
Genotype-dependent physiological markers for
embryogenic callus induction in Korean pine
Ying Duan 

Qiqihar University
Yue Zhong 

Qiqihar University
Kun Zhu 

Qiqihar University
Lu Zhou 

Qiqihar University
Ruhui Wang 

Qiqihar University
Yan Liang 

Qiqihar University

Research Article

Keywords: Pinus koraiensis, Embryogenic callus induction, Genotype dependency, Physiological markers

Posted Date: November 13th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-11442908/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://doi.org/10.21203/rs.3.rs-11442908/v1
https://doi.org/10.21203/rs.3.rs-11442908/v1
https://doi.org/10.21203/rs.3.rs-11442908/v1
https://creativecommons.org/licenses/by/4.0/


 
 

Genotype-dependent physiological markers for embryogenic 1 

callus induction in Korean pine 2 

Ying Duan 1†, Yue Zhong 1†, Kun Zhu 1, 2, Lu Zhou1, 2, Ruhui Wang 1, Yan Liang 1, 2*  3 

1  School of Life Sciences and A & F, Qiqihar University, Qiqihar, 161006, China 4 
2   Heilongjiang Provincial Key Laboratory of Resistance Gene Engineering and Protection of Biodiversity in Cold Areas, Qiqihar University, 5 

Qiqihar, 161006, China  6 
*   Correspondence: liangyanyanliang@126.com 7 

 8 

Abstract: The application of the established somatic embryogenesis (SE) system of Korean pine (Pinus koraiensis) has been largely 9 
limited by strong genotype dependence in embryogenic callus (EC) induction. To identify genotype-dependent markers for 10 
screening responsive genotypes, we compared physiological traits of one sensitive Korean pine EC-producing genotype and two 11 
recalcitrant genotypes: one that produces low-embryogenic callus (LEC) and another that produces non-embryogenic callus (NEC). 12 
At the early stage of embryogenic competence acquisition, the EC genotype was characterized by higher indole-3-acetic acid (IAA), 13 
methyl jasmonate (MeJA), peroxidase (POD), and malondialdehyde (MDA), coupled with moderate hydrogen peroxide (H2O2), 14 
while exhibiting lower abscisic acid (ABA) and catalase (CAT). During subsequent callus expansion without subculture, the EC 15 
genotype maintained moderate H2O2, elevated POD and superoxide dismutase (SOD), coupled with a reduced IAA/zeatin-riboside 16 
(ZR) ratio and decreased MDA. In contrast, the LEC genotype had lower ZR but higher IAA/ABA, MeJA/ABA, gibberellins 17 
(GA3)/ABA, brassinosteroids (BR)/ABA, and ZR/ABA ratios, with significantly reduced SOD, potentially explaining its late‑stage 18 
loss of embryogenic competence. In summary, this study identifies stage-specific physiological indicators, including phytohormone 19 
profiles, redox homeostasis, and oxidative damage, for early Korean pine genotype screening. Critically, embryogenic competence 20 
hinges on a two-phase transition: from "hormone-triggered oxidative signaling" during initiation to "hormonal equilibrium coupled 21 
with antioxidative defense" during maintenance, whereas failure (hormonal imbalance plus low SOD) may lead to loss of embryo- 22 
genic competence in LEC. These findings identify physiological markers for early screening of Korean pine genotypes and  23 
provide insights into reversible transition between somatic and embryogenic cell states. 24 
 25 
Key message: Hormone homeostasis and redox physiology serve as critical indicators for identifying responsive genotypes capable 26 
of the two-phase cell state transition toward embryogenic competence in Korean pine. 27 

 28 
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1. Introduction 31 

Korean pine (Pinus koraiensis) is an ecologically and economically important coniferous species native to Northeast 32 

Asia, including China, South Korea, North Korea, Japan, and the Russian Far East. In China, it is particularly notable as 33 

a dominant species in the temperate broad-leaved Korean pine forests of Northeast China. Its timber and nutrient-rich 34 

seeds are highly valued for food, cosmetics, and pharmaceuticals. However, over-harvesting of timber and pine nuts 35 

has resulted in substantial decline in the natural populations of Korean pine (Liang et al. 2022). Given the genetic var- 36 

iation and low reproductive efficiency that undermine conventional propagation (Peng et al. 2020), there is an urgent 37 

need for reliable techniques to produce high-quality Korean pine seedlings to conserve resources and ensure sustain- 38 

able supply. As such, efficient propagation techniques for Korean pine are important for both ecological restoration 39 

and large-scale forestry production. Among various clonal propagation methods, somatic embryogenesis (SE) tech- 40 

nology is widely known as the fastest and most efficient approach to achieve mass production of superior clonal seed- 41 

lings with elite traits, meeting the demand of conifer seedling production. Additionally, this technique can be em- 42 

ployed in artificial seed production and genetic transformation, thus enabling the rapid multiplication of superior 43 

genotypes (Egertsdotter et al. 2019). 44 

In general, SE pathways can be either direct or indirect. Indirect SE pathways are more common in conifers, where 45 

somatic cells undergo progressive dedifferentiation into embryogenic callus (EC), followed by somatic embryo for- 46 

mation (Valentina et al. 2021). For Korean pine, this indirect SE likewise depends on the formation of EC, making effi- 47 

cient EC induction a critical prerequisite for its successful SE. However, despite the successful establishment of a Ko- 48 

rean pine SE regeneration system from immature zygotic embryos, the initial EC induction rates remain low and ex- 49 

hibit strong genotype dependence. For numerous recalcitrant genotypes, callus with high embryogenic potential can- 50 

not be induced even under optimized conditions, constituting a major bottleneck for research progress and commercial 51 
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deployment of this technology (Liang et al. 2025). Similarly, studies on Pseudotsuga menziesii (Walther et al. 2021), Larix 52 

kaempferi (Wang et al. 2022), and L. principis-rupprechtii (Chen et al. 2025) have demonstrated that the capacity for EC 53 

formation is strongly genotype-dependent. Additionally, investigations on L. kaempferi (Wang et al. 2022) and P. men- 54 

ziesii (Walther et al. 2021) revealed that different genotypes exhibit distinct responses to EC induction, yielding a mix- 55 

ture of EC and non-embryogenic callus (NEC) under identical culture conditions. Collectively, genotype dependence is 56 

a widespread phenomenon in plant SE, particularly in conifers following indirect SE pathways. 57 

During plant SE, somatic cells undergo structural rearrangement, and their fate switch is widely recognized to 58 

depend on a coordinated cascade of morphological, physiological, and molecular changes that give rise to embryo- 59 

genic cells in vitro. This transition, in turn, involves cell dedifferentiation and epigenetic reprogramming via specific 60 

signal transduction pathways to regain embryogenic potential. Afterwards, embryogenic cells further develop and 61 

differentiate into mature somatic embryos (Mcfarland and Kaeppler 2024). Notably, phytohormones act as central 62 

signaling molecules governing this sequence of cellular events. For instance, in Brachypodium distachyon, higher levels 63 

of indole-3-acetic acid (IAA) and gibberellins (GAs) promote the formation of mature embryo-produced compact EC , 64 

whereas higher trans-zeatin riboside (tZR) and lower abscisic acid (ABA) levels promote the development of imma- 65 

ture embryo-produced compact EC, demonstrating the role of hormones in regulating the acquisition of embryogenic 66 

competence (Ouyang et al. 2026). In Citrus reticulata, EC were distinguished from NEC by multiple morphological and 67 

physiological traits, including denser cytoplasm, enlarged nuclei, abundant organelles, higher soluble proteins, in- 68 

creased activities of peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT), and reduced reactive oxygen 69 

species (ROS) levels (Wang et al. 2026). These findings suggest that morphological and physiological markers can serve 70 

as effective tools for screening cells with embryogenic potential. Nevertheless, most studies deploy such markers only 71 

to classify calli as embryogenic or non-embryogenic post-induction, without addressing genotypic differences in the 72 

early events governing embryogenic competence acquisition. Accordingly, the underlying regulatory mechanisms 73 

have yet to be fully elucidated, particularly how oxidative stress, phytohormonal dynamics, and metabolic flux differ 74 

between genotypes during EC induction (Yue et al. 2022), as well as how genotype-dependent regulatory networks 75 

determine differential responses between sensitive and recalcitrant genotypes. 76 

Consistent with Gao et al. (2021), our previous study revealed that different Korean pine genotypes exhibited 77 

varying responses to EC induction under identical culture conditions, producing calli with distinct embryogenic po- 78 

tentials, ranging from EC to low embryogenic callus (LEC) or NEC (Liang et al. 2025). In the present study, we sys- 79 

tematically characterized the physiological traits of explants and derived calli from these genotypes during induction 80 

stages, aiming to identify markers that can predict the embryogenic potential of different genotypes prior to culture. 81 

Using these markers, we will be able to establish a more efficient EC induction system for Korean pine based on gen- 82 

otype, while offering insights into the reversible transition between somatic and embryogenic cell states. 83 

2. Materials and Methods 84 

2.1. Preparation of biological materials 85 

Green immature female cones of three genotypes, including W135, W154, and L22-2, were collected from three 86 

open-pollinated (OP) trees growing in the Qingshan Korean pine seed orchard of Heilongjiang Province (W135, W154) 87 

and the Lushuihe Korean pine seed orchard of Jilin Province (L22-2), Northeastern China, from July 5 to 10 in 2024. 88 

Well-developed Korean pine seeds at the cleavage polyembryony stage were selected for this experiment. The devel- 89 

opmental stages of zygotic embryos were examined before inoculation under a stereomicroscope (Olympus SZX 7). 90 

After removing the seed coat, the seeds were soaked in detergent for 30 min and then washed with running water for 91 

about 2 h. The explants were immersed in 75 % (v/v) ethanol for 1-2 min, rinsed with sterile water 3-5 times, and im- 92 

mersed in 10 % NaClO (v/v) solution for 15 min, followed by three rinses in sterile water. Durzan medium (DCR) 93 

(Gupta and Durzan 1985) was used as the EC initiation medium, containing 6-benzyl adenine (6-BA; 1.5 mg·L−1), 94 

1-Naphthaleneacetic acid (NAA; 3 mg·L−1), casein hydrolysate (0.5 g·L−1), L-glutamine (0.5 g·L−1), sucrose 95 

 (30 g· L−1), and phytagel (4 g·L−1), with pH being adjusted to 5.8 before sterilization. The cultures were maintained 96 

for 30 d in the dark at 24 ± 2 ℃. Three replicates were employed per genotype, each consisting of 30 seeds randomly 97 

collected from the same cones. After 20 days of culture, the callus induction rate was calculated for each genotype. 98 Callus induction rate (%) = number of calli producednumber of inoculated explants ×  100% 99 

2.2. Morphological observation 100 
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The morphological characteristics of the cultured explants, including induced callus at 5 d, 10 d, 15 d, 20 d, were 101 

observed under a stereomicroscope (Olympus, SZX7). Moreover, fresh callus at 5 d, 10 d, 15 d, and 20 d were ran- 102 

domly collected and stained with 1 % magenta acetate and 0.05 % evans blue (Filonova et al. 2000), and then these 103 

slides were observed and photographed under a light microscope (Olympus, BX51). 104 

2.3 Determinations of physiological indices  105 

The explants, including callus collected at 5 d, 10 d, 15 d and 20 d, were stored at -80 ℃ after rapid freezing in  106 

liquid nitrogen for the detection of physiological indexes. Each sample consisted of three biological replicates.  107 

2.3.1 Endogenous hormones 108 

Measurement of the endogenous hormones of different genotypes in Korean pine was performed using the ELI- 109 

SA kit (Demirkol and Yılmaz 2023). We measured the absorbance at 490 nm and determined the concentrations of 110 

IAA, zeatin-riboside (ZR), GA3, ABA, brassinosteroids (BR), and methyl jasmonate (MeJA) using a standard curve. 111 

2.3.2 Soluble protein content 112 

Soluble protein content was analyzed according to the methods described by Peng et al. (2020), with minor modi- 113 

fications. Approximately 0.5 g of sample was homogenized in 5 mL pre-cooled phosphate buffer solution (pH 7.8). 114 

The homogenate was centrifuged at 1,0000 × g for 10 min at 4 ℃, and 0.1 mL of the supernatant was added to 5 mL of 115 

Coomassie brilliant blue G-250 solution (0.1 g·L−1). After 2 min, the soluble protein content was determined  116 

by measuring absorption at a wavelength of 595 nm.  117 

2.3.3 Soluble sugar content 118 

Soluble sugar content was determined using the anthrone method according to Peng et al. (2020) with minor 119 

modifications. Briefly, 0.5 g of sample was ground in liquid nitrogen and then mixed with 5 mL of 80 % ethanol. The 120 

mixture was boiled in a water bath at 80 ℃ for 30 min, followed by centrifugation at 12,000 × g for 15 min. Subse- 121 

quently, 1 mL of the supernatant was collected and mixed with 5 mL of anthrone reagent. After boiling for 10 min, the 122 

absorbance was measured at 625 nm using a spectrophotometer. 123 

2.3.4 Starch content 124 

The method for extracting starch was modified according to Peng et al. (2020). Briefly, 2 mL of 9.2 M perchloric 125 

acid (HClO4) was added to the pellet remaining after soluble carbohydrate extraction. The mixture was thoroughly 126 

stirred for 15 min and centrifuged at 10000 × g for 10 min at 4 ℃ to collect the supernatant. The precipitate was resus- 127 

pended in 2 mL of 4.6 M HClO4, stirred for another 15 min, and centrifuged under the same conditions. The two su- 128 

pernatants were combined and diluted to a final volume of 50 mL with double distilled water (ddH₂O). For colorimet- 129 

ric assay, 2 mL of the diluted extract was mixed with 5 mL of 0.1% (w/v) anthrone reagent, then incubated in a boiling 130 

water bath at 100 ℃ for 10 min. After rapid cooling to room temperature, the absorbance was measured at 620 nm. 131 

Starch concentration was calculated using a glucose standard curve, with a conversion factor of 0.9 to adjust for the 132 

mass difference between glucose and starch. 133 

2.3.5 SOD activity 134 

SOD activity was assayed by the nitroblue tetrazolium (NBT) photochemical reduction method with minor modi- 135 

fications according to Jariteh et al. (2015). Specifically, 0.5 g of sample was homogenized in 5 mL of 0.1 M sodium 136 

phosphate buffer (pH 7.8), and 5 mL of the extract was centrifuged at 4 ℃ and 12,000 × g for 15 min. The resultant su- 137 

pernatant was collected as crude SOD extract. Then, 3 mL reaction mixture (composed of 0.2 M sodium phosphate 138 

buffer (pH 7.8), 13 mM L-methionine, 75 μM NBT, 0.1 mM EDTA, and 75 mM riboflavin) was combined with the su- 139 

pernatant. The mixture was incubated at 25 ℃ in the dark for 15 min, and absorbance was subsequently determined at 140 

560 nm. 141 

2.3.6 CAT activity 142 

For CAT activity assay, the method described by Huang et al. (2023) was adopted with slight modifications. The 143 

reaction mixture (50 mM PBS containing 0.1 mM EDTA, pH 7.8) was preincubated in a 25 ℃ water bath for 5 min pri- 144 

or to mixing with the enzyme extract. The reaction was initiated by the addition of 19 mM H2O2, and the change in  145 

absorbance at 240 nm was monitored over time. 146 

2.3.7 POD activity 147 

POD activity was evaluated using the method described by Jariteh et al. (2015) with minor modifications. Specif- 148 

ically, 0.5 g of sample was homogenized in 5 mL of 0.1 M sodium phosphate buffer (pH 7.8), and 5 mL of the extract 149 

was centrifuged at 4 ℃ and 12,000 × g for 15 min. The resultant supernatant was collected as crude SOD extract. Then, 150 
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3 mL reaction mixture (composed of 0.2 M acetate buffer (pH 4.8), 3% H₂O₂, and 20 mM benzidine) was combined with 151 

the supernatant. The mixture was incubated at 25 ℃ in the dark for 15 min, and absorbance was  152 

subsequently determined at 560 nm. 153 

2.3.8 Malondialdehyde (MDA) content 154 

MDA content was measured according to Jambunathan (2010) with minor modifications. Briefly, 0.8 g sample 155 

was homogenized in 0.1% trichloroacetic acid (TCA) solution. After centrifugation, the supernatant was mixed with 156 

TBA reagent. The mixture was heated, cooled, and subsequently centrifuged at 10,000 × g for 5 min at 4 ℃. The  157 

absorbance of the supernatant was measured at 532 nm. 158 

2.3.9 Hydrogen peroxide (H₂O₂) content 159 

H₂O₂ content was determined with the Hydrogen Peroxide Assay Kit (A064-1-1, Nanjing Jiancheng Bioengineer- 160 

ing Institute, Nanjing, China). In short, 0.1 g sample was mechanically homogenized in 0.9 mL PBS (pH 7.0) in an 161 

ice-water bath. After centrifugation at 10,000 × g for 10 min, the supernatant was subjected to colorimetric  162 

measurement at 405 nm. 163 

2.3.10 Statistical analysis of data 164 

Statistical analyses were performed using SPSS v 21.0 (SPSS Inc., Chicago, IL, USA). Data were subjected to 165 

one-way analysis of variance (ANOVA), and mean comparisons were performed using Duncan's multiple range test 166 

at a significance level of p < 0.05. All values are expressed as the mean ± standard deviation (SD) from three inde- 167 

pendent biological replicates. Figures were prepared using Microsoft Excel 2024 and GraphPad Prism v 9.5  168 

(GraphPad Software, USA). 169 

3. Results 170 

3.1. Influence of Korean pine genotypes on callus induction 171 

In this study, female gametophyte explants at the cleavage polyembryony stage from three different Korean pine 172 

genotypes were used as explants to assess the effect of genotype on EC induction (Fig. 1A, a-c; f-h; k-m). After 20 days 173 

of culture, it was found that although numerically the callus induction rates were relatively close among the three 174 

genotypes, which were 39.08 % (L22-2), 29.44 % (W135), and 37.25 % (W154), respectively (Fig. 1B), there were obvi- 175 

ous differences in external morphological and internal cytological characteristics of callus. Calli derived from geno- 176 

type W135 were white, loose, and translucent (Fig. 1A, d). Notably, although this callus type was predominantly 177 

composed of large, irregular non-embryogenic cells (green circle), some small, regular embryogenic cells (red circle) 178 

were also observed (Fig. 1A, e). This type of callus turned brown after subculture with relatively low embryogenic 179 

potential and therefore, was designated as LEC. By contrast, W154-derived calli were white, opaque, compact, and 180 

granular (Fig. 1A, i), consisting largely of irregular non-embryogenic cells, with few typical embryogenic cells whose 181 

observed features were consistent with NEC (Fig. 1A, j). Calli from L22-2, however, were white, translucent, soft, and 182 

viscous, with filamentous structures on the surface (Fig. 1A, n), consisting of small, uniform, nearly round, and tightly 183 

packed embryogenic cells (Fig. 1A, o). Unlike the other two callus types, which turned brown during subsequent so- 184 

matic embryos maturation, L22-2-derived calli successfully differentiated into somatic embryos, confirming their high 185 

embryogenic potential. Collectively, these findings demonstrate that EC induction in Korean pine is geno- 186 

type-dependent: L22-2 produced exclusively EC (sensitive genotype), W154 produced predominantly NEC with 187 

scarce embryogenic components; whereas W135 formed a substantial proportion of EC together with NEC. Based on 188 

their browning responses and poor embryogenic performance after subculture, W154 and W135 were classified as  189 

recalcitrant genotypes. 190 
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 191 
Fig 1. Cone, seeds, embryo development, callus morphology, histocytological observations and induction rates  192 

in different Korean pine genotypes 193 
(A) Morphological observations of cones, seeds, embryonic developmental stages, callus, and histological sections of different Ko- 194 
rean pine genotypes. a-e: Genotype W135; f-j: Genotype W154; k-o: Genotype L22-2. (a) Fresh cone of W135; (b) Seed of W135; (c) 195 
Cleavage polyembryony stage in a seed of W135; (d) LEC induced from W135; (e) Histological section of W135; (f) Fresh cone of 196 
W154; (g) Seed of W154; (h) Cleavage polyembryony stage in in a seed of W154; (i) NEC induced from W154; (j) Histological section 197 
of W154; (k) Fresh cone of L22-2; (l) Seed of L22-2; (m) Cleavage polyembryony stage in in a seed of L22-2; (n) EC induced from 198 
L22-2; (o) Histological section of L22-2. In panel e, the red circles indicate embryogenic cells, and the green circles indicate  199 
non-embryogenic cells. Scale bars: a, f, k = 40 mm; b, c, g, h, l, m = 2 mm; d, i, n = 0.5 mm; e, j, o = 1 mm. 200 

(B) Callus induction rates of three callus types from different Korean pine genotypes.  201 

3.2 The changes of endogenous hormones content and balance 202 

3.2.1 Changes of endogenous hormones content 203 

In contrast to the two recalcitrant genotypes, L22-2 maintained a high IAA content (36.92-37.46 ng·g-1 FW) from  204 

0 to 10 days, followed by a continuous decline to a minimum of 20.05 ng·g-1 FW at day 20 (p < 0.05). In contrast, gen- 205 

otypes W135 and W154 remained relatively stable IAA during the first 10 days, and then IAA increased rapidly to 206 

peaks at 15 days (42.13 ng·g-1 FW for W135 and 31.87 ng·g-1 FW for W154). Thereafter, their trends diverged: IAA of 207 

W135 dropped back to its day 10 level by day 20 (p < 0.05), whereas W154 remained relatively stable IAA, ranging 208 

from 27.24 to 31.87 ng·g-1 FW during days 15-20 (Fig. 2). 209 
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 211 
Fig 2. The changes in the content of endogenous hormones during the callus induction process  212 

of three Korean pine genotypes 213 

The ZR content exhibited significantly different trends among the three Korean pine genotypes. For genotype 214 

L22-2, the ZR content remained relatively stable, high level from 0 to 10 days, being approximately twice that of gen- 215 

otypes W135 and W154 at day 0. Subsequently, a sharp increase in ZR content of L22-2 occurred between 10 and 15 216 

days, peaking at 15 days (7.76 ng·g-1 FW), which was significantly higher than the levels at 5, 10, and 20 days (p < 0.05). 217 

In genotype W154, ZR content followed a fluctuating trend, increasing from days 5 to 10, decreasing between days 10 218 

and 15, and then rising again from days 15 to 20. The lowest values were recorded at days 0 and 15 (3.28 and 3.94 219 

ng·g-1 FW, respectively), while the highest value was observed at day 20 (7.83 ng·g-1 FW). In contrast to L22-2 and 220 

W154, genotype W135 maintained consistently low ZR levels throughout the experimental period (3.29 -3.89  221 

ng·g-1 FW), showing no significant changes over time (p > 0.05). 222 

The three genotypes exhibited distinct ABA accumulation patterns. For W135, ABA levels remained high during 223 

the first 10 days (146.93 and 147.97 ng·g-1 FW at days 0 and 10, respectively), then decreased sharply to a minimum  224 

of 11.84 ng·g-1 FW at day 20, significantly lower than the levels at days 0, 10, and 15 (p < 0.05). In contrast, W154 225 

showed a sustained decrease over the entire period, from 161.54 ng·g-1 FW at day 0 to 32.79 ng·g-1 FW at day 20.  226 

ABA of L22-2 decreased gradually from day 0 to day 15, reaching a minimum of 56.75 ng·g-1 FW at day 15, then re- 227 

covered by day 20 to a level comparable to that at day 10 (p < 0.05). Notably, its initial ABA content at day 0 (84.41  228 

ng·g−1 FW) was significantly lower than those of W135 and W154. 229 

    The MeJA content also showed markedly different dynamics across the three Korean pine genotypes. In genotype 230 

L22-2, MeJA levels moderately increased from day 0 to day 15 (24.93-26.05 ng·g-1 FW), followed by a sharp decline 231 

from day 15 to day 20, reaching the minimum value of 22.07 ng·g−1 FW at day 20, which was significantly lower than 232 

those detected in days 0-15 (p < 0.05). In comparison with L22-2, genotypes W135 and W154 exhibited relatively low 233 

MeJA levels at day 0 (3.10 and 3.18 ng·g-1 FW, respectively). MeJA contents in W154 followed an "in- 234 

crease-decrease-increase" pattern: its contents rose rapidly from days 0 to 10, declined sharply over days 10-15, and 235 

subsequently increased greatly from days 15 to 20. The minimum content (3.18 ng·g-1 FW) was detected at day 0, 236 

whereas the maximum value (27.61 ng·g-1 FW) appeared at day 20. For W135, MeJA content remained low from days 237 

0 to 10 and increased gradually thereafter, peaking on day 20 (19.85 ng·g-1 FW), significantly higher than that at  238 

0-15 d (p < 0.05). 239 

GA₃ content showed no significant changes over the entire sampling period in both W154 and L22-2 (p > 0.05). In 240 

contrast, GA₃content in W135 was lowest at day 0 (3.23 ng·g-1 FW), which was significantly lower than the values 241 

observed from days 10 to 20 (p < 0.05). It increased sharply from day 0 to day 10, and then remained relatively stable  242 

at 4.81-5.52 ng·g-1 FW thereafter. 243 

Similar to GA3, BR content was low in all three genotypes (3.53-6.60 ng·g-1 FW). In W135 and W154, BR levels 244 

stayed low from days 0 to 10, ranging from 3.53 to 4.31 ng·g-1 FW. In W135, BR contents increased gradually during 245 

10-20 d and reached its maximum (6.60 ng·g-1 FW) at day 20. In W154, BR contents increased from days 10 to 15 and 246 

remained stable thereafter from days 15 to 20. BR content of L22-2 decreased initially (days 0-10), followed by an in- 247 

crease (days 10-15), and gradually stabilized during days 15-20, reaching a minimum of 3.80 ng·g-1 FW on day  248 

10. 249 
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In summary, to obtain calli with high embryogenic potential, initial explants of the sensitive Korean pine geno- 250 

type required high levels of IAA, ZR and MeJA, together with a low level of ABA. During the subsequent callus ex- 251 

pansion phase without subculture, elevated levels of ZR and MeJA, alongside low IAA, became critical factors. In  252 

contrast, for the two recalcitrant genotypes, the effects of individual hormones also varied. 253 

3.2.2 Changes in the ratio of endogenous hormone content 254 

As illustrated in Fig. 3, the IAA/ZR ratios (3.30-11.99) in all three genotypes were markedly higher than the ratios  255 

of IAA/ABA, MeJA/ABA, GA3/ABA, BR/ABA, and ZR/ABA (all < 2.6). 256 

 257 

 258 
Fig 3. The changes in the ratio of endogenous hormones during the callus induction process  259 

of three Korean pine genotypes 260 

Specifically, in L22-2, the value of IAA/ZR remained high from days 0 to 10 (10.17 and 10.30, respectively). It de- 261 

clined gradually after day 10 and reached its minimum at day 20 (3.76). Unlike L22-2, the ratio in W135 fluctuated 262 

slightly during 0-10 d, rising sharply from days 10 to 15, with the maximum value observed at day 15 (11.99), and 263 

subsequently decreasing to a low level at day 20 comparable to that at day 0 (p < 0.05). Similar to W135, the IAA/ZR 264 

ratio of W154 exhibited a "decrease-increase-decrease" trend, peaking at day 15 (8.08). Notably, the IAA/ZR ratios  265 

of W135 and W154 at day 0 were relatively low (6.67 and 6.48, respectively) compared with L22-2 (10.17). 266 

Unlike the IAA/ZR ratio (6.11-6.67), the other five ratios (IAA/ABA, MeJA/ABA, GA₃/ABA, BR/ABA and ZR/ABA) 267 

in W135 remained relatively low (0.02-0.16) with minor fluctuations from days 0 to 10. These ratios rose sharply after 268 

day 10 and peaked at day 20, with the highest being 2.56 for IAA/ABA. For L22-2 and W154, these ratios remained 269 

low with mild fluctuations from days 0 to 15; however, W154 showed a substantial increase from days 15 to 20.  270 

In contrast, from days 10 to 15, the sensitive genotype L22-2 maintained stable ratios or increased slightly, and  271 

thereafter kept steady levels or increased moderately from days 15 to 20. 272 

Thus, we found a high IAA/ZR ratio was observed in initial explants as well as in tissues undergoing early em- 273 

bryogenic competence acquisition, whereas a lower ratio more favorable during the subsequent callus expansion 274 

phase in the sensitive genotype. In contrast to the sensitive genotype, low IAA/ZR ratios were observed in the two 275 
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recalcitrant genotypes at the initial stages, which may favour early LEC and NEC formation. Furthermore, high ratios 276 

of IAA/ABA, MeJA/ABA, GA3/ABA, BR/ABA and ZR/ABA may favour LEC formation during the middle and late  277 

stages.  278 

3.3 Changes in stored substances and antioxidant indices 279 

3.3.1 Changes of stored substances  280 

Overall, as shown in Fig. 4, soluble protein contents showed no significant differences over time or among  281 

genotypes (p < 0.05), ranging from 0.14 to 0.15 mg·g-1 FW throughout the induction period. 282 

 283 
Fig 4. Changes of nutritional indexes during the callus induction process of three Korean pine genotypes 284 

Specifically, in W154 and L22-2, soluble sugar contents kept stable or fluctuated slightly from days 0 to 15 before 285 

declining sharply by day 20. Minimum values occurred at day 20 (5.31 and 3.72 mg·g-1 FW, respectively for  286 

W154 and L22-2), significantly lower than their respective levels on days 0, 5 and 15 (p < 0.05). In comparison with the 287 

above two genotypes, W135 exhibited a lower soluble sugar content at day 0 (3.59 mg·g-1 FW), which was signifi- 288 

cantly lower than the values from days 5 to 20 (p < 0.05). The content rose sharply over days 0-10 and then remained 289 

stable from days 10 to 20 (6.64-7.21 mg·g-1 FW). 290 

Consistent with the variation of soluble protein contents, starch contents varied slightly across the three Korean 291 

pine genotypes throughout the sampling period (2.21-2.92 mg·g-1 FW). W135 showed an initial increase in starch 292 

content from days 0 to 10, followed by a relatively stable stage from days 10 to 20. In L22-2, starch content increased 293 

(0-10 d), then remained relatively stable (10-15 d), and finally decreased (15-20 d), reaching a low level at day 20 com- 294 

parable to that at day 0 (p < 0.05). Starch content in W154 only fluctuated slightly over 0-20 d (2.21-2.56 mg·g-1 FW) . 295 

3.3.2 Changes of antioxidant indices 296 

Compared with the two recalcitrant genotypes, the sensitive genotype exhibited higher MDA content during the 297 

first 10 days. Its levels remained stable from day 0 to day 10, and then decreased sharply between days 10 and 20, 298 

reaching a minimum of 0.82 µmol·g-1 FW at day 20. MDA content in W135 increased significantly from days 0 to 15 299 

and then stayed stable from days 15 to 20. By contrast, MDA content in W154 remained relatively low and stable 300 

throughout the culture period, fluctuating from 0.63 to 0.77 μmol·g-1 FW. Notably, the two recalcitrant genotypes 301 

exhibited comparable MDA content (Fig. 5). 302 
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 303 

 304 
Fig 5. Changes of antioxidant indices during the callus induction process of three Korean pine genotypes 305 

Compared to the two recalcitrant genotypes, the sensitive genotype exhibited higher POD activity (6.50-16.84 306 

U·g-1 FW·min-1), which increased dramatically from days 0 to 10 (6.50 and 15.70 U·g-1 FW·min-1 , respectively), with 307 

no significant changes observed from days 10 to 20 (p < 0.05). For the two recalcitrant genotypes, POD activity re- 308 

mained at a low level throughout 0-20 d (0.40-2.31 U·g-1 FW·min-1). POD activity in W135 exhibited slight fluctuations 309 

throughout the period, while POD activity in W154 stayed stable between day 0 and day 10, increased gradually 310 

thereafter, and peaked on day 20 at 2.31 U·g-1 FW·min-1. 311 

    SOD activity in the initial explants of the three Korean pine genotypes was comparable, ranging from 109.19 to 312 

119.28 U·g-1 FW. However, as callus induction progressed, distinct genotype-dependent dynamic patterns emerged. 313 

Specifically, W154 sustained consistently low SOD activity during 10-20 d, corresponding to NEC formation. For 314 

L22-2, SOD activity increased progressively from day 0 to day 15, reaching a peak of 200.27 U·g-1 FW at day 15, before 315 

decreasing slightly by day 20; however, this decline was not statistically significant (p > 0.05). By contrast, W135 ex- 316 

hibited a biphasic SOD activity pattern, with peaks at day 10 (168.46 U·g-1 FW) and day 20 (189.69 U·g-1 FW) , in- 317 

terspersed with a pronounced trough on day 15. The two peak values were not significantly different (p > 0.05), yet 318 

both were markedly higher than the SOD activity levels observed on days 0 and 15 (p < 0.05). 319 

CAT activity differed significantly among the three Korean pine genotypes, with minimal differences observed at 320 

0 d. In L22-2, it was stable (0-10 d), increased (10-15 d), peaking at day 15 (2.29 U·g-1 FW·min-1), which was signifi- 321 

cantly higher than those at days 0, 10, and 20 (p < 0.05). In W135, CAT activity increased from 0 to 10 d, with the min- 322 

imum value detected at day 0 (0.89 2.29 U·g-1 FW·min-1), and maintained a stable level between 10 and 20 d 323 

(2.58-3.14 U·g-1 FW·min-1). Meanwhile, W154 followed an "up-down-up" trend, with a peak at day 10 (5.94  324 

U·g-1 FW·min-1).  325 

In the sensitive genotype, H2O2 content increased gradually from day 0 to 15, reached a maximum at day 15 (0.29 326 

mmol·g prot-1), and then decreased between days 15 and 20. By contrast, in the two recalcitrant genotypes, H2O2 327 
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content decreased continuously throughout the process, with peak values at day 0 of 0.31 and 0.22 mmol·g prot-1, 328 

respectively. Notably, the sensitive genotype exhibited an intermediate initial content at day 0 (0.26 mmol·g prot-1)  329 

relative to the two recalcitrant genotypes. 330 

4. Discussion 331 

High-frequency EC induction is critical for establishing somatic embryogenesis (SE) systems in conifers, yet it 332 

remains challenging in Korean pine owing to low induction rates and strong genotype dependency (Liang et al. 2022). 333 

Although this challenge is widespread across conifer SE systems (Walther et al. 2021; Wang et al. 2022; Chen et al. 2025), 334 

the underlying regulatory mechanisms remain poorly understood (Zhang et al. 2024). Thus, reliable markers for 335 

screening responsive genotypes are urgently needed to predict EC competence at an early stage. To address this, we 336 

compared physiological indicators between sensitive and recalcitrant Korean pine genotypes to identify genotypes 337 

with high EC induction capacity. Furthermore, given that our previous study revealed a gradual transition from LEC 338 

to NEC in the recalcitrant genotype W135 during the late induction stages (Liang et al. 2025), the present study was  339 

also aimed to elucidate the physiological basis underlying this loss of embryogenic competence. 340 

4.1. The role of endogenous hormones during EC induction in Korean pine genotypes with contrasting embryogenic potential 341 

The acquisition of embryogenic competence in somatic cells is regulated by multiple physical and chemical factors, 342 

among which endogenous hormones are of paramount importance. Auxin and cytokinins (CTKs), in particular, are 343 

critical initiators for somatic cells to acquire embryogenic competence, modulating cell division and differentiation 344 

(Yue et al. 2022). In our study, the sensitive Korean pine genotype exhibited higher IAA levels in initial explants com- 345 

pared with two recalcitrant genotypes, whereas its IAA content remained low during the subsequent callus expansion 346 

phase without subculture, suggesting that IAA is essential for the somatic-to-embryogenic cell fate switch. This auxin 347 

requirement has been well documented in Medicago truncatula (Ewa and Anna 2021), Solanum betaceum (André et al. 348 

2022), and Passiflora edulis (Lima et al. 2024), where higher IAA content was observed in initial explants of EC-induction 349 

versus NEC-forming explants, with a subsequent decline during EC formation. Collectively, these findings indicate 350 

t h a t  h i g h  I A A  l e v e l s  p r o m o t e  E C  i n i t i a t i o n  i n  K o r e a n  p i n e ,  w h e r e a s  l o w  I A A  l e v e l s  a r e  351 

essential forvigorous EC growth and maintenance of high embryogenic potential. 352 

Beyond the central function of auxin in driving somatic cell dedifferentiation and EC initiation, CTKs also partic- 353 

ipate in this reprogramming event. Nevertheless, CTKs do not function as stand‑alone triggers; rather, they act syner- 354 

gistically with auxin to modulate this reprogramming process and facilitate the acquisition of embryogenic compe- 355 

tence (Wang et al. 2021). In this study, the ZR content in the initial explants of the sensitive Korean pine genotype was 356 

significantly higher than that in the two recalcitrant genotypes, suggesting that high CTK levels are associated with the 357 

formation of embryogenic cells. This corroborates previous findings that high concentrations of exogenously supplied 358 

auxin and CTKs are required for EC induction (Kamble et al. 2024). It further suggests that differences in endogenous 359 

CT K a bu n da nce  a m ong  K or ea n  p i ne  g e not y p es  p a r t l y  a cco u nt  f or  t he  f or ma t i o n  o f  ca l l u s  360 

with divergent embryogenic competence. 361 

Our results indicated that high MeJA levels in the explants favored EC induction in Korean pine. While the role of 362 

MeJA in SE has been rarely investigated, existing evidence suggests stage specific effects: our previous study demon- 363 

strated that MeJA promotes somatic embryo differentiation in this species (Liang et al. 2022), and a study on Artemisia 364 

maritima reported its beneficial impacts on somatic embryo maturation and germination (Nabi et al. 2025).  365 

Furthermore, our results revealed that the sensitive Korean pine genotype exhibited significantly lower ABA lev- 366 

els than the recalcitrant genotypes during early EC induction, consistent with reports in M. truncatula  367 

demonstrating that low endogenous ABA favors EC formation (Ewa and Anna 2021). 368 

In addition to the regulation of individual hormones, the acquisition of embryogenic competence during plant SE 369 

is governed by the intricate balance among multiple phytohormones (Liang et al. 2022). The IAA:CTK ratio, in partic- 370 

ular, modulates cell polarity and cell reprogramming during cell differentiation and redifferentiation in most plant 371 

species (Chen et al. 2025). Consistent with these findings, our results demonstrate that auxin-cytokinin dynamics 372 

(represented by the IAA/ZR ratio in this study) are critical for the somatic-to-embryogenic cell transition in Korean 373 

pine. More specifically, a higher IAA/ZR ratio favored EC initiation in the sensitive Korean pine genotype, whereas a 374 

lower ratio was more conducive to the subsequent vigorous growth of EC. Moreover, during vigorous growth after 375 

LEC induction, we found that the ratios of IAA/ABA, MeJA/ABA, GA3/ABA, BR/ABA, and ZR/ABA were all higher 376 

than those in NEC and EC during their respective induction. This unique hormonal signature indicates that LEC 377 

maintains a distinct hormonal homeostasis relative to EC and NEC at this identical post‑induction stage, which poten- 378 
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tially contributes to the progressive loss of embryogenic competence in LEC. Overall, these findings indicate that dif- 379 

ferences in hormonal balance represent a key factor underlying genotypic differences in both the acquisition and sub- 380 

sequent maintenance of embryogenic competence in Korean pine. Additionally, given that callus status depends 381 

heavily on both exogenous hormone application and endogenous hormonal balance (Lu et al. 2020), our  382 

findings can be used not only to screen responsive genotypes but also to optimize hormone treatment regimes. 383 

4.2 The role of stored substances during EC induction in Korean pine genotypes with contrasting embryogenic potential 384 

Besides endogenous hormones, embryogenic culture initiation depends on multiple factors including storage 385 

substances (proteins, starch and soluble sugars) (Peng et al. 2020). These metabolites synergistically provide energy for 386 

the somatic-to-embryogenic cell transition, EC proliferation and somatic embryo differentiation during SE (Pernis et al. 387 

2026). In this study, soluble proteins showed no significant differences over time or among genotypes, and starch var- 388 

ied only within a narrow range without a consistent genotypic pattern. Soluble sugars, however, differed among gen- 389 

otypes: the LEC‑producing genotype was markedly lower than the EC‑ and NEC‑producing genotypes at day 0, then 390 

rose rapidly to reach levels comparable to both by days 10‑15; yet from days 15‑20, sugar levels declined in the EC‑ and 391 

NEC‑producing genotypes but remained high only in the LEC‑producing genotype. This pattern, whereby soluble 392 

sugar levels were lowest initially, converged at mid‑induction, and were uniquely sustained in LEC at late stages, in- 393 

dicates that soluble sugar levels neither changed monotonically with callus type nor remained stable over time. This 394 

dynamic feature may not serve as a robust indicator for discriminating among genotypes that produce EC, LEC, or 395 

NEC. Overall, none of these three storage substances exhibited a consistent genotype associated pattern of variation, 396 

and they may be insufficient on their own to account for the genotypic differences in EC induction. Unlike in Hevea 397 

brasiliensis (Gu et al. 2025), none of them appears likely to act as a primary determinant of genotype  398 

dependent EC induction in Korean pine, and their exact roles still require further functional validation. 399 

4.3 Oxidative stress responses during EC induction in Korean pine genotypes with contrasting embryogenic potential 400 

Antioxidant enzymes such as SOD, CAT, and POD participate in ROS metabolism by regulating the homeostasis 401 

between superoxide (O₂·⁻) and H₂O₂, thereby supporting plant SE (Orłowska and Kępczyńska 2020). In this context, 402 

ROS levels are critical: moderate ROS levels promote dedifferentiation and differentiation, whereas excessive ROS 403 

triggers the loss of totipotency and cell death. Since the activities of these enzymes change dynamically alongside ROS 404 

levels during SE, they may serve as useful markers of SE progression (Przybył et al. 2024). Among these enzymes, POD 405 

is a potential biochemical marker for the early evaluation of embryogenic potential in callus (Sara et al. 2021). In our 406 

study, POD activity was significantly higher in the sensitive Korean pine genotype than in recalcitrant ones, consistent 407 

with the findings in Ormosia henryi (Wu et al. 2020), where elevated POD activity promoted embryogenic cell initiation 408 

and maintenance of the embryogenic state.  This highlights POD’s key role in embryogenic cell  409 

formation and embryogenic competence maintenance in Korean pine. 410 

SOD initiates the antioxidant cascade by converting O₂·⁻ to O₂ and H₂O₂, playing a key role in redox homeostasis 411 

(Csongor et al. 2023). In Korean pine, initial SOD activity was comparable across genotypes, but its dynamics diverged 412 

during callus induction in a genotype-dependent manner. W154 exhibited persistently low SOD activity throughout 413 

10-20 d, implying a possible association between NEC formation and reduced antioxidant capacity. Furthermore, SOD 414 

activity in the sensitive genotype exhibited a single peak at day 15, whereas the LEC-forming  genotype exhibited a 415 

two-peak pattern. This suggests that the loss of embryogenic competence in LEC‑forming genotypes may result from 416 

the absence of temporally coordinated SOD activation, implying that dynamic regulation of SOD activity may be re- 417 

quired to maintain embryogenic competence. Likewise, Ren et al. (2022) reported an association between altered dy- 418 

n a m i c  p r o f i l e s  o f  S O D  a c t i v i t y  a n d  i m p a i r e d  e m b r y o g e n i c  c o m p e t e n c e  d u r i n g  E C  419 

subculture. 420 

Consistent with the view that moderate oxidative stress facilitates embryogenic cell formation (Zhou et al. 2016), 421 

our study revealed higher MDA levels in the sensitive Korean pine genotype relative to the two recalcitrant genotypes 422 

during embryogenic cell initiation. Nevertheless, during further EC growth, MDA levels of the sensitive genotype 423 

declined markedly. Despite distinct MDA patterns between the two recalcitrant genotypes, the gap in MDA content 424 

between sensitive and recalcitrant genotypes gradually narrowed. These findings imply that reduced MDA  425 

accumulation contributes to maintaining embryogenic competence, as also reported previously (Nie et al. 2024). 426 

    CAT functions subsequent to SOD, decomposing H₂O₂ produced by SOD into H₂O and O₂, playing an essential 427 

role in mitigating oxidative stress (Csongor et al. 2023). In our study, CAT activity in the initial explants was low, with 428 

only minor differences among genotypes. In the LEC-forming genotype, CAT rose sharply within the first 10 days and 429 
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remained consistently high. Notably, our earlier work demonstrated that embryogenic competence was lost at day 15 430 

in this genotype (Liang et al. 2025). Since this sustained high CAT activity precedes the loss of embryogenic compe- 431 

tence, it may be linked to the decline in embryogenic potential in this genotype. In contrast, EC-forming sensitive 432 

genotype maintained stable CAT activity from 0 to 10 d, followed by a transient CAT peak at day 15 coinciding with 433 

maximum H₂O₂. This suggests that elevated CAT activity represents a defensive response against oxidative damage to 434 

support subsequent EC growth, rather than acting as a trigger for EC initiation. Another recalcitrant NEC forming 435 

genotype, W154, displayed a unique "up‑down‑up" CAT pattern peaking at day 10. Although its H₂O₂ levels also de- 436 

clined continuously, resembling the profile observed in the LEC forming genotype, W154 exhibited distinct CAT dy- 437 

namics. Collectively, these CAT dynamics generate distinct H₂O₂ profiles. In the sensitive genotype, H₂O₂ accumulated 438 

gradually up to day 15 to maintain moderate ROS levels that support EC formation and subsequent growth. By con- 439 

trast, both recalcitrant genotypes displayed continuously declining H₂O₂ levels, but diverged in regenerative perfor- 440 

m a n c e :  o n e  g a v e  r i s e  t o  L E C  t h a t  e v e n t u a l l y  c o n v e r t e d  i n t o  N E C ,  w h e r e a s  441 

W154 directly formed NEC and exhibited a distinct CAT temporal pattern. This aligns with the concentration de- 442 

pendent function of ROS, whereby moderate ROS levels facilitate the acquisition of embryogenic competence, whereas 443 

excessive ROS trigger cell death (Orłowska and Kępczyńska 2020). Nevertheless,genotypic variation likely underpins 444 

these differences in antioxidant associated physiological responses (Chen et al. 2026). Thus, the transient CAT peak in 445 

the sensitive genotype supported subsequent EC growth, whereas the sustained elevation in LEC‑forming genotypes 446 

was associated with persistent stress and and the eventual loss of embryogenic competence . This 447 

highlights that temporal CAT dynamics, rather than absolute CAT levels, differentiate these two cell fates. 448 

In summary, our quantitative analysis demonstrates that physiological homeostasis governs both the initiation 449 

and maintenance of embryogenic competence during EC induction in Korean pine. The acquisition of embryogenic 450 

competence is characterized by an oxidative burst (high POD, MDA, and H₂O₂; low CAT activity), accompanied by 451 

elevated IAA and MeJA levels and reduced ABA levels. Together, these factors prime the somatic‑to‑embryogenic 452 

transition. In contrast, EC growth and maintenance of high embryogenic potential require CTK dominant signalling 453 

(high ZR), a decreased IAA/ZR ratio, diminished MDA content, and sustained H₂O₂ acting as a potential signalling 454 

molecule. Notably, the LEC‑forming genotype diverged from its NEC‑producing counterpart during subsequent 455 

growth following callus induction, it exhibited lower ZR, persistently higher IAA/ABA, MeJA/ABA, GA₃/ABA, 456 

BR/ABA and ZR/ABA ratios, and significantly reduced SOD activity at day 15. Such hormonal‑redox imbalance may 457 

disrupt the homeostasis required for the maintenance of embryogenic competence, ultimately causing loss of this ca- 458 

pacity in this genotype. The LEC‑forming genotype retained partial initial embryogenic competence, as reflected by its 459 

ability to activate CAT. Nevertheless, it could not maintain this capacity over time. This phenotypic defect may stem 460 

from an incomplete antioxidant network: although CAT became persistently elevated during 10-20 d, SOD returned to 461 

low levels at day 15, while POD and MDA remained at basal levels. This asynchronous activation, lacking functional 462 

integration, caused progressive oxidative damage and gradually depleted the initial embryogenic potential of LEC. By 463 

comparison, the NEC‑forming genotype could not establish this partial coordinated antioxidant response, and its an- 464 

tioxidant system lacked the capacity for such sequential activation from the outset. Thus, the distinction between LEC 465 

and NEC may lie not solely in the presence or absence of embryogenic competence at the initial stage, but in the sus- 466 

tainability of that capacity-a sustainability that may depend on the completeness and temporal  467 

coordination of the antioxidant network. 468 

These findings provide a physiological basis to interpret genotype-dependent differences in the initiation and 469 

maintenance of embryogenic competence during EC induction in Korean pine. Nevertheless, the regulatory networks 470 

underlying this hormonal-redox interplay, together with the contributions of dynamic changes in stored substances, 471 

remain to be fully elucidated. Future work combining integrated omics approaches and functional validation will help 472 

uncover key molecular targets, and thereby convert our current physiological findings into optimized culture  473 

protocols for recalcitrant Korean pine genotypes. 474 

5. Conclusions 475 

In this study, we profiled dynamic changes in endogenous hormones, storage substances and antioxidant systems 476 

during formation of three embryogenically distinct callus types (EC, LEC, NEC) from sensitive and recalcitrant Korean 477 

pine genotypes, and identified genotype-dependent physiological markers. The LEC-forming genotype showed early 478 

morphogenetic activation yet lost embryogenic capacity due to incomplete antioxidant networks and hormonal redox 479 

imbalance, whereas the NEC‑forming genotype failed to trigger even partial activation of these pathways. These con- 480 
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trasting fates delineate the physiological thresholds that distinguish truly embryogenic from non- or transient- 481 

ly-competent callus. Notably, this physiological marker set may help identify genotypes with high embryogenic po- 482 

tential at callus initiation, avoiding the long waiting period for somatic embryo differentiation and facilitating the op- 483 

timization of embryogenic callus induction conditions. Collectively, our work provides a physiological framework for 484 

embryogenic fate determination: bidirectional transitions between somatic and embryogenic cells in Korean pine are 485 

genotype-dependent. Genotypes modulate crosstalk among hormonal signals, redox homeostasis, and storage metab- 486 

olites to govern embryogenic fate. 487 
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