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Abstract: Somatic embryogenesis is currently the most promising technique for the large-scale
production and breeding of conifer species. Nonetheless, the low explant induction rate in this
process hampers the development of improved materials. In this study, three immature Korean
pine (Pinus koraiensis) embryos capable of induction were used as experimental materials. Various
concentrations of brassinolide (BL), melatonin (Mel), salicylic acid (SA), glutathione (GSH), and
ascorbic acid (AsA) were added to induce embryogenic callus tissue. The results show that BL had
the most significant positive effect on promoting induction and increasing explant survival. Mel was
also found to slightly increase the induction and survival rates of explants. When 1.00 mg-L~! BL
was added to the explants derived from stock tree I, which had strong self-induction ability, for
30 days, the callus induction rate rose to 400% compared to the control group. Following the addition
of 25 mg~L_1 Mel to stock tree I for 30 days, the callus induction rate further increased to 450% of the
control group. The effect of GSH on callus induction was insignificant. The addition of 0.10 g-L~! to
stock tree I for 30 days resulted in only a 150% higher induction rate compared to the control group.
When 1.00 mg-L~! BL was applied to explants with weak self-induction ability (stock tree III) for
15 days, the callus induction rate increased to 600% of that of the control group. The callus induction
rate further increased to 800% of the control group after 50 mg-L.~! BL were added to stock tree ITT
for 15 days. This study presents a method to improve the induction of embryogenic callus tissue in
Korean pine.
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1. Introduction

Korean pine (Pinus koraiensis Sieb. et Zucc) is a perennial tree species found in the
broad-leaved Korean pine forest of Northeast China’s temperate zone. It holds immense
economic and ecological significance. However, genetic variation when propagating
this species using grafting and seed methods is unstable, and the process is both time-
consuming and costly. The acquisition of superior germplasm resources is hindered by the
limited history of breeding and the challenges in expanding breeding programs [1]. Somatic
embryogenesis technology offers an opportunity for a high reproduction coefficient, which
can broaden the utilization of limited germplasm resources and provide a novel approach
to overcome the challenges associated with expanding superior varieties [2,3].

The development of superior varieties using somatic embryogenesis technology faces
some obstacles, such as the low initial embryonic callus induction rate and significant
genotype variations. To improve the Korean pine somatic embryogenesis system, extensive
research concentrates on physiological and molecular biology aspects. The formation of
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somatic embryogenic callus in Korean pine involves asymmetric cell division. The preser-
vation of this callus tissue relies heavily on intracellular antioxidant enzyme activity [4].

Previous studies on the induction culture systems of embryogenic callus tissues of
Korean pine primarily used methods that altered the concentrations and ratios of auxins and
cytokinins. In studies on Cuiminghamia lanceolata, thidiazuron was also included to enhance
the induction rate of embryogenic callus [5]. However, it was ultimately discovered that its
effect was comparable to that of cytokinin KT [6]. According to research on Chinese pine,
it was also discovered that the ratio of NO3~ to NH** had an impact on the induction of
embryogenic callus and adventitious buds to some extent [7]. Some reports have suggested
that the addition of small molecule substances during the induction stage can enhance
the effect of embryogenic callus induction. For instance, in the somatic embryogenesis of
Liriodendron, chitosan oligosaccharide was added to enhance the biological activity of the
somatic embryogenesis process [8]. However, the use of similar small molecule substances
in coniferous trees is uncommon, and the resulting effects have not been thoroughly
evaluated. It has been discovered that the sterol hormone brassinolide (BL) has the ability
to loosen the cell wall, increase the volume of the cell, and promote cell division and cell
growth [9]. The presence of melatonin (Mel) and salicylic acid (SA) can modify the activity
of antioxidant enzymes in plants [10], while glutathione (GSH) is known to maintain
embryogenic callus at the proliferation stage [11]. Ascorbic acid (AsA) has been found to
promote somatic embryogenesis in Fraxinus mandshurica [12]. These factors are significantly
associated with the formation and maintenance of embryogenic callus. The present study
investigated the effects of five novel plant growth regulators on explants of Korean pine
derived from different stock trees (genotypes). This research aimed to assess the impact
of treatment concentration and culture time on the induction of embryogenic callus. This
research provides a scientific basis for improving the rate of embryogenic callus generation
in different Korean pine genotypes.

2. Materials and Methods
2.1. Plant Materials

The plant materials gathered in this study adhered to international standards and were
authorized by the cooperative institution of Lushuihe Seed Orchard, Jilin Province, China.
On 14 July 2021, immature cones of Korean pine were collected based on the appropriate
sampling timing determined by the preliminary experiments. The cone numbers of different
mother trees were designated genotypes I, II, and III. The callus induction capacity was
observed to be highest in genotype I, followed by genotype II and genotype III during the
initial screening. Next, the cones were washed with running water, and immature seeds
were extracted from them using a sterile knife and stored under aseptic conditions. Before
the process, the cones were soaked in 75% alcohol for one hour on a super-clean bench.

2.2. Basal Medium

The induction medium was based on mLV medium (Litvay et al., [13], modified by
Hargreaves et al., [14]) and supplemented with 2 mg-L~! NAA, 1.5 mg-L~! 6-benzylamine-
purine (6-BA), 30 g-L~! sucrose, 500 mg-L~! acid hydrolyzed complex protein, and
500 mg-L~! L-glutamine. The solidifying agent was 4 g-L~! gellan gum. The pH of
the medium was adjusted to 5.8 before autoclaving, followed by autoclaving at 121 °C for
30 min. Cultures were incubated in the dark at 25 + 2 °C.

2.3. Plant Growth Regulators

After sterilization, the medium was cooled to approximately 55-60 °C, and pre-
configured exogenous plant growth regulators were added to the culture medium through
a filter membrane (Millex-GP Syringe Filter Unit, with a pore size of 0.22 pm, Merck KGaA,
Darmstadt, Germany). Table 1 displays the additional concentrations of the five exoge-
nous plant growth regulators. The control group was the induction medium without any
exogenous additives.
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Table 1. Concentration and types of exogenous additives.

Exogenous Additives Concentrations

Brassinolide (mg-Lfl) 0.05 0.25 0.50 1.00 2.00
Melatonin (mg~L_1) 2.50 25 50 100 200

Salicylic acid (mg'Lfl) 0.10 1.0 10 50 100
Glutathione (g-L™1) 0.10 0.30 0.60 0.90 1.80
Ascorbic acid (g-L 1) 0.10 0.20 0.40 1.0 1.50

2.4. Explant Inoculation and Induction of Embryogenic Callus

The seed coat was removed using a sterilized nut clipper, and the inner epidermis
of the zygotic embryo was removed using sterilized tweezers on an ultra-clean bench.
These treated seed kernels were then used as explants and implanted into a sterile culture
using forceps. Each dish comprised five explant samples in duplicate. Each treatment
was repeated five times. The culture was kept at 25 + 2 °C in the dark. The induction
rate was calculated every five days for a period of 30 days. A Zeiss Stemi 508 stereomi-
croscope was used to visually document the immature explant material at different stages
of development.

2.5. Data Analysis

Statistical analyses of the data were conducted using Microsoft Excel 2019. Addition-
ally, SPSS software (v26.0, SPSS Inc., Cary, NC, USA) was utilized to perform multiple
comparisons using Duncan’s multiple range test and analysis of variance for one-way
ANOVA of the callus proliferation rate. Significant differences were determined at a
p-value of 0.05. The figures were generated in Origin Pro 2021(9.0.8.200).

Embryogenic callus induction rate (%) = Number ;ierzgzni f;i?j;:;?glaiib;}l];cizmc callus x 100

3. Results
3.1. Induction and Development Process of Embryogenic Callus of Korean Pine

In this study, immature embryos of Korean pine were cultured in induction culture
medium for varying periods. It was observed that after 5 days, the apex of the zygotic
embryo displayed outward growth in a curved pattern (Figure 1a). Subsequently, after
10 days, a small quantity of embryogenic callus tissue developed from the micropylar
end of the zygotic embryo (Figure 1b). After a 20-day culture period, the embryogenic
callus tissue emerged from the apex of the zygotic embryo. At this point, it was transparent
and colorless (see Figure 1c). Subsequently, immature embryos of Korean pine were
cultured in induction culture medium for 30 days, resulting in the growth of a considerable
amount of callus tissue. This tissue changed from colorless and transparent to a light shade
of yellowish green (see Figure 1d). The highest embryogenic callus induction rates for
immature Korean pine hybrid embryos were obtained in approximately 25 days without
the use of any induction drugs. Nevertheless, some embryogenic calluses induced in the
early stages demonstrated signs of necrosis as the induction time progressed (Figure 1e).
In addition, non-embryogenic calluses were also formed during this process of induction
(Figure 1f).

3.2. Impact of Brassinolide on Embryogenic Callus Induction of Different Genotypes of Korean Pine

The results indicate that BL treatment improved the callus induction capacity in all
three genotypes. Notably, the induction rate initially increased but later decreased with
increasing BL concentration. The optimal induction treatment involved adding BL to
genotypes I and Il at a 1.0 mg-L~! concentration. Similarly, the treatment with the highest
induction effect was promoted by the addition of BL to genotype III at a concentration
of 0.50 mg-L~!. Additionally, it was observed that after the addition of BL, genotype I,
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genotype II, and genotype III achieved their maximum induction rates at 25 d, 20 d, and
15 d, respectively.

L

Figure 1. States of embryogenic callus (EC) formation from immature hybrid embryo explants
of Korean pine. (a) Morphology of embryogenic callus induction on day 5; (b) morphology of
embryogenic callus induction on day 10; (c¢) morphology of embryogenic callus induction on day 20;
(d) morphology of embryogenic callus induction on day 30; (e) degradation of induced callus tissue
after formation; (f) morphology of non-embryogenic callus (NEC) tissue.

At a concentration of 2.00 mg-L~!, the induction rate was lower for zygotic embryos
of genotype II in comparison to other treatments. Moreover, embryos of genotype I and
genotype III could not be maintained at this concentration.

According to Table 2, the induction rate of genotype I was 67% higher than that of
the control group when treated with 1.00 mg-L~! for 10 days. Finally, after 15 days, the
induction rate increased to 167% higher than that of the control group. However, after
25 days, the induction rate matched that of the control. Intriguingly, after 30 days, the
induction rate was four times higher than that of the control group.

For genotype II, the induction rate was 300% higher than that of the control group
after treatment with 0.05 mg-L~! and 2.00 mg-L~! on day 10 of induction. In addition, the
induction rate was higher than that of the control group after treatment with 1.00 mg-L !
on day 20 of induction. The control group was 125% higher, and after 25 days of induction,
the induction rate was 20% higher than that of the control group after treatment with
0.25 mg-L~ 1.

The tissue induction rate for genotype III was initially very low. However, after a
15-day treatment with BL, the tissue induction rate increased by 500%, 400%, 400%, and
200% for the 0.05 mg-L~}, 0.25 mg-L~!, 1.00 mg-L~!, and 2.0 mg-L~! treatment groups,
respectively. At the 20-day mark, the induction rate of the 0.5 mg-L~! treatment group was
three times higher than that of the control group. Unfortunately, the control group did not
survive the 25-day induction process. The induction rates in the treatment groups receiving
0.5mg-L~! and 1.0 mg-L~! were 25.0% and 8.0%, respectively, whereas the induction rate
for the group receiving 1.0 mg-L~! was 20.0%, considering the control group’s mortality
after 30 days.

This study found that the maximum rate of embryogenic callus induction after 25 days
of cultivation was achieved by 1.00 mg-L~! BL to genotype I with robust induction capacity.
Likewise, the addition of 1.00 mg-L~! BL to the induction medium of genotype II caused
the highest rate of embryogenic callus induction at 20 days. Conversely, the addition
of 0.05 mg-L~! BL to weakly inducible genotype III induction medium for 15 days or
0.50 mg-L~! BL for 25 days produced the highest rate of embryogenic callus induction.
Nevertheless, most of the treatment groups displayed inhibition.
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Table 2. The induction rate of embryogenic callus from different stock tree explants of Korean pine

under treatments of brassinolide/%.

CBlture Genotype Concentrations of Brassinolide/mg-L-1 Control
ays 0.05 0.25 0.50 1.00 2.00
I 0b 4.00 + 0.36 ab 0b 20.00 =49 a 4.00 4+ 0.36 ab 12.00 £ 2.15 ab
10 1I 8.00 = 0.88 a 12.00 £ 2.15a Oa 8.00 + 0.88 a 12.00 £2.15a 4.00 +0.36a
III Oa Oa Oa Oa Oa Oa
I 4.00 +0.36 b 16.00 + 2.68 ab 0b 32.00+572a 0b 12.00 £2.15b
15 IT 0b 0b 0b 0b 0b 9.00 £ 1.12a
I 24,00 £2.15a 20.00 +5.66 a 4.00 £ 0.36 a 20.00 =4 a 12.00 £1.31a 4.00 +0.36 a
1 12.00 £+ 2.15 ab 16.00 + 5.72 ab 8.00 4+ 0.88 ab 28.00 + 3.07 ab 0b 28.00 +5.01 a
20 1I 20.00 + 0 ab 28.00 + 6.38 ab 8.00 £1.43b 36.00 + 10.68 a 12.00 £+ 1.31 ab 16.00 £+ 1.43 ab
11 Oa Oa 15.00 £3.35a 8.00+1.43a O0a 5.00 + 0.56 a
I 4.00£0.36 b 16.00 £+ 5.72 ab 8.00 4 0.88 ab 36.00 +7.89 a 0b 36.00 +7.89 a
25 11 20.00 + 2.83 ab 24.00 + 6.26 a 0b 12.00 £ 2.15 ab 8.00 &+ 0.88 ab 20.00 + 2.83 ab
11 0b 0b 25.00 +4.42 a 8.00 +£1.43b 0b 0b
1 12.00 £+ 1.31 ab 16.00 £+ 5.72 ab 4.00 +0.36 b 32.00 +3.51a 0b 8.00 &+ 1.43 ab
30 IT 20.00 £2.83 a 20.00 +4.00 a Oa 12.00 £ 2.15a 12.00 £2.15a 20.00 +2.83a
1 Oa O0a Oa 20.00 +4.00 a 4.00 = 0.36 a Oa

Note: The table includes mean values with corresponding standard errors. The use of the same letter indicates no
significant difference among the groups compared, while the use of different letters shows a significant difference
in the induction rate of embryonic callus within the same row at the 0.05 significance level.

3.3. Impact of Melatonin on Embryogenic Callus Induction of Different Genotypes of Korean Pine

The embryogenic callus induction rate among the three tested genotypes of immature
zygotic embryos varied, with genotype I exhibiting the highest rate, followed by genotype
II and genotype III. Nevertheless, all three genotypes showed comparable rates during the
early induction stage. Although certain immature zygotic embryos endured elevated Mel
concentrations, they perished as induction progressed with Mel concentrations beyond
100 mg-L~1.

Table 3 illustrates that embryogenic calluses were induced at all concentrations of
genotype I after 10 days of Mel treatment. Embryogenic calluses appeared on all concen-
trations of genotype II after 20 days of induction and on all concentrations of genotype III
after 15 days of induction. The effect of 25 mg-L~! treatment on genotype I was significant
(p < 0.05) at 30 days after an induction rate of 350% compared to the control group. The
induction rate of genotype Il was three times higher than that of the control group after
10 days of installation with 25 mg-L.~!, and for genotype III, the induction rate was seven
times higher than that of the control group after 15 days of induction with 50 mg-L~!
(p <0.05).

Genotype I had strong inducibility, which resulted in the highest induction rate of
embryogenic callus after 25 days without exogenous growth substances or 30 days with
25 mg-L~! Mel. The induction rate of embryogenic callus was the highest with 50 mg-L~!
Mel after 15 days of induction in genotype III with weak inducibility. The other treatment
groups mostly showed an inhibited induction rate of embryogenic callus.

3.4. Impact of Glutathione on Embryogenic Callus Induction of Different Genotypes of Korean Pine

Table 4 illustrates that the addition of GSH did not significantly enhance the induction
rate of embryogenic callus for the three genotypes. However, after supplementation with
0.10 g-L~! GSH for 30 days, genotype I showed an increase in induction rate of up to
150% compared to the control group. Similarly, genotype III displayed an increase in
induction rate by 140% after adding 0.90 g-L~! GSH for 20 days compared to the control
group. Unfortunately, a significant number of zygotic embryos of genotypes II and III
did not survive after GSH treatment. In addition, as the induction time increased at each
stage, the induction rate of the embryogenic callus with genotype I progressed steadily.
On the 30th day of induction, the induction rate of 0.10 g-L~! exceeded that of the control
group, possibly due to a reduced survival rate of the induced embryogenic callus in the
control group.
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Table 3. The induction rate of embryogenic callus from different stock tree explants of Korean pine

under treatments of melatonin/%.

Culture Concentrations of Melatonin/mg-L~1 Control
Genotype
Days 2.5 25 50 100 200
I 16.00 £ 2.68 a 20.00 £0.01a 400+036a 400+036a 4.00+£036a 1200+215a
10 II 0b 12.00 £131a 0b 0b 0b 4.00 £0.36 b
1T Oa Oa Oa Oa Oa Oa
I 1200 £2.15a 16.00 £ 2.68 a 4.00 £0.36 a Oa Oa 12.00 £2.15a
15 II 0b 0b 0b 0b 0b 9.00+112a
I 8.00 £ 0.88b 12.00 £2.15b 28.00 + 3.07 a 0b 400+£036b 4.00+0.36b
I 12.00 £2.15ab  16.00 £ 2.68 ab 4.00+£0.36b 0b 0b 28.00 £5.01a
20 II 8.00+143a 12.00 +131a 16.00 £ 2.68 a O0a Oa 16.00 =143 a
I 400+036a O0a Oa O0a Oa 5.00 £ 0.56 a
I 20.00 £49ab  16.00 £ 2.68 ab 4.00+£0.36b 0b 0b 36.00 £7.89a
25 II 8.00 = 1.43 ab 8.00 + 0.88 ab 8.00 = 1.43 ab 0b 0b 20.00 £2.83a
1T Oa 4.00 £0.36 a Oa Oa Oa Oa
I 4.00+£0.36b 28.00 £5.01a 0b 0b 0b 8.00+143Db
30 II 8.00 = 1.43 ab 8.00 + 0.88 ab 8.00 £ 0.88 ab 0b 0b 20.00 £2.83a
I 400+036a 4.00+0.36 a O0a O0a O0a Oa
Note: The numbers in the table are means + standard errors; the same letter means that there is no significant
difference between peers, and different letters indicate a significant difference in the induction rate of embryonic
callus in the same row at the 0.05 level.
Table 4. The induction rate of embryogenic callus from different stock tree explants of Korean pine
under treatments of glutathione/%.
Culture Concentrations of Glutathione/g-L~1 Control
Genotype
Days 0.10 0.30 0.60 0.90 1.80
I Oa Oa 8.00 £0.88 a Oa 16.00 £351a 12.00£215a
10 II Oa Oa Oa Oa Oa 4.00+0.36a
i Oa Oa Oa Oa Oa Oa
I 4.00£0.36 a 8.00 £ 0.88 a 8.00 £0.88 a 8.00 £0.88a 16.00 £351a 12.00£215a
15 II Oa O0a Oa 4.00+0.36 a O0a 9.00+112a
I 4.00 £0.36 a Oa 8.00 £0.88 a Oa 400+036a 4.00£ 036D
I 12.00 £2.15ab 0b 20.00 +4.9 ab 4.00+0.36Db 1200 £2.15ab  28.00+5.01a
20 II 4.00+£036b 0b 0b 4.00+0.36b 4.00+£036b 16.00 + 143 a
I 8.00 £0.88 a Oa Oa 1200 £2.15a Oa 5.00 £ 0.56 a
I 24.00 &+ 6.26 ab 0b 16.00 £ 2.68 ab 8.00 £ 0.88b 1200 £2.15ab  36.00+7.89a
25 II Ob 0b 400+£036b 4.00+0.36b 8.00+143ab 20.00+283a
III 8.00 £0.88 a Oa 5.00 £ 0.56 a Oa Oa Oa
I 20.00£49a 4.00 +0.36 a 12.00 £131a 4.00 £ 0.36 a 8.00 £0.88 a 8.00+143b
30 I 12.00 £2.15a 4.00+0.36 a 8.00+143a 8.00 £ 0.88 a 400+036a 20.00 £2.83a
I 4.00 £0.36 a Oa 5.00 £ 0.56 a 4.00+£0.36a Oa Oa

Note: The numbers in the table are means =+ standard errors; the same letter means that there is no significant
difference between peers, and different letters mean a significant difference in the induction rate of embryonic
callus in the same row at the 0.05 level.

3.5. Impact of Salicylic Acid on Embryogenic Callus Induction of Different Genotypes of
Korean Pine

As shown in Table 5, the addition of SA to the culture medium resulted in only a
few immature zygotic embryos in genotype I showing strong inducibility. Notably, we
observed that the addition of SA significantly inhibited the induction rate of embryogenic
callus. However, the immature zygotic embryos of the other two genotypes were able to
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survive in the lower-concentration experimental group, although with an extremely low
induction rate.

Table 5. The induction rate of embryogenic callus from different stock tree explants of Korean pine

under treatments of salicylic acid/%.

Culture Concentrations of Salicylic Acid/mg-L—1 Control
Genotype
Days 0.10 1.0 10 50 100
1 0b 4.00 + 0.36 ab 0b 0b 0b 12.00 +2.15a
10 1I 400+ 0.36a Oa Oa Oa Oa 4.00£+0.36b
111 Oa Oa Oa Oa Oa Oa
1 0b 0b 0b 0b 0b 12.00 +2.15a
15 1I 0b 0Ob 0b Ob 0Ob 9.00 £ 1.12a
III Oa Oa Oa Oa Oa 4.00 = 0.36 b
1 8.00 £ 0.88 b 8.00 £0.88 b 8.00+0.88b 4.00£0.36b 0b 28.00 £5.01a
20 1I 0b 0Ob 0b Ob 0b 16.00 =143 a
III Oa 5.00 4 0.56 a Oa Oa Oa 5.00 4 0.56 a
I 8.00 £ 0.88 b 4.00 £ 0.36b 0b 0b 0b 36.00 £7.89a
25 1I 400+ 0.36Db 0Ob 0b Ob 0b 20.00 £2.83 a
111 Oa 4.00 £0.36 a Oa Oa Oa Oa
1 Oa Oa Oa Oa Oa 8.00+143a
30 1I 4004 0.36Db 0Ob 0b Ob 0Ob 20.00 £2.83 a
III 0b 0b 0b 0b 0b 0b

Note: The numbers in the table are means + standard errors; the same letter means that there is no significant
difference between peers, and different letters mean a significant difference in the induction rate of embryonic
callus in the same row at the 0.05 level.

3.6. Impact of Ascorbic Acid on Embryogenic Callus Induction of Different Genotypes of
Korean Pine

Table 6 shows that the addition of AsA to the medium led to a low induction of
genotype L. Furthermore, the survival rates of immature zygotic embryos of genotypes
II and IIT were also low. Additionally, the induction rate of embryogenic callus at each
induction stage was lower than that of the control group. All zygotic embryos died when
the concentration of AsA reached or exceeded 1.00 g-L 1.

3.7. The Effects of Five Inducing Agents on the Induction of Callus Tissues from Different
Genotypes of Korean Pine

This study investigated the induction rates of five different drugs on immature zygotic
embryos of Korean pine during a 30-day induction period. BL was found to have a higher
induction rate than the other drugs tested. Additionally, adding 1.00 mg-L~! BL to zygotic
embryos of all three genotypes led to higher induction rates of embryogenic callus (refer
to Table 7). Similarly, the addition of 0.25 mg-L.~! BL to genotype II led to higher rates of
induction. The promoting effects of adding low concentrations of GSH or Mel to genotypes
with poor embryogenic callus induction ability were limited. Furthermore, AsA had an
adverse effect on the survival rate of zygotic embryos, resulting in only a few embryos that
induced embryogenic callus. Similarly, adding SA to the medium was found to decrease
the survival and induction rates of zygotic embryos. In contrast, only BL and Mel showed a
significant promoting effect on callus induction in immature Korean pine zygotic embryos.
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Table 6. The induction rate of embryogenic callus from different stock tree explants of Korean pine

under treatments of ascorbic acid/%.

Culture Concentrations of Ascorbic Acid/g-L—1 Control
Genotype
Days 0.1 0.20 0.40 1.00 1.50
1 8.00 £ 0.88 a Oa Oa Oa Oa 12.00 £ 2.15a
10 1I Oa Oa Oa Oa Oa 4.00 = 0.36 b
III Oa Oa Oa Oa Oa Oa
1 8.00 £ 0.88 a 4.00 £0.36 a 8.00 £ 0.88 a Oa Oa 12.00 £ 2.15a
15 II 8.00+143a 8.00 = 0.88 a Oa Oa Oa 9.00+1.12a
111 4.00+0.36a 4.00 £0.36a Oa Oa Oa 4.00£+0.36b
1 0b 4.00 £ 0.36b 4.00+036b 4.004+036b 4.00+036b 28.00£5.01a
20 1I 0b 8.00 £0.88 b 0b 0b 0b 16.00 + 143 a
111 Oa 4.00 £0.36a 4.00+0.36a Oa Oa 5.00 £ 0.56 a
1 4.00 = 0.36 b 0b 0b 4.00 £ 0.36b 12'005 1.31 36.00 £7.89 a
25 1I 0b 12.00 £ 2.15ab 4.004+0.36Db Ob 0b 20.00 £2.83 a
111 4.00 £ 0.36 a Oa 4.00+0.36a Oa 0 aa Oa
I 8.00+143a 4.00 £ 0.36 a 12.00 +2.15a Oa Oa 8.00+1.43b
30 1I 400+ 0.36b 8.00 £ 1.43 ab 0b Ob 0Ob 20.00 £2.83a
111 4.00 £ 0.36 a Oa Oa Oa Oa Oa
Note: The numbers in the table are means + standard errors; the same letter means that there is no significant
difference between peers, and different letters mean a significant difference in the induction rate of embryonic
callus in the same row at the 0.05 level.
Table 7. Average induction rate of embryogenic callus after adding different concentrations of
exogenous additives.
Exogenous . Genotype I Genotype I1 Genotype III
Additives Concentrations Induction Rate/% Induction Rate/% Induction Rate/%
0.00 19.20 £3.92 a 13.80 £ 1.75a 1.80 £ 0.11a
0.10 5.60 & 0.61 b 240+ 0.21c¢ 240+ 0.16a
AsA 0.20 240+ 0.16 b 720 +092b 1.60 £0.09 a
(g-L’l) 0.40 480+ 0.5b 0.80 £ 0.03 ¢ 1.60 £ 0.09 a
1.00 1.60 £0.09b Oc Oa
1.50 3.20+0.24b Oc Oa
0.00 19.20 £3.92 a 13.80 £ 1.75a 1.80 +0.11a
0.05 6.40 + 0.71 cd 13.60 =1.71a 4.80 & 0.5 ab
BL 0.25 13.60 4 3.66 bc 16.80 =345 a 4.00 4+ 0.57 ab
(mg~L'1) 0.50 4.00 £0.33 cd 1.60 = 0.13b 8.80 + 1.39 ab
1.00 29.60 +5.16 a 13.60 &= 2.8 a 1120+ 195a
2.00 0.80 £0.03d 8.80 + 1.15 ab 240+ 0.16 b
0.00 19.20 £3.92 a 13.80 £ 1.75a 1.80 & 0.11 ab
0.10 12.00 2.3 ab 3204+0.30b 480+ 042a
GSH 0.30 240+ 0.16 ¢ 0.80 £ 0.03b 0b
(g-L’l) 0.60 12.80 £ 1.94 ab 2404+ 0.21b 3.60 + 0.31 ab
0.90 4.80 4+ 0.42 bc 4.00 = 0.33b 3.20 4+ 0.30 ab
1.80 12.80 2.2 ab 3.20+0.30b 0.80 4+ 0.03 ab
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Table 7. Cont.
Exogenous . Genotype I Genotype II Genotype III
Additives Concentrations Induction Rate/% Induction Rate/% Induction Rate/%

0.00 19.20 £3.92 a 13.80 £ 1.75a 1.80 £ 0.11 ab

2.50 12.80 £22a 4.80 £ 0.64 bc 3.20 £0.24 ab

Mel 25.00 19.20 £ 2.82a 8.00 £ 0.80b 4.00 4 0.40 ab

(mg~L'1) 50.00 3.20+0.24b 6.40 = 0.80b 5.60 = 0.69 a
100.00 0.80 £ 0.03b Oc 0b

200.00 0.80 = 0.03 b Oc 0.80 4 0.03 ab

0.00 19.20 £ 392 a 13.80 £ 1.75a 1.80£0.11a
0.10 3.204+0.24Db 2404+ 0.16b Oa

SA 1.00 3.20+0.24b 0b 1.80 +0.11a
(mg'L'l) 10.00 1.60 £ 0.09b 0b Oa
50.00 0.80 = 0.03b 0b Oa
100.00 0b 0b Oa

Note: The values in the table are the mean + standard error. The same letter means that there is no significant
difference between the different concentrations of each exogenous additive. Different letters mean that there is a
significant difference in the induction rate of embryonic callus between the different concentrations of the same
exogenous additives at the 0.05 level. The concentration of the control group is considered to need to be 0 to
participate in the comparison of the different concentrations of the exogenous additives. The abbreviations used
in the table are BL for brassinolide, Mel for melatonin, SA for salicylic acid, GSH for glutathione, and AsA for
ascorbic acid.

4. Discussion

During somatic embryogenesis, the induction of callus in plant tissues and organs
is significantly affected by plant hormone regulators. These regulators, including auxin
and cytokinin, not only stimulate cell growth and division but also alter cell differentiation
and morphology. Previous studies on Korean pine embryogenic callus have focused
on the enhancement of induction by the adjustment of auxin and cytokinin hormone
concentrations. However, despite some increase in the induction rate of embryogenic
callus, this approach has not proven to be very effective. The formation of Korean pine
embryogenic callus involves the asymmetric division of cells. The interplay between
intracellular active oxygen, superoxide dismutase, superoxide anion, and H,O, directly
affects cell differentiation and callus embryogenesis.

Based on these physiological processes, our experiment aimed to increase the induction
rate of embryogenic callus by introducing exogenous drugs to interfere with the callus
formation process. Our studies show that the optimal time for callus production with a
conventional induction medium was approximately 25 days. However, some of the callus
formed in the early stages died in the induction medium, which contributed to the low
callus induction rate in Korean pine. Therefore, our study focused on the use of new plant
growth substances to improve both the induction rate and the survival rate of callus during
the induction phase.

Our research revealed that the application of BL significantly increased the callus
induction rate of Korean pine throughout the process. In addition, BL also showed a
promoting effect on callus tissue formation in various plants such as Brassica napus [15],
Arabidopsis thaliana [16], Artemisia lactiflora [17], and Spartina patens [18]. The addition of
BL can increase the efficiency of the induction process by relaxing the cell wall of the
explants. This relaxation leads to an increase in cell volume, promotes cell division and
growth, and ultimately improves callus induction [19]. In our experiment, we found
that the induction rate of Korean pine zygotic embryos was the same in all experimental
groups when 1.0 mg-L~! BL was added during the induction phase. After the addition
of 1.0 mg-L~! BL to the immature Korean pine zygotic embryos, the induction rate of
zygotic embryos was high in all experimental groups during the induction stage. The
results show that the addition of BL successfully induced robust embryogenic callus and
significantly improved the induction rate of embryogenic tissue [20]. The addition of
1.0 mg-L~! BL during the induction of immature Korean pine zygotic embryos resulted in
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a shorter callus induction time. In addition, the survival rate of callus was higher in the
later stage of induction, suggesting that the addition of BL may accelerate callus formation.
These results are consistent with previous research on adventitious root callus formation
in poplar (Populus Sieboldii x P. Grandidentata) [21]. In callus induction in Korean pine, it
was observed that the addition of BL during the induction process increased the survival
rate of callus in genotypes with strong inducibility. Similarly, the addition of BL during the
induction period improved the induction rate of callus in genotypes with weak inducibility.

In the process of callus induction of immature embryos of Korean pine embryos, the
addition of 25 mg-L~! Mel during the callus induction stage of the genotype with higher
induction ability inducibility resulted in a higher callus survival rate. Similarly, in a study
on Kandelia obovata, it was suggested that the addition of Mel during the induction process
could enhance the CAT activity of the callus during the in vitro differentiation process,
thereby improving explant survival [22]. It is believed that adding an appropriate amount of
Mel during induction is beneficial for early embryonic development and the differentiation
of embryogenic cells [23,24]. Our findings indicate that the addition of 50 mg-L~! Mel to the
callus induction stage phase of genotypes with low inducibility promoted callus formation
to a certain extent, and it is indeed beneficial for the differentiation of embryogenic cells in
the early-stage phase. Additionally, we observed that the addition of Mel in the early phase
of induction led to faster callus formation in a short period of time during the early stage of
induction. This observation aligns with a previous report that suggested that adding a low
concentration of Mel during the installation of somatic embryos in Vitis vinifera seeds can
shorten the germination time of somatic embryos [25].

In a study of Korean pine embryogenic callus, GSH was observed to promote the
growth of embryogenic callus and maintain higher embryogenicity during the prolifer-
ation stage [11]. In a study of Araucaria angustifolia, it was found that the addition of
GSH reduced the production of NO in cells and improved the quantity, quality, and de-
velopment of early somatic embryos [26]. However, it was found that the addition of
GSH in the induction phase of immature Korean pine zygotic embryos did not produce
satisfactory results.

Previous studies have shown that SA, as an endogenous signaling molecule, can
induce a specific peroxidase (POD) isoenzyme. This induced POD isoenzyme plays a
crucial role in improving the stress resistance of plant explants by effectively scavenging
reactive oxygen species [27]. The addition of SA during callus induction can reduce the
detrimental effects of O toxicity on explants. SA plays a role in promoting the production
of coumarin and influences cell wall formation through its involvement in phenylpropane
metabolism in plants [28]. It also increases the probability of asymmetric cell division
during the induction of embryogenic callus. To increase the survival and induction rates of
immature zygotic embryos, we performed an experiment with the addition of SA. However,
during the induction of embryogenic callus in Korean pine, we found that the addition of
exogenous SA significantly inhibited the callus induction of immature zygotic embryos.
Moreover, when the SA concentration exceeded 1.0 mg-L.~!, the survival of zygotic embryos
was severely impaired.

In Picea glauca, the addition of AsA was found to enhance the ability of somatic
embryogenesis to some extent, especially in cell lines with low AsA content [29], but in
Korean pine, AsA had an inhibitory effect on the induction of embryogenic callus. When
the AsA concentration added to the induction medium exceeded 1.0 g-L~!, the survival of
zygotic embryos was significantly impaired.

5. Conclusions

Based on previous studies, this study attempted to optimize the conditions for the
induction culture of Korean pine embryogenic callus. It was found that the addition of
BL and Mel to the induction medium improved the induction rate and survival rate of
embryogenic callus. However, it was observed that the different genotypes showed signifi-
cant differences in the induction of embryogenic callus. Therefore, to increase the yield of
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embryogenic callus, it is recommended to evaluate the genotypes of different families of
mother trees individually during actual production and classify them based on their ability
to induce embryogenic callus. This helps to select the appropriate induction culture system
for different genotypes with different induction potentials. For mother tree genotypes with
strong induction ability, it is recommended to add 1.00 mg-L~! BL to the culture medium
and induce the culture for 25 days. For genotypes with moderate inducibility, the addition
of 1.00 mg-L~! BL to the induction culture on day 20 is recommended. In contrast, for
genotypes with poor inducibility, it is recommended to add 0.50 mg-L.~! BL to the induction
medium and induce the culture for 25 days. The study found that GSH, SA, and AsA did
not play a significant role in the induction phase of Korean pine embryogenic callus. Al-
though this culture program effectively increased the induction rate of embryogenic callus,
further studies are needed to determine the optimal type and concentration of inducers for
the maintenance and somatic embryo transformation of induced embryogenic callus.
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