar = 1.5 cm

4  Discussion

Suspension culture system is usually established by suspending ET in liquid medium. Early reports pointed out that the inoculum-density was critical to the successful establishment of suspension culture [21]. The inoculum-density in Picea sitchensis was 4 mg ⋅ mL−1 and in Douglas fir was 120 mg ⋅ mL−1 [22]. In our study, when the inoculum-density of Korean pine was 40 mg ⋅ mL−1, it had better proliferation than at 20–30 mg ⋅ mL−1. In addition, when the inoculum-density exceeded 40 mg ⋅ ml−1, the proliferation began to decrease. Similar results also existed in Stone pine, and the proliferation was higher at 20 mg ⋅ mL−1 than at 30 mg ⋅ mL−1 [22]. In Pinus nigra, it was found that when the inoculum weight was less than 0.5 g, ET could not develop normally, and it could proliferate significantly only at 1 or 2.5 g inoculum [21]. This indicates that the inoculum-density will vary depending on thespecies and the experimental design. At the same time, it was also found in Japanese pine that in high inoculum-density culture, ET could proliferate in the form of small spherical cell aggregates and could not further develop into early SEs. However, low inoculum-density culture could promote ET development into early SEs. It shows that the inoculum-density can regulate the formation of ET with uniform morphology and developmental stages [23]. In addition, the determination of the growth curve of the culture is very important for the optimal time of subculture and the evaluation of the performance at different growth stages [24]. In our study, the growth of Korean pine ET could be described as a S-shaped curve. After 14 days of culture at the optimal inoculum-density (40 mg ⋅ ml−1), SCV, FW and DW all reached the maximum values. There was a similar phenomenon in the study of spruce and stone pine, where SCV reached the maximum after 20 days of culture in spruce [25], and DW reached the maximum after 28 days of culture in stone pine [22]. At the same time, it was observed that the ET growth curve had a long logarithmic phase during the suspension culture of Korean pine. This may be because the culture material was ET instead of individual cells. In the liquid medium, the outer layer of ET was in complete contact with the medium. However, due to the physical limitation of the outer layer of ET, the inner cells may be restricted while rotating. During the liquid culture, the ET often fell apart into smaller parts that adapted to the liquid culture condition thereby slowly reaching the flexion of proliferation [16].

Stirring is a key factor on liquid cultures. It can not only regulate the growth and development of the culture by affecting the gas environment, but also promotes the full mixing of nutrients and metabolites [14]. On the other hand, the shear force generated by stirring can destroy the aggregation of ET, and promote either the formation or lysis of ET; excessive stirring can cause damage to cell development [26]. Therefore, the appropriate orbiting speed is important for the normal proliferation of ET in suspension culture [27]. In Korean pine suspension culture, the orbiting speed significantly affects the proliferation of ET, and the amount of proliferation gradually decreases as the orbiting speed increases [14,22]. A similar phenomenon also exists in stone pine: when the orbiting speed increased from 50 rpm to 150 rpm, both SCV and DW were significantly reduced [22]. In Quercus suber L., when the stirring rate increased from 60 rpm to 110 rpm, the yield of SEs gradually increased [14]. It shows that the proliferation of Korean pine ET gradually decreases with the increase of orbiting speed. The reason may be that ET cannot be decomposed into smaller aggregates at low orbiting speed, so loose accumulations are formed to obtain higher SCV, while at high orbiting speed, ET is decomposed to form smaller aggregates, forming tight accumulations to obtain lower SCV [22]. In addition, in our research, we found that the proliferation rate was higher in 200 mL Erlenmeyer flask than in 100 mL Erlenmeyer flask. Some studies have pointed out that for the same vessel volume of medium, a small diameter Erlenmeyer flask had a smaller gas exchange interface and larger liquid height. These two factors hindered the gas exchange, and the gas exchange affected the growth and development of the culture in liquid medium [14]. In Hordeum vulgare, it was found that the somatic embryogenesis potential of the culture in a 2 L suspension culture bioreactor was significantly reduced compared with the traditional small container [28]. Studies have shown that high oxygen concentrations are conducive to the proliferation of suspension, while low oxygen concentrations are conducive to transformation and differentiation [29]. It shows that the conditions of suspension culture should be appropriately changed according to the purpose of the culture.

In the study of Korean pine, we found that reducing the PGR concentration could promote the proliferation of ET; a similar phenomenon was observed in the suspension culture of stone pine [22]. The reason may be that the liquid suspension medium rapidly replaces nutrients on the surface of cells and promote the rapid nutrient absorption of cells. Therefore, compared to semi-solid medium, lowering nutrient levels in liquid medium can be advantageous [30]. In addition, during the suspension culture process, the growth of the culture depends on the carbon source in the medium. As a common carbon source in tissue cultures, sucrose can rapidly hydrolyze and increase the content of hexoses and storage compounds to increase cell proliferation speed [31]. However, some studies have pointed out that maltose can promote the development of SEs [32]. In our research, by comparing the two carbon sources, we found that sucrose was more suitable for tissue growth than maltose. Perhaps it was because maltose hydrolyzed slowly and could not provide nutrients in time, which limited the proliferation of ET [33].

From the perspective of plant SE yield, the formation of larger aggregates from ET is an important factor to reduce SE yield [13]. Decomposing ET into smaller aggregates with liquid medium can increase the growth rate of ET and promote the development of SE [10]. In our study, it was found that compared with ET proliferated on semi-solid medium, higher SE yield was obtained at 100 rpm, which was twice as much as that at 50 rpm. It shows that liquid culture can effectively promote the production of SEs, and increasing the orbiting speed can disperse ET into smaller aggregates, thereby increasing the yield of SEs [14]. In addition, as key substances to control growth and development, PGR concentration differences during the proliferation period affecting the proliferation of ET [34]. In our research, we found that PGR concentration changes had no significant effect on SE yield, but compared with other PGR treatments, ET propagated in low concentration PGR medium obtained the high SE yield. In Citrus suhuiensis, it was found that adding a lower concentration of BA could promote the proliferation of ET in the liquid, and the effective increase of the number of cells was higher than that of the medium containing high concentration of BA [35]. In addition, studies on Picea abies and Pinus sylvestris found that removing PGR from the proliferation medium could promote early SE development [36]. In the study of Pinus sylvestris, the yield of maturation SEs was increased by adding an auxin antagonist [37]. This indicates that the high content of auxin in ET may inhibit the differentiation and maturation of SEs [38]. Exogenous carbohydrates are essential for the induction, proliferation and maturation stages of somatic embryogenesis, during which they act as signal molecules, osmotic pressure and energy sources. Generally, sucrose is the most commonly used carbohydrate in the culture medium for the proliferation and maturation of coniferous SE [39]. Recent studies have pointed out that maltose could reduce ET proliferation and promote SE maturation [40]. Our research found that compared with sucrose, maltose not only inhibited the proliferation of ET during the proliferation process but also inhibited the somatic embryogenesis of ET. In plants, sucrose can be hydrolyzed into endogenous fructose and glucose, while maltose, due to slow hydrolysis, will lead to nutritional stress and restrict the carbon nutrition of cells [41]. Studies have found that endogenous sucrose during the proliferation of ET is positively correlated with the ability to develop normal SEs [42]. In Norway spruce, sucrose content accumulated in SEs even when SE maturation took place in sucrose-free medium [43]. This shows that at the proliferation stage, sucrose is necessary for somatic embryogenesis compared with maltose.

5  Conclusion

We evaluated the proliferation rate of ET under different inoculum-density, orbiting speed, PGR concentration, and carbon source, and came up with a culture plan suitable for effective proliferation of Korean pine ET. Fourty mg ⋅ mL−1 of Korean pine ET was transferred to a 200 mL Erlenmeyer flask containing 20 mL of liquid culture medium, incubated at 100 rpm for 14 d and the maximum proliferation was obtained. After 14 d of culture, the ET was transferred to a maturation medium to obtain the highest SE yield (80 SEs ⋅ g−1 FW). The determination of these parameters provides a theoretical basis for the further expansion of Korean pine into bioreactor cultivation. In addition, the ET proliferated in the liquid medium has the ability to maturation after being transferred to the maturation medium, and the SE yield is higher than that of the semi-solid medium. At the same time, this study also proves that proper speeds, lower PGR concentrations and sucrose are all important for SE yield. Our research shows that liquid suspension culture is feasible for improving the yield of Korean pine SEs. Therefore, in future research, we will try to further expand the culture volume, then use the bioreactor for cultivation, and use the temporary immersion bioreactor for SE maturation, to realize the automation and scaling up of Korean pine SE development.
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Table 1: The eftect of cell lines and inoculum-density on the proliferation of ET

Factor Growth parameter

Settled cell volume (mL) Fresh weight (g) Dry weight (g)

Cell lines

1-100 13.8£0.5 1.83+£0.08 0.127+£0.005
1-1 12.5+0.3 1.65+0.06 0.118£0.003
Inoculum-density

20 12.0+0.4¢ 1.57+0.07b 0.103 +£0.004b
30 12.3£0.5bc 1.57+0.08b 0.112+0.003b
40 15.0+0.6a 1.96+0.07a 0.132+0.007a
50 13.4+0.4b 1.87+0.09a 0.130+0.006a
P-value

Cell lines 0.038 0.084 0.014
Inoculum-density 0.001 0.003 0.002

Cell lines x Inoculum-density 0.449 0.295 0.1

Notes: 100 mL Erlenmeyer flask, 20 mL liquid medium, and 100 rpm/min for 14 days; the growth rate is expressed as the settled cell volume (SCV,
mL), fresh weight (FW, g) and dry weight (DW, g).
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Table 3: Effect of orbiting speed on the proliferation of Korean pine ET

Factor Growth parameter

Settled cell volume (mL) Fresh weight (g) Dry weight (g)

Cell lines

1-100 14.8+0.8 1.72£0.1 0.136+£0.008
1-1 13.7+0.6 1.50+0.04 0.129 £0.006
Orbiting speed

50 16.1+0.5a 2.24+0.09a 0.153£0.003a
100 15.0+£0.6b 1.96 £ 0.07b 0.132+0.007b
150 11.8+0.2¢ 1.80+£0.08c 0.112 £0.006¢
P-value

Cell lines 0.019 0.000 0.253

Orbiting speed 0.001 0.001 0.001

Cell lines x Orbiting speed 0.104 0.891 0.088

Note: 200 mL Erlenmeyer flask, 20 mL liquid medium, after 100 rpm/min culture for 14 d, the growth rate is expressed as settled
cell volume (SCV, mL), fresh weight (FW, g) and dry weight (DW, g). Different letters in the table indicate significant differences
between different orbiting speeds.
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Table 6: Eftfects of proliferation rate in liquid vs. semi-solid medium

Factor Growth parameter

Fresh weight (g) Dry weight (g)
Cell lines
1-100 2.72+£0.05 0.133+0.003
1-1 2.11+£0.06 0.103 £0.002
Subculture procedures
Liquid medium 1.96 +£0.04 0.132+0.003
Semi-solid medium 2.87+0.05 0.105 +£0.004
P-value
Cell lines 0.001 0.001
Subculture procedures 0.001 0.002
Cell lines x Subculture procedures 0.003 0.282

Note: 200 mL Erlenmeyer flask, 20 mL liquid medium, after 100 rpm culture for 14 d. The growth rate is expressed
as fresh weight (FW, g) and dry weight (DW, g).
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Table 4: Etffect of PGR concentration on the proliteration ot Korean pine ET

Factor Growth parameter

Settled cell volume (mL) Fresh weight (g) Dry weight (g)

Cell lines

1-100 14.2+0.6 1.72+0.1 0.103 £0.006
1-1 12.2+0.5 1.50+£0.04 0.098 £0.007
PGR concentration

Normal PGR 13.1+1.1ab 1.70+£0.14a 0.081 £0.006b
Low PGR 14.2+0.5a 1.70 £ 0.06a 0.113 +£0.005a
High PGR 12.2+0.4b 1.43+0.04b 0.108 £0.004a
P-value

Cell lines 0.007 0.007 0.439

PGR concentration 0.056 0.009 0.001

Cell lines x PGR concentration 0.104 0.008 0.183

Note: 200 mL Erlenmeyer flask, 20 mL liquid medium, after 100 rpm/min culture for 14 d. The growth rate is expressed as settled cell
volume (SCV, mL), fresh weight (FW, g) and dry weight (DW, g). The different letters in the table indicate significant differences between
the different PGR concentrations.
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Table 7: Eftects of orbiting speed, PGR concentration and carbohydrate used for ET proliferation on somatic
embryo maturation of Korean pine

Orbiting speed somatic embryo PGR somatic embryo Carbohydrate somatic embryo
rpm/min (SEs g ' fm.) concentration (SEs g ' fim.) (SEs g ' fm.)
CK 68+21 CK 68+21 CK 68+21la

50 33+ 13 PGR 60+ 15 Sucrose 80+ 15a

100 70+ 15 H-PGR 60+ 18 Maltose 13+7b

150 66+8 L-PGR 73+18

P-value 0.247 0.933 0.01

Note: CK: Normal proliferation culture conditions, 200 mL Erlenmeyer flask, 20 mL liquid medium, and somatic embryo maturation after 14 days of
cultivation. Different letters in the table indicate significant differences between the different carbon sources.
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Table 2: The eftect of vessel volume on the proliferation of Korean pine ET

Factor Growth parameter

Settled cell volume (mL) Fresh weight (g) Dry weight (g)
Cell lines
1-100 13.7+0.54 1.69+0.08 0.082+=0.009
1-1 13.6+0.36 1.62+0.05 0.092+0.010
Vessel volume
EF100 13.1+0.26 1.61+0.07 0.075£0.005
EF200 14.2+0.48 1.7+0.06 0.098 £0.010
P-value
Cell lines 0.927 0.453 0.34
Vessel volume 0.095 0.355 0.045
Cell lines % Vessel volume 0.437 0.149 0.077

Note: 100 mL and 200 mL Erlenmeyer flasks, 20 mL liquid culture medium, and cultured at 100 rpm/min for 14 days; growth
rate is expressed as the settled cell volume (SCV, mL), fresh weight (FW, g) and dry weight (DW, g).
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Table S: Ettects of carbon sources on the prolitferation ot Korean pine ET

Factor Growth parameter

Settled cell volume (mL) Fresh weight (g)  Dry weight (g)

Cell lines

1-100 13.7+0.5 1.74£0.03 0.073 £0.009
1-1 12.5+£0.7 1.51+£0.07 0.088£0.012
Carbon source

Maltose 12.0£0.48 1.54 +£0.07 0.063 £0.006
Sucrose 14.2+0.47 1.70£0.06 0.098+0.010
P-value

Cell lines 0.077 0.005 0.207
Carbon source 0.005 0.033 0.013

Cell lines x Carbon source 0.296 0.711 0.711

Note: 200 mL Erlenmeyer flask, 20 mL liquid medium, after 100 rpm/min culture for 14 d. The growth rate is expressed as settled cell
volume (SCV, mL), fresh weight (FW, g) and dry weight (DW, g).
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