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Abstract: The de novo organogenesis system for Korean pine of this economically and ecologically coniferous species was success- 8 
fully established using sprouted seeds as the original explants. After 30 days of incubation, 92.67% of explants produced direct 9 

shoots on Gupta and Durzan(DCR) medium containing 2 mg · L−1 kinetin (KT) in combination 0.5 mg · L−1 thidiazuron (TDZ) with 10 
a maximum of about 15 shoots per explant respectively. We also confirmed the organogenic regeneration pattern by scanning elec- 11 
tron microscopy (SEM) observation. For shoot elongation and growth after 60 days of culture, we obtained the highest mean length 12 
of 34.99 mm from DCR basal media supplemented with 6-benzyladenine (6-BA; 0.2 mg · L−1), 1-Naphthaleneacetic acid (NAA; 0.1 13 
mg · L−1), and activated charcoal (AC; 1 g · L−1). The highest rooting percentages of 20.74-21.48% were observed within two months 14 

in the 1/2 DCR medium (major elements halved) enriched with 0.05 mg·L−1 NAA and 0.5 or 1 mg · L−1 indole-3-butyric acid (IBA). 15 
Rooted plants showed a survival rate of 90.28% in perlite: peat: vermiculite = 1:1:1 after acclimatization. This protocol is a success- 16 
ful and efficient biotechnological approach to the micropropagation of Korean pine, and these data will be helpful to the clonal 17 
propagation and conservation of Korean pine. 18 
Keywords: Pinus koraiensis; in vitro propagation; Shoot organogenesis; Plant growth regulators 19 

 20 

1. Introduction 21 

Korean pine (Pinus koraiensis Sieb. et Zucc.) is an evergreen coniferous tree species belonging to the Pinus genus 22 

and Pinaceae family, a dominant species of the natural mixed coniferous and broadleaf forests in the temperate forests 23 

of Northeast China. There are few natural populations of Korean pine sporadically distributed in South Korea, North 24 

Korea, Japan, and the Far Eastern region of Russia, where it plays a critical ecological role (Wang et al. 2018). Korean 25 

pine is famous for its high economic value, such as producing good quality timber and food for humans due to its 26 

riching in unsaturated fatty acids, proteins, carbohydrates, vitamin E, and other mineral nutrients. In addition, its seeds 27 

can also be used as industrial raw materials in food, cosmetics, and medicine (Wang et al. 2018; Shpatov et al. 2017; Fan 28 

et al. 2019). However, in recent decades, Korean pine in primary forests has been affected by over-harvesting timber and 29 

pine nuts. As a result, the natural populations of Korean pine have drastically declined, and the genetic resources of the 30 

species have been threatened by deforestation. Korean pine has been classified as a rare and nationally endangered 31 

species in China (Yu et al. 2011; Sun et al. 2016). Therefore, determining methods to increase the number of Korean pine 32 

trees in forests successfully is essential for improving qualified seedlings. However, under natural conditions, culturing 33 

Korean pine excellent seedlings to the desired size by conventional seed propagation approach usually needs 20 years 34 

because of their prolonged growing rate and late sexual maturity of this species; besides, the methods of grafted seed- 35 

lings have also unacceptable mortality rates (Wei et al. 2020). Hence, to preserve the natural resources and ensure a 36 

stable and renewable source of Korean pine for ecological and economic purposes, successful and high-quality cultiva- 37 

tion of seedlings and planting is imperative. 38 

Fortunately, supplying a large number, high-quality and genetically superior korean pine seedlings by microprop- 39 

agation technology is generally considered a highly promising approach. The advantage of micropropagation lies in its 40 

potential to eventually produce superior mass genotypes rapidly, and it has been used recently for tree improvement 41 

and clonal propagation (Haissig et al. 1987; Zhu et al. 2019). However, compared with most angiosperm woody trees, 42 

the clonal production of recalcitrance is still a general problem for many conifer species. Nowadays, nearly 40 species 43 

from the genus Pinus have been micropropagated (Kalia et al. 2007; Lelu-Walter et al. 2008; Alvarez et al. 2009; Leandro 44 

et al. 2013; Zhu et al. 2019). For example, P. radiata has been commercially propagated using organogenesis (Menzies et 45 

al. 2000). Direct organogenesis from explants is the best choice for rapid multiplication as it leads to the generation of 46 

true-to-type strains. Plantlets develop directly without the callus phase, so the chances of somaclonal variation are min- 47 

imal in the regenerated plants, better maintaining its elite properties than indirect morphogenesis (Verma et al. 2021).   48 

But unfortunately, to our knowledge, thus far, there are no efficient reproducible protocols for Korean pine in vitro 49 

direct shoot organogenesis technique. The in vitro propagation technology of Korean pine is challenging and has low 50 
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efficiency, which significantly limiting asexual propagation. Given this, in this context, Korean pine sprout seed explants 51 

were utilized to establish an effective regeneration system through direct adventitious bud organogenesis. The factors 52 

influencing adventitious buds formation, elongation, and rooting of Korean pine in vitro were determined. This study 53 

can provide clues for constructing a micropropagation system of Korean pine and artificially regulating organogenesis, 54 

facilitating propagation of elite seedlings for reforestation and monocultures in this species' production, and laying a 55 

foundation for the realization of industrial seedlings of coniferous species. 56 

2. Materials and Methods 57 

2.1. Plant materials and Explant sterilization 58 

Mature seeds of Korean pine were collected from a single plant of open-pollinated preferred elite families (WH135) 59 

in October 2018. The families grew in the Weihe Korean pine Seed Orchard of Heilongjiang Province, northeastern 60 

China. These Korean pine seeds harvested in the previous year were stored with moisture sand at 4℃ until they were 61 

used for tissue culture in April 2019. Those healthy Korean pine seeds with cracked seed coats were selected for this 62 

experiment (Figure 1 a). Firstly, the sprouted buds from Korean pine seeds were taken out of the outer seed coat, re- 63 

moved the endosperm, washed with detergent for 2–3 min, then transferred into running water for 30 min. Secondly, 64 

they were then immersed in 70% (v/v) ethanol for 1 min, rinsed with sterile water five times, and then treated with 0.1% 65 

(w/v) HgCl2 for 10 min by five successive washes with sterile distilled water. The radicle of the sterilized sprouted buds 66 

(1–1.5 cm) was cut off and then placed vertically in the Durzan medium (DCR) medium to induce adventitious shoots 67 

according to the morphological direction. All operations after sterilization were carried out on a clean bench. 68 

2.2. Medium and culture conditions of adventitious bud induction 69 

The explants (Figure 1 b) were inoculated onto DCR basal medium(Gupta and Durzan 1985), which supplemented 70 

with different plant growth regulators (PGRs) at different concentrations: thidiazuron (TDZ; 0.2 or 0.5 mg · L−1), kinetin 71 

(KT; 1, 2, or 3 mg · L−1) and 1-Naphthaleneacetic acid (NAA; 0 or 0.1 mg · L−1), respectively (Table 1). In addition, all the 72 

mediums were supplemented with 500 mg · L−1 casein hydrolysate (CH), 500 mg · L−1 L-glutamine, 3% (w/v) sucrose, 73 

and 0.7% (w/v) agar. Thirty tissue materials were used for each treatment, and the experiments were repeated three 74 

times. After 30 days of culture, the efficiency of PGRs on adventitious bud induction was determined by recording the 75 

frequency of responding explants and the mean number of shoots per explant. In addition, the response changes of 76 

explants throughout the induction process were also recorded. 77 

2.3. Scanning electron microscopy (SEM) observation of adventitious bud induction 78 

For morphological observations of the different stages of adventitious shoot differentiation, SEM was employed. 79 

The materials at different developmental stages were fixed with FAA fixative (formaldehyde: glacial acetic acid: 70% 80 

ethanol = 5:5:90) for more than 48 h and then washed in distilled water for 30 min. Samples were dehydrated in a graded 81 

ethanol series (10% increments every 20 min), then soaked in a graded amyl acetate series followed by drying on filter 82 

paper at room temperature. They were then sputter-coated with gold in a cold-sputtering system. Samples were exam- 83 

ined directly and photographed using a scanning electron microscope (Hitachi S-4300N) at 20 kV. 84 

2.4. Axillary bud growth and elongation 85 

After an initial induction period of 30 days, when induced axillary bud growth was evident (Figure 1 f), transferred 86 

to elongation medium and cultured for an additional 60 days, subcultured to fresh medium every 30 days of culture. 87 

The medium was also DCR basic medium supplemented with different concentrations 6-benzyladenine 6-BA (0, 0.2, 88 

0.5 or 1 mg · L−1), NAA (0.1 mg · L−1), and activated charcoal (AC; 0 or 1 g · L−1) (Table 2). The addition of sucrose, agar, 89 

CH, and L-glutamine were the same as adventitious bud induction treatment. The best medium for shoot elongation 90 

was determined based on shoot length. 91 

2.5. Rooting and domestication of shoots 92 

After two months of culture, until formed adventitious buds were 1.5–2.0 cm long (Figure 1 m), individual shoots 93 

were separated from the multiple shoots and then transferred onto a fresh root-induction medium to promote the root 94 

growth. The rooting medium contained different concentrations and combinations of NAA (0, 0.05, 0.1 or 0.2 mg · L−1) 95 

and indole-3-butyric acid (IBA; 0.5, 1 or 1 mg · L−1) or no PGRs, medium without any PGRs was used as a control (CK) 96 

(Table 3). In addition, medium also supplemented with 1 g · L−1AC, 500 mg · L−1 CH, 2 % (w/v) sucrose, and 0.7 % (w/v) 97 

agar. Two months later, the rooting rate and root number ≥ 1 cm per rooted shoot were individually recorded. After 98 

rooting culture, plantlets with visible roots (≥ 1 cm) were transferred to plastic pots containing sterile peat: perlite: 99 

vermiculite (1:1:1; v/v) mixture located in a greenhouse. For acclimatization, plantlets were covered with glass beakers 100 

for one week before being exposed to greenhouse conditions by removing the cover. A total of 10 subcultured plantlets 101 

(×3 replicates) were collected for rooting induction and domestication.  102 
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The basal medium used in this study was the DCR medium. The pH of all mediums was adjusted to 5.8 with 0.1 103 

M NaOH and 0.1 M HCL before autoclaving. L-Glutamine was filter sterilized with 0.22 µm filters and supplemented 104 

into the autoclaved medium when it had cooled to about 50°C. Other PGRs and additives were added to the medium 105 

before sterilization. Cultures for induction of adventitious bud, elongation, and rooting in vitro were all kept in a growth 106 

chamber at 22 ± 2°C, with a 16 h photoperiod of fluorescent light (60 µmol·m−2·s−1) provided by cool white fluorescent 107 

tubes. Acclimatization was kept in a greenhouse at 22 ± 2℃, with 70–80% relative humidity, and 16 h photoperiod of 80 108 

µmol·m−2·s−1 light. All products were purchased from Sigma-Aldrich (Madrid, Spain), except sucrose and AC from So- 109 

larbio (Beijing, China).  110 

2.6. Statistical analysis 111 

All the experiments were conducted thrice with randomized design settings. Data were analyzed by using analysis 112 

of variance (ANOVA) in SPSS ver. 17.0 software (SPSS Inc., Chicago, Illinois). Significant differences among the means 113 

of the treatments were evaluated using Duncan's new multiple range test (p ≤ 0.05). 114 

3. Results 115 

3.1. Effects of PGRs on in vitro de novo organogenesis of Pinus koraiensis 116 

Organogenesis is the de novo production of plant organs from organized tissues or callus(Thakur and Kanwar 117 

2018). In this study, direct organogenesis occurred in Korean pine was observed (Figure 1). When supplemented with 118 

different cytokinins (CKs) and auxins, the differential response towards multiple adventitious bud induction was rec- 119 

orded. The results of shoot induction varied with the type and concentration of PGRs, as depicted in Table 1. On the 120 

whole, the addition of CKs supplemented with lower concentrations auxins (or no addition) to the medium promoted 121 

the morphogenic response. Compared with CKs alone in the medium, the exogenous application of high concentration 122 

CKs along with low concentration auxin did not significantly improve the adventitious bud induction parameters. 123 

Therefore, it can be concluded that adding CKs alone was beneficial for the bud formation of Korean pine, and the 124 

addition of auxin was not necessary. Among them, the medium supplementing 2 mg · L−1 KT in combination with 0.5 125 

mg · L−1 TDZ, 0 or 0.1 mg · L−1 NAA was proved to be most effective in terms of yielding average 14.67 and 15.33 shoots 126 

per explant with adventitious bud induction rate were 92.67% and 90.66%, respectively after 30 days of incubation, 127 

significantly higher than other treatments (p < 0.05) (Table 1). Otherwise, compared with TDZ and NAA, suitable KT 128 

concentration showed more shoots per explants and adventitious bud induction rate. Of the various treatment tested, 129 

with the increase of the KT treatment concentration, Korean pine adventitious buds' induction rate increased first and 130 

then decreased. The medium containing 1 mg · L−1 KT, combined with TDZ (0.2 or 0.5 mg · L−1) and NAA (0 or 0.1 131 

mg · L−1), only produced 3.67–6.67 shoots shoot induction rate of 27.4–43.2%. The concentration above or below the 132 

optimal dose of KT did not improve the parameters of adventitious buds. Compared with 2 mg · L−1, when KT concen- 133 

tration increased to 3 mg · L−1, both the induction rate of adventitious buds and the number of induced buds decreased 134 

significantly, in addition, higher KT dose (3 mg · L−1) in the medium also led to the development of stunted and clustered 135 

buds.  136 

Table 1. Effect of hormone treatment on adventitious bud induction of Korean pine after 30 days of cultures 137 

Number 
KT 

mg · L−1 

TDZ 

 mg · L−1 

NAA 

mg · L−1 

Adventitious bud induction 

rate (%) mean 

Number of shoots per 

explant mean 

1 1 0.2 0 27.4 ± 1.73f 3.67 ± 0.88f 

2 1 0.2 0.1 31.75 ± 2.12f 5.33 ± 0.88def 

3 1 0.5 0 46.51 ± 2.06de 5.67 ± 0.88def 

4 1 0.5 0.1 43.2 ± 0.64e 6.67 ± 0.67cde 

5 2 0.2 0 51.9 ± 1.81cd 8 ± 0.58bcd 

6 2 0.2 0.1 53 ± 0.57c 9 ± 0.58bc 

7 2 0.5 0 92.67 ± 1.98a 14.67 ± 0.67a 

8 2 0.5 0.1 90.66 ± 0.83a 15.33 ± 0.88a 

9 3 0.2 0 73.24 ± 2.26b 9.67 ± 0.88b 

10 3 0.2 0.1 53.41 ± 1.93c 8 ± 1.15bcd 

11 3 0.5 0 51.73 ± 1.72cd 3.67 ± 0.88f 

12 3 0.5 0.1 47.28 ± 3.68cde 4.33 ± 0.88ef 

Means followed by the same letter in each column are not significantly different by Duncan's multiple tests ( p ≤ 0.05) 138 
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Morphological differences under the induction of Korean pine organogenesis were shown in Figure 1. The first 139 

morphological changes were recorded during the 7–10 days of culture when the cotyledons were splayed and turned 140 

green, the color of the cotyledon base changed to transparent from slightly green and dilated in the region around the 141 

bottom of the cotyledons, where observed multiple small protrusions invisible to the naked eye by stereomicroscopic, 142 

indicated that the bud primordium and needle primordia initiated and formed (Figure 1 c, g). Otherwise, a small 143 

amount of callus was also seen at the location of the hypocotyl. After another ten days of culture, those protrusions 144 

showed a further continuous increase in volume and number, just as shown in Figure 1d, which were dense buds cluster 145 

of original needles visible to the naked eye. We also observed adventitious shoots at an early development stage, needle 146 

primordia with transparent color, and a more evident structure from the cotyledon base by SEM (Figure 1 h). On the 147 

30th day of culture, adventitious shoots were formed completely (Figure 1 e, f). Those protruded bud spots became 148 

more prominent, and the color gradually changed to yellowish. As described in Figure 1i, SEM revealed the leaf sheath- 149 

like structure was protecting the shoot meristem (asterisk), and clusters of adventitious shoots formed. Otherwise, we 150 

also observed numerous adventitious buds at different development stages on the explant simultaneously, and no vit- 151 

rification was detected (Figure 1 j).          152 

 153 
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Figure 1. Establishment of the in vitro regeneration system for sprouted seeds explants of Korean pine. (a) the sprouted seeds of 181 
Korean pine (bar = 5 mm); (b) explants inoculated into adventitious bud induction medium (0d) (bar = 10 mm); (c) adventitious buds 182 
of Korean pine obtained by culturing for 10 days (bar = 2 mm); (d) adventitious buds of Korean pine obtained by culturing for 20 183 
days (bar = 5 mm); (e-f) adventitious buds of Korean pine obtained by culturing for 30 days (bar = 5 mm); (g-j) scanning electron 184 
microscopy of adventitious shoot formation from cotyledons 10 (g), 20 (h), and 30 (i, j) days culture, respectively; (g) adventitious 185 
bud primordium and needle primordia just also formed after 7-10 days culture (bar = 2mm). (h) adventitious shoot primordia at early 186 
stage of development after 20 days culture (bar = 2 mm); (i) clusters of adventitious shoots formed and the leaf sheath-like structure 187 
protecting the shoot meristem (＊) after 30 days culture (bar = 2 mm); (j) numerous adventitious buds at different development stages 188 
simultaneously after 30 days culture (bar = 3 mm); (k) adventitious buds of Korean pine after elongation for 20 days (bar = 5 mm); (l) 189 
adventitious buds of Korean pine after elongation for 40 days (bar = 5 mm); (m) adventitious buds of Korean pine after elongation 190 
for 60 days (bar = 10 mm); (n) isolated individual dventitious buds that were used for rooting (bar = 10 mm); (o) the deformed 191 
adventitious roots were produced (bar = 8 mm); (p) a large amount of callus formed during the rooting process (bar = 10 mm); (q) 192 



 5 of 10 
 

 

roots were formed from elongated adventitious shoots after 60 days (bar = 15 mm); (r) plantlets established in potting substrate for 193 
30 days (bar = 25 mm) 194 

3.2. Effects of PGRs on Shoot elongation and growth of Korean pine  195 

Once those in vitro-established tender buds were transferred to shoot elongation media, they showed faster growth 196 

than the adventitious bud induction stage. According to the results of means comparison analysis, the adventitious 197 

buds showed different responses on various shoot elongation media. In general, under eight treatments, with the con- 198 

centration of 6-BA treatment increased, the length of adventitious buds first increased and then decreased. When 6-BA 199 

is not added, regardless of whether AC is added, the adventitious buds elongation was not very obvious, and the aver- 200 

age bud length was < 5 mm in 60 days. After 60 days of culture, the highest mean length (34.99 mm) of Korean pine was 201 

obtained from DCR basal media supplemented with 6-BA (0.2 mg · L−1), NAA (0.1 mg · L−1), and AC (1 g · L−1) (Figure 2 202 

m), significantly higher than other treatments (p < 0.05), followed by AC-free treatment (26.54 mm) (Table 2). Meanwhile, 203 

these in vitro seedlings thrived. We also found that appropriate 6-BA addition concentration was more efficient for bud 204 

elongation when the 6-BA concentration increased to 0.5 mg · L−1 or 1 mg · L−1, regardless of whether it contained AC, 205 

the average shoot length decreased again (< 18 mm), and the needles were tiny and grew slowly. Our results indicate 206 

that the complementary of low concentration of 6-BA and NAA was efficient for promoting rapid growth and elonga- 207 

tion of shoots in Korean pine. Figure 1 k、1 l and 1 m showed the adventitious buds after elongation treatment for 20, 208 

40, and 60 days, respectively. It can be seen that the adventitious buds of 20 days were slightly elongated, some meri- 209 

stems further developed into shoot buds, and the buds of 40 days were more obvious; at 60 days, the bud length reached 210 

its maximum (Table 2). 211 
Table 2. Effect of hormone treatment on adventitious bud elongation of Korean pine after 60 days of cultures 212 

Number 
6-BA 

mg · L−1 

NAA 

mg · L−1 

AC 

g · L−1 

Mean shoots length 

（mm） 

1 0 0.1 0 4.74 ± 0.13f 

2 0 0.1 1 4.92 ± 0.11f 

3 0.2 0.1 0 26.54 ± 0.51b 

4 0.2 0.1 1 34.99 ± 0.42a 

5 0.5 0.1 0 16.81 ± 0.46d 

6 0.5 0.1 1 17.64 ± 0.24c 

7 1 0.1 0 5.6 ± 0.06e 

8 1 0.1 1 4.43 ± 0.15g 

       Means followed by the same letter in each column are not significantly different by Duncan’ 213 
multiple tests (p ≤ 0.05) 214 

3.3. Ex vitro rooting and acclimatization of the shoots 215 

Induction of roots in vitro is an essential step to establish tissue culture derived from plantlets to the soil. Applica- 216 

tion of exogenous auxin usually can solve the problem of root induction in rooting recalcitrance species (Wen et al. 2020). 217 

Generally, the most effective auxins for in vitro rooting are IBA and NAA. In addition, differences in species and geno- 218 

types also affect the rooting effect (Hesami and Daneshvar 2019). In our experiments, to obtain hardened plantlets, 219 

isolated shoots (1.5 to 2.0 cm long) were excised from adventitious shoots after 60 days of elongation culture and then 220 

cultured in the rooting medium (Figure 1 n). Here, the rooting rate was individually recorded. Of the 13 tested treat- 221 

ments, the average rooting percentages vary from 0 to 21.48%, and only one true root ≥ 1 cm per rooted shoot is 222 

formed. The highest rooting percentages was 20.74–21.48% when 0.05 mg · L−1 NAA and 0.5 or 1 mg · L−1 IBA were used, 223 

significantly higher than other treatments (Table 3). In addition, the medium without any PGRs (CK) did not induce 224 

roots from elongated shoots. When NAA treatment concentration increased to higher than 0.1 mg · L−1, it was observed 225 

that a large amount of callus was formed at the base of adventitious buds, and many deformed adventitious roots were 226 

produced from these calli (Figure 1 o), especially in treatments with NAA at 0.2 mg · L−1 and IBA at 0.5, 1 or 2 mg · L−1, 227 

respectively, where no roots were produced, but a lot of calli was produced at the location where the roots were formed 228 

(Figure 1 p), in vitro rooting percentages were only between 0–6.67% treated with IBA alone; also, a small amount of 229 

callus appeared on their base. Figure 1 q are the rooted shoots after rooting treatment 60d, and the rooted shoots were 230 

acclimatized in the sterilized matrix. After one month of growth in the greenhouse, the survival of the weaned plants 231 

was 90.28%, and all regenerated plantlets showed normal growth and morphology under greenhouse conditions (Fig- 232 

ure 1 r). 233 
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Table 3. Effect of auxin treatment on rooting capacity of Korean pine after 60 days of cultures 234 

Number 
NAA 

mg · L−1 

IBA 

mg · L−1 

Rooting rate explant 

mean(%) 

CK 0 0 0.00 ± 0c 

1 0 0.5 0.00 ± 0c 

2 0 1 6.67 ± 2.17b 

3 0 2 6.67 ± 2.38b 

4 0.05 0.5 20.74 ± 0.52a 

5 0.05 1 21.48 ± 0.52a 

6 0.05 2 6.67 ± 2.17b 

7 0.1 0.5 10.37 ± 0.35b 

8 0.1 1 11.11 ± 2.72b 

9 0.1 2 0.00 ± 0.00c 

10 0.2 0.5 0 .00 ± 0.00c 

11 0.2 1 0.00 ± 0.00c 

12 0.2 2 0.00 ± 0.00c 

Initiation percentages for individual replicates were transformed by arcsin √𝑥 / 100 for ANOVA. 235 
Means followed by the same letter in each column are not significantly different by Duncan’s multiple tests 236 
 (p ≤ 0.05) 237 

4. Discussion 238 

4.1. De novo shoot organogenesis from Korean pine sprouted seeds explants 239 

In long-lived trees such as conifers, despite considerable amounts of research-derived plantlets by indirect or direct 240 

organogenesis, most coniferous species are still regarded as extremely difficult to regenerate (Bonga 2017; Sarmast 2017). 241 

Nevertheless, essential steps in establishing in vitro micropropagation are the induction and multiplication of shoots 242 

(Li et al. 2018). Being a commercially and economically important tree species, developing a robust regeneration protocol 243 

for Korean pine is urgently needed. In the present study, the direct organogenesis of Korean pine from sprouted seed 244 

explants was achieved, and confirmed the organogenic regeneration pattern by SEM observation. This propagation 245 

pathway by direct organogenesis has also been proven to have less risk of somaclonal variations than indirect organo- 246 

genesis (Verma et al. 2017; Zayova et al. 2010).  247 

The formation of adventitious shoots is a complex process that involves the participation of PGRs, mainly auxins 248 

and CKs, with multiple signaling pathways (Sang et al. 2018; Tian et al. 2018; Ikeuchi et al. 2019). Compared with auxins, 249 

CKs are involved in bud breakage, cell division, shoot initiation, and multiplication from explants, which are more 250 

frequently applied to induce in vitro shoot organogenesis (Mazri 2015; Zhang et al. 2018; Ayala et al. 2019). The exoge- 251 

nous CKs application facilitates the explant to reach an optimum cytokinin: auxin ratio for de novo meristem formation 252 

(Alvarez et al. 2020). Among them, 6-BA, KT, and TDZ are routinely used CKs most efficiently (Khanam et al. 2020). 253 

Our results were similar to reports of other woody trees. A combination of a higher cytokinin-to-auxin ratio to the 254 

medium was beneficial to induce multiple shoots (Zhu et al. 2019; Zhu et al. 2010; Tippani et al. 2013; Ahmad et al. 2020). 255 

In our study, compared with CKs alone in the medium, exogenous application of high concentration CKs (KT and TDZ) 256 

along with a low dose of auxins did not significantly improve the adventitious bud induction parameters of Korean 257 

pine. Therefore, it can be concluded that adding CKs alone was considered essential to sustain the organogenic response 258 

of Korean pine explants, whereas the addition of auxin was not necessary. In addition, compared with TDZ and NAA, 259 

suitable KT concentration showed more shoots per explants during the adventitious buds induction of Korean pine, 260 

and above or below the optimal dose of KT did not show any improvement in parameters of adventitious buds, which 261 

is in line with previous studies that exceeding optimal KT levels inhibits bud proliferation(Akbaş et al. 2009; Arab et al. 262 

2014). TDZ is a phenyl urea-type cytokinin that mimics the activity of both auxin and cytokinin, which are the most 263 

preferably used cytokinins in some woody plant regeneration systems (Dewir et al. 2018; Rukaya et al. 2021). Previous 264 

studies described TDZ was used solely for indirect organogenesis and proved more effective for the shoot induction 265 

process in a range of plants in vitro (Khanam et al. 2018; Wu et al. 2020; Syeed et al. 2021). However, in our study, TDZ 266 

in combination with KT was more conducive to the direct adventitious buds formation of Korean pine, which can be 267 

explained by the fact that TDZ is highly stable and regulates endogenous hormones, and shows the activity of both 268 
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auxins as well as cytokinin, similarly mentioned in the literature (Dewir et al. 2018; Dey et al. 2012) also found that TDZ 269 

appears to stimulate cells in the apical meristem to divide, multiply, and develop so that bud differentiation occurred. 270 

SEM results also confirmed the direct organogenesis pathway in our study, showed shoots arising from cotyledons base 271 

of sprouted bud explants.  272 

Nowadays, successful micropropagation has been reported in many pine species using various explants, such as 273 

mature zygotic embryos (Cortizo et al. 2009; Montalbán et al. 2011; Stojičić et al. 2012), cotyledons (Alvarez et al. 2009), 274 

seedling explants (Zhu et al. 2010; Hargreaves et al. 2005; Nunes et al. 2018), and in some cases, explants from mature 275 

trees (Cortizo et al. 2009; Parasharami et al. 2003). Besides, the choice of explant is believed to affect in vitro response 276 

differently. In 2018–2019, we also took mature zygotic embryos of Korean pine as explants to induce adventitious bud, 277 

but the effect is significantly lower than that of sprouted seeds. 278 

4.2. Shoot elongation and growth of in vitro Pinus koraiensis 279 

In the second step of the culture procedure, adventitious buds of Korean pine were transferred onto the shoot 280 

elongation medium. After 60 days of culture, our data gave better results regarding growth parameters (the length and 281 

number of the shoots). Overall, PGRs had a significant effect on the length and number of the shoots. The in vitro- 282 

established buds elongation growth was significantly accelerated, and low concentration combinations of 6-BA and 283 

NAA were found to be efficient for promoting rapid growth and elongation of Korean pine adventitious buds; among 284 

them, the most extended shoots were generated on the DCR basal media containing 6-BA (0.2 mg · L−1), NAA (0.1 285 

mg · L−1), and AC (1g · L−1). Therefore, our results agreed with a combination of a higher cytokinin-to-auxin ratio in 286 

medium be efficient for successful shoot inducing morphogenic response and stimulating shoot proliferation; however, 287 

for shoot elongation in Korean pine, lower concentrations of the same PGRs is more appropriate, which was also in 288 

agreement with those plant micropropagation studies that have demonstrated for promoting bud elongation, medium 289 

without plant growth regulators (Zhu et al. 2019; Stojičić et al. 2012), or with a lower level of cytokinin with auxin (Tanf 290 

et al. 2004; Zhang et al. 2006; Zhu et al. 2007; Schaller et al. 2015) or 0.1–0.5% AC (Zhu et al. 2019; Stojičić et al. 2012) was 291 

usually were proven to be effective. It is worth noting that the rate of shoot multiplication and extent of shoot elongation 292 

observed here are better than previously published reports on other pine micropropagation(Zhu et al. 2019; Montalbán 293 

et al. 2011; Stojičić et al. 2012). 294 

4.3. Rooting and acclimatization of Pinus koraiensis microshoots  295 

As we all know, many coniferous species have a low capacity for rooting in vitro, and the most common problem 296 

encountered in the micropropagation of pines is adventitious root formation, and also because of this, reducing the 297 

possibilities of applying these techniques for large scale micropropagation(Bonga 2017). Generally, auxins play an es- 298 

sential role in regulating adventitious root formation, and IBA or NAA are often used to promote in vitro rooting (Kalia 299 

et al. 2007; Alvarez et al. 2009; Wang and Yao 2019a; Wang and Yao 2019b). After two months of cultivation on root- 300 

promoting medium, the highest rooting percentages were < 30% in our present study. However, NAA concentrations 301 

to higher-than-optimal levels (0.1 or 0.2 mg · L−1) induced a large amount of undesirable callus, and a few deformed 302 

adventitious roots were produced at the basal end of the microshoot, indicated that the appearance of callus led to poor 303 

rooting. Our findings were consistent with the previous report when high concentration NAA was used to induce ad- 304 

ventitious roots in Pinus massoniana, a mass of callus from which root primordia differentiated was produced on the 305 

base of most shoots (Zhang et al. 2006). In addition, when treated with IBA singly, a small amount of callus appeared 306 

and resulted in poor rooting (very few or no roots). Similarly, the recent study of in vitro rooting from Pterocarpus 307 

marsupium also found that beyond the optimum dose of IBA induced undesirable callus at the basal end of microshoot, 308 

and no rooting was observed (Ahmad et al. 2020). Otherwise, for applied PGRs in vitro rooting, there are some different 309 

results, supplementation with 1.2 uM NAA in the medium was effective for rooting induction in P. massoniana (Wang 310 

and Yao 2019b), most of the clones from Pinus densiflora rooted on medium supplemented with 0.2 mg · L−1 NAA (Zhu 311 

et al. 2019). IBA was also reported to be better than with NAA or a mixture of both auxins in vitro rooting (Zhu et al. 312 

2007), in contrast to this, IBA (2 mg · L−1) application with NAA (0.1 mg · L−1) was a preferable alternative than IBA only 313 

for the Ficus religiosa root induction, subsequent development of the induced roots usually proceeded (Hesami and 314 

Daneshvar 2019). Our study is consistent with the F. religiosa research using hormone types; whereas, the concentration 315 

combination is different, which can be explained due to differences in coniferous species that lead to different auxins 316 

response for in vitro rooting. In addition, those plantlets in the present study showed a high capacity for transference 317 

to the ex vitro environment. 318 

However, unlike pine species, some other tree species are prone to rooting and occasionally show spontaneous in 319 

vitro rooting of elongated microshoots (Sarkar and Jha 2017). Medium devoid of PGRs or hormone-free AC produce 320 

https://academic.oup.com/forestry/article/84/4/363/javascript:;
https://academic.oup.com/forestry/article/84/4/363/javascript:;
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higher roots than with PGRs addition. The stimulatory effect of AC on rooting may involve providing a dark environ- 321 

ment conducive for the accumulation of auxins or cofactors and / or adsorption of inhibitory substances (e.g., phenolics) 322 

and excess hormones (auxins or CKs) carried over from the previous media(Verma et al. 2021). Therefore, in our study, 323 

0.2% AC is added to all rooting treatments. However, contrary to earlier reports, our results indicated that culturing on 324 

a medium containing 0.2% AC hormone-free did not significantly promote the formation of adventitious roots.  325 

In addition to PGRs type and concentration, other parameters such as plant species, genotype also affect the in 326 

vitro root induction procedure. Our results indicated that although a small part of the plants was rooted in the tested 327 

medium combinations, root formation was occasionally observed and rarely. Compared with Pinus peuce (Stojičić et al. 328 

2012), Pinus densiflora (Zhu et al. 2019), and P. massoniana (Wang and Yao 2019b), korean pine may be a difficult conifer- 329 

ous species for in vitro rooting in micropropagation. Therefore, further studies on in vitro rooting are necessary. 330 

5. Conclusions 331 

Plant multiplication in vitro proved to be very efficient for large-scale propagation of many tree species, providing 332 

a more valuable and rapid way than the traditional cutting procedure. Nevertheless, the development of in vitro pro- 333 

tocols for coniferous species is still challenging because of such factors as recalcitrance. This study shows that the de 334 

novo organogenesis system for Korean pine by adventitious buds formation was successfully established using 335 

sprouted seeds as the original explants, constituting the first report for this economically and ecologically recalcitrance 336 

coniferous species with a high-frequency and cost-effective regeneration technique. Importantly, direct organogenesis 337 

leads to the generation of true-to-type strains to avoid callus phase organization and have fewer chances of somaclonal 338 

variation than indirect organogenesis. We believe that these data will be helpful in future research for rapid microprop- 339 

agation and conservation of Korean pine, and they might also facilitate the development of biotechnological tools to 340 

study such coniferous species. 341 
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Figures

Figure 1

Establishment of the in vitro regeneration system for sprouted seeds explants of Korean pine. (a) the
sprouted seeds of Korean pine (bar = 5 mm); (b) explants inoculated into adventitious bud induction
medium (0d) (bar = 10 mm); (c) adventitious buds of Korean pine obtained by culturing for 10 days (bar =
2 mm); (d) adventitious buds of Korean pine obtained by culturing for 20 days (bar = 5 mm); (e-f)
adventitious buds of Korean pine obtained by culturing for 30 days (bar = 5 mm); (g-j) scanning electron
microscopy of adventitious shoot formation from cotyledons 10 (g), 20 (h), and 30 (i, j) days culture,
respectively; (g) adventitious bud primordium and needle primordia just also formed after 7-10 days
culture (bar = 2mm). (h) adventitious shoot primordia at early stage of development after 20 days culture
(bar = 2 mm); (i) clusters of adventitious shoots formed and the leaf sheath-like structure protecting the
shoot meristem () after 30 days culture (bar = 2 mm); (j) numerous adventitious buds at different
development stages simultaneously after 30 days culture (bar = 3 mm); (k) adventitious buds of Korean
pine after elongation for 20 days (bar = 5 mm); (l) adventitious buds of Korean pine after elongation for
40 days (bar = 5 mm); (m) adventitious buds of Korean pine after elongation for 60 days (bar = 10 mm);
(n) isolated individual dventitious buds that were used for rooting (bar = 10 mm); (o) the deformed



adventitious roots were produced (bar = 8 mm); (p) a large amount of callus formed during the rooting
process (bar = 10 mm); (q) roots were formed from elongated adventitious shoots after 60 days (bar = 15
mm); (r) plantlets established in potting substrate for 30 days (bar = 25 mm)


