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Abstract: Larix principis-rupprechtii Mayr, a coniferous species indigenous to Northern China, pos-

sesses significant ecological and economic value. Somatic embryogenesis offers a pathway with

significant potential for large-scale propagation, long-term germplasm conservation, and genetic

transformation in L. principis-rupprechtii Mayr. However, it remains unclear whether significant

variations occur in embryogenic tissues during long-term successive subculturing, which could

impact the productivity of somatic embryos. This is a pivotal concern that lacks comprehensive

understanding. In this study, three embryogenic cell lines were used to explore the dynamics and

relationships among proliferation rate, pre-treatment proliferation rate, and embryogenic capabilities

across a series of 32 subculturing cycles. Proliferation rate, pre-treatment proliferation rate, and

somatic embryo maturation rate showed no significant correlation with subculturing cycles. However,

there was a positive correlation between subculturing cycles and pre-treatment proliferation rate

and a negative correlation with somatic embryo maturation rate in the BFU1 cell line. In addition,

we utilized ten SSR molecular markers to investigate the genetic stability in embryogenic tissues

during long-term subculturing. No genomic variations were detected in any of the three embryogenic

cell lines, which suggests that the observed phenotypic dynamics during subculturing may not be

primarily driven by genomic alterations. This study provides novel insights into the dynamics of

the long-term culture of embryogenic tissues, laying a foundation for the optimization and appli-

cation of somatic embryogenesis techniques in L. principis-rupprechtii Mayr and potentially other

coniferous species.

Keywords: conifer; larch; somatic embryos; proliferation efficiency; mature capacity; genetic stability;

SSR molecular markers

1. Introduction

Prince Rupprecht’s larch (Larix principis-rupprechtii Mayr) is a Pinaceae species native
to northern China. Because of its durable qualities, robust resistance to harsh weather
conditions, soil retention capability, and wind-resistant traits, this species is valuable for
reforestation and afforestation in barren mountains, demonstrating high ecological and
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economic significance [1]. However, the traditional sexual reproduction methods used
for breeding and propagation present several disadvantages. These include a long cycle,
low germination rate, and challenges such as the age effect, location effect, and difficulty
in obtaining materials [2–6]. Consequently, these factors contribute to the inefficiency of
Prince Rupprecht’s larch breeding. The rapid progress in plant somatic embryogenesis has
surmounted numerous challenges encountered in conventional sexual reproduction breed-
ing methods, paving the path for the advancement of effective gene transfer technology
and widespread propagation of new, high-performing clonal populations [7–10]. Research
on somatic embryogenesis techniques in Pinus species commenced with the initial obser-
vation of embryo-like structures in Banks pine (Pinus banksiana) documented in 1976 [11].
Factors impacting diverse stages of somatic embryogenesis (embryogenic tissue induction,
proliferation culture, pre-treatment, maturation treatment, etc.) and techniques to enhance
culture efficiency across various Pine species have been explored [10,12–20]. Furthermore,
with the advancement of bioinformatics, researchers are increasingly focusing on the role of
genes involved in the various stages of somatic embryogenesis [8,21–23]. However, studies
have shown that some conifer somatic cells exhibit reduced proliferation efficiency and
even loss of maturation capability after long-term ex vivo culture [24,25]. The occurrence
of this phenomenon introduces uncertainty regarding the extensive application of somatic
embryogenesis in Prince Rupprecht’s larch.

During plant tissue culture, cultivated tissues frequently experience mutations [26].
Some studies have found that the rate of variation in regenerated plants produced through
callus tissues is higher than those produced through axillary buds [27]. After callus tissues
undergo dedifferentiation and redifferentiation processes, changes in DNA methylation
levels occur. By studying the effect of tissue culture on methylation using a series of
non-transgenic rice lines regenerated plants and wild-type plants, it was found that all
regenerated plants exhibited significantly reduced levels of methylation compared to non-
regenerated plants [28]. Physiological changes typically result in non-heritable mutations,
while genetic material alterations lead to heritable mutations [29,30]. Variation in somatic
embryogenic lines generally originates from two sources: inherent genetic variation in
the plant tissue culture material, and variation induced during the tissue culture process,
which accumulates with long-term culture cycles. Conventionally, five primary factors are
considered to influence somatic cell embryogenic line in plants: (1) Plant genotype directly
impacts the quantity and quality of embryogenic line variation. Additionally, substantial
variations exist in somatic cell embryogenic line among different plant varieties [31,32].
(2) Regarding explant material, utilizing meristematic tissues like stem tips and axillary
buds generally results in a lower likelihood of mutations compared to using highly differ-
entiated plant tissues such as roots and leaves [33,34]. (3) Culture conditions, specifically
the composition of the culture medium, influence the cell division mechanism, potentially
inducing mutation phenomena [35]. (4) The duration of in vitro culture significantly in-
fluences mutation rates [27,36,37]; however, some studies suggest that even short-term
plant cultures exhibit genetic variations, implying that culture duration is not the sole
determinant of mutation occurrence in plant somatic cell lines [38]. It has been reported
that the quality and quantity of maturation of somatic embryos have been observed to
decrease with increasing number (and duration) of successions in species of the genus
Pinus [39–41]. Furthermore, degeneration of embryogenic tissues hindered early embryo
formation, potentially exacerbated by manipulations during successive cultures [24]. These
findings demonstrate the biochemical impacts of in vitro culture and the adverse effects of
aging on these processes.

The objective of this study was to explore the impact of extended culture cycles on
the proliferation efficiency, maturation capacity of Prince Rupprecht’s larch embryogenic
tissues, and to evaluate genetic variations in the long-term successions using SSR molecular
marker technology. This study will lay the foundation for large-scale asexual reproduc-
tion and further genetic improvement of Prince Rupprecht’s larch, providing important
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theoretical guidance for the better application of somatic embryogenesis technology in
forestry production.

2. Materials and Methods

2.1. Plant Materials

The open-pollinated cones were collected from the seed orchard of L. principis-rupprechtii
Mayr., the location of which, along with the initiation of embryogenic tissues, refers to
our previous research results [15]. Based on previous research and observations, the
embryogenic tissues of the stable Prince Rupprecht’s larch embryogenic cell lines BFU1,
BFU3, and BFU8 established in our laboratory were selected as experimental materials
for the study. Each cell line exhibited distinct characteristics in terms of morphology and
growth behavior.

2.2. Embryogenic Tissue Proliferation

The embryogenic tissue weighing 1 g was weighed and dispersed in the proliferation
medium on day 0, with each series number repeated four times. On the 14th day, the
embryogenic tissues in the proliferation medium were weighed, and 4 g of embryogenic
tissues was extracted and stored in frozen tubes. After freezing with liquid nitrogen, the
tissues were transferred to an ultra-low temperature refrigerator set at −80 ◦C for DNA
extraction. This process was repeated every 14 days to complete a culture cycle. The
proliferation in semi-solid medium was 1/2 mLV medium supplemented with 10 g L−1

sucrose, 3 g L−1 phytagel (Sigma, Shanghai, China), 0.4 g L−1 hydrolyzed casein (Sigma,
Shanghai, China), 0.5 g L−1 glutamine (Sigma, Shanghai, China), 0.2 mg L−1 2,4-D (Sigma,
Shanghai, China), and 0.1 mg L−1 6-BA (Sigma, Shanghai, China).

2.3. Pre-Treatment and Maturation

On the 10th day of the proliferation culture, 0.5 g of embryogenic tissue was weighed
and cultured on pre-treatment medium, with each line replicated four times. Subsequently,
on the 10th day of pre-treatment, the embryogenic tissues were transferred to the mat-
uration medium, and the count of somatic embryos was conducted after a two-month
maturation period. The pre-treatment in semi-solid medium was 1/2 mLV medium sup-
plemented with 10 g L−1 sucrose, 20 g L−1 maltose, 50 g L−1 PEG4000 (Sigma, Shanghai,
China), 2 g L−1 activated charcoal (Sigma, Shanghai, China), 0.2 g L−1 hydrolyzed casein
(Sigma, Shanghai, China), 0.4 g L−1 glutamine (Sigma, Shanghai, China), and 3 g L−1

phytogel (Sigma, Shanghai, China). The maturation medium was 1/2 mLV medium sup-
plemented with 10 g L−1 sucrose, 30 g L−1 maltose, 50 g L−1 PEG4000 (Sigma, Shanghai,
China), 16 mg L−1 ABA (Sigma, Shanghai, China), 0.2 g L−1 hydrolyzed casein (Sigma,
Shanghai, China), 0.4 g L−1 glutamine (Sigma, Shanghai, China), and 6 g L−1 phytogel
(Sigma, Shanghai, China).

2.4. Staining and Examination of Embryogenic Tissue

Small (~2 mm) diameter clumps of embryogenic tissue were placed on a glass slide, to
which a few drops of 2% acetocarmine were added until the callus was completely covered.
The callus was dispersed into small pieces using forceps. After 30 s, the slide was washed
with deionized water, which was then removed. Slides were examined and photographed
using Universal compound microscope fitted with OLYMPUS DP21 (Olympus Corporation,
Tokyo, Japan) digital color camera.

2.5. Genomic DNA Extraction

Tissue samples from the BFU1, BFU3, and BFU8 lines at the 1st, 7th, 17th, 25th, and
32nd proliferation cycles, along with fresh embryogenic tissues from the same lines after
two years of continuous culture, underwent DNA extraction using the Plant Genomic DNA
Extraction Kit (Tiangen, DP360, Beijing, China).
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2.6. SSR Identification

Ten pairs of polymorphic primers for Prince Rupprecht’s larch were screened according
to previous studies, two pairs were screened from SSR sequences derived from sequencing
the transcriptome of Prince Rupprecht’s larch healing tissues by Dong Mingliang et al. [42],
three pairs were derived from EST-SSR markers for Pinus species developed by Fan Y. et al. [43],
and five pairs were derived from EST-SSR markers for Prince Rupprecht’s larch developed
by Dong Mingliang et al. [44]. Information of primers were listed in Table 1.

Table 1. Pairs of SSR primers.

Number Primer Name Sequence Repetitive Unit Tm (◦C) Fragment Size (bp) References

1 F42
F:AACACTTTAATCCCCTCCC

(CAGGAA)5 51 190–220 [43]
R:CTGGACCTGATACTCCTCTTC

2 F94
F:GCCGTTGACAACAATTACAT

(ACTGG)5 55 150–180 [43]
R:AAAGAATAGCAACCCGCAGT

3 F1
F:AAGGAGGAGGGTCAGGGAA

(TCAGGC)5 55 160–190 [43]
R:CATGCGGAGGTTGAGTGTG

4 SSR11
F:ATGGGTTTGACAGCGGATAA

(GCA)6 55 240–260 [42]
R:CGTGTTCTTGTTTTGGGTGG

5 Lar_eSSR111
F:GATATCAACTCCCTGCGGAA

(CCTGAA)4 55 230 [44]
R:AGCTGTGAGCGAGAGAGAGG

6 Lar_eSSR115
F:TTGTGATGCTTCTTTGACCG

(TTGTCT)4 55 239 [44]
R:GAGGCAGATAGAGGGCTTCC

7 Lar_eSSR78
F:CAATCCGATAAAACGCCATC

(GTGTCG)4 55 262 [44]
R:CAGTAACACTCCCGCCTAGC

8 Lar_eSSR54
F:GCGCGCTCTTCTTTTCTCT

(ACCCGC)6 55 162 [44]
R:CGCCGTCGACTGTATAACCT

9 Lar_eSSR11
F:AATCCAAATTTCTGGACCCC

(CAAGGG)4 56 239 [44]
R:CCTGCAAAAAGAGGATAGCG

10 SSR12
F:GCCTTCGCTGATCTGTTT

(AC)6(AT)6 55 170–190 [42]
R:TTTCCTCTTGACGGACTCTT

The electrophoretic profiles were manually interpreted, and the electrophoretic bands
produced by each pair of primers were counted for each line number at different periods of
time to compare whether polymorphic variation was produced or not.

2.7. Data Analysis

The weight and rate of embryogenic tissue proliferated during proliferation culture,
the weight and rate of embryogenic tissue proliferated during pre-treatment, and the
capacity of somatic embryogenesis in mature culture were calculated, respectively. The
analysis software was Microsoft Excel 2019 and SPSS 27. Pearson correlation coefficient (r)
was employed to analyze the correlation between culture period and proliferation efficiency
and maturation capacity, and the correlation between proliferation rate of proliferation
culture, proliferation rate of pre-treatment, and maturation capacity.

In this study, we introduced three key parameters to evaluate the proliferation and
differentiation capabilities of the tissue cultures: Proliferation Weight (PA), Proliferation
Rate (PR), and Average Tissue Weight (ATW).

ATW (g) = Weight of tissue and culture medium − Weight of culture medium
Proliferation culture PA (g) = 14 d ATW − 0 d ATW
Proliferation culture PR = (Proliferation culture PA/0 d ATW) × 100%
Pre-treatment culture PA (g) = 10 d ATW − 0 d ATW
Pre-treatment culture PR = (Pre-treatment culture PA/0 d ATW) × 100%

Tissue differentiation capacity is represented by the ratio of the number of somatic
embryos differentiated after mature culture to the weight of the cultured tissue after
mature culture.
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3. Results

3.1. Proliferation Efficiency of Embryogenic Tissues during Long-Term Successional Subculture

Based on observations, BFU1 cell clusters exhibited a white color, dense and moist
tissues, no surface protrusions, the fastest growth rate, and ease of separation in long-term
cultures (Figure 1A,D). BFU3 cell clusters displayed a loose structure with filamentous
protrusions, fast growth, and easy separability (Figure 1B,E). BFU8 cell-mass presented
filamentous projections, stickiness, difficulty separating from surrounding tissues, and ex-
hibited slow growth, internal browning, and a gradual loss of embryogenic properties over
time (Figure 1C,F). Under microscopic examination, all three cell lines exhibited proem-
bryogenic mass structures, with the embryogenic head consisting of densely nucleated cell
aggregations and the embryogenic stalk consisting of elongated vesicularized cells.

In this study, we introduced three key parameters to evaluate the proliferation and 
differentiation capabilities of the tissue cultures: Proliferation Weight (PA), Proliferation 
Rate (PR), and Average Tissue Weight (ATW).

ATW (g) = Weight of tissue and culture medium − Weight of culture me-
dium 

Proliferation culture PA (g) = 14 d ATW − 0 d ATW 

Proliferation culture PR = (Proliferation culture PA/0 d ATW) × 100% 

Pre-treatment culture PA (g)= 10 d ATW − 0 d ATW 

Pre-treatment culture PR = (Pre-treatment culture PA/0 d ATW) × 100% 

Tissue differentiation capacity is represented by the ratio of the number of somatic 
embryos differentiated after mature culture to the weight of the cultured tissue after ma-
ture culture.

3. Results
3.1. Proliferation Efficiency of Embryogenic Tissues during Long-Term Successional Subculture

Based on observations, BFU1 cell clusters exhibited a white color, dense and moist 
tissues, no surface protrusions, the fastest growth rate, and ease of separation in long-term 
cultures (Figure 1A,D). BFU3 cell clusters displayed a loose structure with filamentous 
protrusions, fast growth, and easy separability (Figure 1B,E). BFU8 cell-mass presented 
filamentous projections, stickiness, difficulty separating from surrounding tissues, and ex-
hibited slow growth, internal browning, and a gradual loss of embryogenic properties 
over time (Figure 1C,F). Under microscopic examination, all three cell lines exhibited pro-
embryogenic mass structures, with the embryogenic head consisting of densely nucleated 
cell aggregations and the embryogenic stalk consisting of elongated vesicularized cells.

 

Figure 1. Embryogenic tissue and staining of three embryogenic lines. (A,D) BFU1, (B,E) BFU3, (C,F) 
BFU8. Bars (A–C) = 1000 µm, (D–F) = 50 µm.

The three embryogenic cell lines exhibited diverse growth patterns across 32 succes-
sive cultures. BFU1 demonstrated an average proliferation of 3.95 g, an average prolifera-
tion rate of 418%, with a peak average proliferation of 7.93 g and a maximum average 
proliferation rate of 746% in a single cycle. It also showed a minimum proliferation of 2.46 
g with a minimum proliferation rate of 232% (Figure 2A). Both BFU3 and BFU8 displayed 

Figure 1. Embryogenic tissue and staining of three embryogenic lines. (A,D) BFU1, (B,E) BFU3,

(C,F) BFU8. Bars (A–C) = 1000 µm, (D–F) = 50 µm.

The three embryogenic cell lines exhibited diverse growth patterns across 32 successive
cultures. BFU1 demonstrated an average proliferation of 3.95 g, an average proliferation rate
of 418%, with a peak average proliferation of 7.93 g and a maximum average proliferation
rate of 746% in a single cycle. It also showed a minimum proliferation of 2.46 g with a
minimum proliferation rate of 232% (Figure 2A). Both BFU3 and BFU8 displayed notably
lower proliferation compared to BFU1. Analyzing data by month and quarter revealed
BFU1’s significant decrease in proliferation at the end of the second quarter, stability in
the subsequent quarters, and notable increases in the first and second quarters (January
and May) (Figure 2A). BFU3 demonstrated decreased proliferation at the end of the second
quarter, remaining stable thereafter (Figure 2B), while BFU8 exhibited a decline in June,
August, and September, followed by an increase in the fourth quarter and relative stability
until the end of the first quarter (Figure 2C). Comparing the three lines throughout the
experiment, BFU1 consistently showed higher proliferation weight and rates than BFU3
and BFU8, with BFU1 and BFU3 maintaining robust proliferation abilities even by the
32nd cycle. Conversely, BFU8’s proliferation significantly decreased by the 26th cycle,
resulting in a significant reduction in the quantity of embryogenic tissues (Figure 2D). All
three lines displayed dynamic changes in proliferation across culture cycles. As succeeding
generations increased, the rate of value addition decreased for all three lines, highlighting
substantial variability in embryogenic organization among genotypes.
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notably lower proliferation compared to BFU1. Analyzing data by month and quarter re-
vealed BFU1’s significant decrease in proliferation at the end of the second quarter, stabil-
ity in the subsequent quarters, and notable increases in the first and second quarters (Jan-
uary and May) (Figure 2A). BFU3 demonstrated decreased proliferation at the end of the 
second quarter, remaining stable thereafter (Figure 2B), while BFU8 exhibited a decline in 
June, August, and September, followed by an increase in the fourth quarter and relative 
stability until the end of the first quarter (Figure 2C). Comparing the three lines through-
out the experiment, BFU1 consistently showed higher proliferation weight and rates than 
BFU3 and BFU8, with BFU1 and BFU3 maintaining robust proliferation abilities even by 
the 32nd cycle. Conversely, BFU8’s proliferation significantly decreased by the 26th cycle, 
resulting in a significant reduction in the quantity of embryogenic tissues (Figure 2D). All 
three lines displayed dynamic changes in proliferation across culture cycles. As succeed-
ing generations increased, the rate of value addition decreased for all three lines, high-
lighting substantial variability in embryogenic organization among genotypes.

 

Figure 2. Proliferation Analysis and Comparison of BFU1, BFU3, and BFU8 Cell Lines. (A–C) Pro-
liferation weight and rate of BFU1, BFU3, and BFU8. (D) Comparison of proliferation rates of BFU1, 
BFU3, and BFU8.

3.2. Proliferation Efficiency of Embryogenic Tissues on Pre-Treatment Medium for Long-Term 
Successional Subculture

After 10 days of proliferation, embryogenic tissues were transferred to a pre-treat-
ment medium supplemented with 2 g L−1-activated charcoal for 10 days to neutralize hor-
monal effects and guide tissue development towards embryos. Throughout 32 consecu-
tive culture cycles, the average proliferation at the pre-treatment stage stood at 1.42 g for 
BFU1, 0.66 g for BFU3, and 0.34 g for BFU8. BFU1 exhibited a maximum average prolifer-
ation of 3.34 g, peaking in the 22nd, 23rd, 28th, 29th, and 30th cycles, and notable declines 
in the 7th, 9th, 10th, 13th, and 14th cycles (Figure 3A). BFU3 and BFU8 also experienced 
significant proliferation decreases in cycles 11, 13, 14, 15, and 30 (Figure 3B,C). When as-
sessing data by month and quarter, BFU1 showed a declining trend in June, August, and 
September, followed by an increase in the fourth quarter and stability until the end of the 

Figure 2. Proliferation Analysis and Comparison of BFU1, BFU3, and BFU8 Cell Lines. (A–C)

Proliferation weight and rate of BFU1, BFU3, and BFU8. (D) Comparison of proliferation rates of

BFU1, BFU3, and BFU8.

3.2. Proliferation Efficiency of Embryogenic Tissues on Pre-Treatment Medium for Long-Term
Successional Subculture

After 10 days of proliferation, embryogenic tissues were transferred to a pre-treatment
medium supplemented with 2 g L−1-activated charcoal for 10 days to neutralize hormonal
effects and guide tissue development towards embryos. Throughout 32 consecutive culture
cycles, the average proliferation at the pre-treatment stage stood at 1.42 g for BFU1, 0.66 g
for BFU3, and 0.34 g for BFU8. BFU1 exhibited a maximum average proliferation of 3.34 g,
peaking in the 22nd, 23rd, 28th, 29th, and 30th cycles, and notable declines in the 7th,
9th, 10th, 13th, and 14th cycles (Figure 3A). BFU3 and BFU8 also experienced significant
proliferation decreases in cycles 11, 13, 14, 15, and 30 (Figure 3B,C). When assessing data
by month and quarter, BFU1 showed a declining trend in June, August, and September,
followed by an increase in the fourth quarter and stability until the end of the first quarter
(Figure 3A). BFU3 displayed decreased proliferation in May, July, and October, an increase
in the fourth quarter, and subsequent fluctuations in March and May of the following year
(Figure 3B). Similarly, BFU8 exhibited declining trends in June and September, followed by
decreases in the fourth quarter, and further fluctuations in March and May of the subsequent
year, experiencing an increase in the fourth quarter and subsequent fluctuations in January
and April–May of the following year (Figure 3C).

A comprehensive comparison of the three embryogenic cell lines revealed that through-
out the experiment, BFU1 exhibited the highest pre-treatment proliferation weight and
rate, followed by BFU3 and then BFU8 in descending order (Figure 3D). Notably, BFU1
displayed significantly higher pre-treatment proliferation weight and rates compared to
BFU3 and BFU8. The pre-treatment proliferation rates of all three cell lines exhibited
noticeable fluctuations, albeit differing in magnitude. However, the trends and monthly
fluctuations appeared similar. Furthermore, all three lines showed an inclination towards
increased pre-treatment proliferation rates with each successive cycle, notably higher in
the final cycles compared to the initial stages of culture. Despite variations in the magni-
tude of fluctuations, the general trend across months remained alike, indicating an overall
tendency for increased pre-treatment proliferation rates with successive cycles, resulting
in significantly higher proliferation rates in the final cycles compared to the initial stages
of culture.
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first quarter (Figure 3A). BFU3 displayed decreased proliferation in May, July, and Octo-
ber, an increase in the fourth quarter, and subsequent fluctuations in March and May of 
the following year (Figure 3B). Similarly, BFU8 exhibited declining trends in June and 
September, followed by decreases in the fourth quarter, and further fluctuations in March 
and May of the subsequent year, experiencing an increase in the fourth quarter and sub-
sequent fluctuations in January and April–May of the following year (Figure 3C).

A comprehensive comparison of the three embryogenic cell lines revealed that 
throughout the experiment, BFU1 exhibited the highest pre-treatment proliferation 
weight and rate, followed by BFU3 and then BFU8 in descending order (Figure 3D). No-
tably, BFU1 displayed significantly higher pre-treatment proliferation weight and rates 
compared to BFU3 and BFU8. The pre-treatment proliferation rates of all three cell lines 
exhibited noticeable fluctuations, albeit differing in magnitude. However, the trends and 
monthly fluctuations appeared similar. Furthermore, all three lines showed an inclination 
towards increased pre-treatment proliferation rates with each successive cycle, notably 
higher in the final cycles compared to the initial stages of culture. Despite variations in the 
magnitude of fluctuations, the general trend across months remained alike, indicating an 
overall tendency for increased pre-treatment proliferation rates with successive cycles, re-
sulting in significantly higher proliferation rates in the final cycles compared to the initial 
stages of culture.

Figure 3. Pre-treated Proliferation Analysis and Comparison of BFU1, BFU3, and BFU8 Cell Lines. 
(A–C) Pre-treated proliferation weight and rate of BFU1, BFU3, and BFU8. (D) Comparison of pre-
treated proliferation rates of BFU1, BFU3, and BFU8.

3.3. Maturation Capacity of Long-Term Successional Subculture
Throughout successive cultures, the maturation capacity of the three embryogenic 

lines exhibited noticeable fluctuations, generally declining over subsequent cycles (Figure 
4A–C). Notably, BFU8 eventually lost its capacity to mature into embryos. In a compre-
hensive comparison, the maturation capacity across the entire experimental period ranked 
as BFU1 > BFU3 > BFU8, with BFU1 demonstrating significantly superior maturation ca-
pability compared to BFU3 and BFU8 (Figure 4D). BFU1 and BFU3 retained their matura-
tion abilities even in the 32nd cycle, whereas BFU8 lost this capacity starting from the 26th 
cycle. Despite varying magnitudes, the fluctuations and trends in maturation capacity 
among the three cell lines appeared to be similar across months, collectively indicating a 
substantial declining trend in their maturation capabilities.

Figure 3. Pre-treated Proliferation Analysis and Comparison of BFU1, BFU3, and BFU8 Cell Lines.

(A–C) Pre-treated proliferation weight and rate of BFU1, BFU3, and BFU8. (D) Comparison of

pre-treated proliferation rates of BFU1, BFU3, and BFU8.

3.3. Maturation Capacity of Long-Term Successional Subculture

Throughout successive cultures, the maturation capacity of the three embryogenic lines
exhibited noticeable fluctuations, generally declining over subsequent cycles (Figure 4A–C).
Notably, BFU8 eventually lost its capacity to mature into embryos. In a comprehensive
comparison, the maturation capacity across the entire experimental period ranked as
BFU1 > BFU3 > BFU8, with BFU1 demonstrating significantly superior maturation capabil-
ity compared to BFU3 and BFU8 (Figure 4D). BFU1 and BFU3 retained their maturation
abilities even in the 32nd cycle, whereas BFU8 lost this capacity starting from the 26th cycle.
Despite varying magnitudes, the fluctuations and trends in maturation capacity among the
three cell lines appeared to be similar across months, collectively indicating a substantial
declining trend in their maturation capabilities.

 

Figure 4. Maturity Capacity Analysis of BFU1, BFU3, and BFU8 Cell Lines. (A–C) Maturity capacity 
of BFU1, BFU3, and BFU8. (D) Comparison of maturity capacity of BFU1, BFU3, and BFU8.

3.4. Correlation Analysis of the Number of Successive Generations, Proliferation Efficiency dur-
ing Proliferative Culture, Proliferation Efficiency of Pre-Treatment, and Maturation Capacity

Throughout the continuous relay culture of the three embryogenic cell lines, no sig-
nificant correlation emerged between the number of relays and proliferation efficiency in 
the proliferative culture. However, a positive correlation was observed between the num-
ber of relays and proliferation efficiency during pre-treatment, BFU1 showing the highest 
correlation with pre-treatment proliferation rates (Table 2). Additionally, a noteworthy 
negative correlation was found between the number of substitutions and the maturation 
capacity. These findings unveil a complex relationship between the number of substitu-
tions and the proliferation efficiency and maturation capacity of cell lines during subcul-
ture.

Table 2. Correlation between culture period and proliferation efficiency and maturation capacity.

Name Variate Correlation
Proliferation 

Rate
Pre-Treated Proliferation 

Rate
Maturation 

Capacity

BFU1

Culture 
period

pertinence 0.283 0.622 ** −0.409 *
significance 0.117 <0.001 0.020

BFU3
pertinence 0.277 0.562 ** −0.427 *

significance 0.125 0.001 0.015

BFU8
pertinence −0.333 0.511 ** −0.621 **

significance 0.063 0.003 <0.001
** At level 0.01 (two-tailed), the correlation was significant. * At level 0.05 (two-tailed), the correlation 
was significant.

Throughout successive cultures, BFU1 exhibited a positive correlation between its 
proliferation rate and pre-treatment proliferation rate, while the pre-treatment prolifera-
tion rate showed a negative correlation with maturation capacity. Conversely, BFU3 
demonstrated no significant correlation between its proliferative rate, pre-treatment pro-
liferation rate, and maturation capacity. On the other hand, BFU8 displayed no notable 

Figure 4. Maturity Capacity Analysis of BFU1, BFU3, and BFU8 Cell Lines. (A–C) Maturity capacity

of BFU1, BFU3, and BFU8. (D) Comparison of maturity capacity of BFU1, BFU3, and BFU8.
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3.4. Correlation Analysis of the Number of Successive Generations, Proliferation Efficiency during
Proliferative Culture, Proliferation Efficiency of Pre-Treatment, and Maturation Capacity

Throughout the continuous relay culture of the three embryogenic cell lines, no
significant correlation emerged between the number of relays and proliferation efficiency in
the proliferative culture. However, a positive correlation was observed between the number
of relays and proliferation efficiency during pre-treatment, BFU1 showing the highest
correlation with pre-treatment proliferation rates (Table 2). Additionally, a noteworthy
negative correlation was found between the number of substitutions and the maturation
capacity. These findings unveil a complex relationship between the number of substitutions
and the proliferation efficiency and maturation capacity of cell lines during subculture.

Table 2. Correlation between culture period and proliferation efficiency and maturation capacity.

Name Variate Correlation Proliferation Rate
Pre-Treated

Proliferation Rate
Maturation

Capacity

BFU1

Culture period

pertinence 0.283 0.622 ** −0.409 *
significance 0.117 <0.001 0.020

BFU3
pertinence 0.277 0.562 ** −0.427 *

significance 0.125 0.001 0.015

BFU8
pertinence −0.333 0.511 ** −0.621 **

significance 0.063 0.003 <0.001

** At level 0.01 (two-tailed), the correlation was significant. * At level 0.05 (two-tailed), the correlation
was significant.

Throughout successive cultures, BFU1 exhibited a positive correlation between its
proliferation rate and pre-treatment proliferation rate, while the pre-treatment proliferation
rate showed a negative correlation with maturation capacity. Conversely, BFU3 demon-
strated no significant correlation between its proliferative rate, pre-treatment proliferation
rate, and maturation capacity. On the other hand, BFU8 displayed no notable correlation
between its proliferative rate and pre-treatment proliferation rate, but exhibited a positive
correlation with maturation capacity. The proliferation rate of BFU8 did not show a signif-
icant correlation with the pre-treatment proliferation rate, yet positively correlated with
maturation capacity, indicating that higher proliferation rates corresponded to increased
maturation capacity in embryogenic tissues across cycles, without a significant relationship
between pre-treatment proliferation rate and maturation capacity (Table 3). These find-
ings underscore distinct correlations between proliferation and maturation abilities across
various cell lines during secondary culture.

Table 3. The correlation between proliferation rate of proliferation culture, proliferation rate of

pre-treatment, and maturation capacity.

Name Variate Correlation Proliferation Rate
Pre-Treated

Proliferation Rate
Maturation Capacity

BFU1
Proliferation rate

pertinence 1 0.411 * 0.025
significance -- 0.019 0.890

Pre-treated
proliferation rate

pertinence 0.411 * 1 −0.513 **
significance 0.019 -- 0.003

BFU3
Proliferation rate

pertinence 1 0.178 0.056
significance -- 0.330 0.763

Pre-treated
proliferation rate

pertinence 0.178 1 −0.340
significance 0.330 -- 0.057

BFU8
Proliferation rate

pertinence 1 −0.106 0.404 *
significance -- 0.562 0.022

Pre-treated
proliferation rate

pertinence −0.106 1 −0.264
significance 0.562 -- 0.145

** At level 0.01 (two-tailed), the correlation was significant. * At level 0.05 (two-tailed), the correlation
was significant.
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3.5. SSR Genetic Stability Analysis

Long-term cultivation of embryogenic tissues may induce polymorphic variations,
leading to detectable changes in electrophoretic bands when the same SSR primer is
applied at different stages. Initial electrophoresis outcomes for F42, F1, and SSR11 primers
were inconclusive, prompting their exclusion from subsequent experiments, while genetic
stability was assessed using seven SSR primer pairs: F94, Lar_eSSR111, Lar_eSSR115,
Lar_eSSR78, Lar_eSSR54, Lar_eSSR11, and SSR12. Embryogenic tissues from BFU1, BFU3,
and BFU8 lines were sampled at the 1st, 7th, 17th, 25th, and 32nd cycles of consecutive
culture. BFU1 and BFU3 lines, which had undergone two years of continuous proliferation,
served as control materials. BFU8 embryogenic tissues, due to declining proliferation
efficiency, were unavailable for sampling after two years of consecutive proliferation.

The experimental outcomes are illustrated in Figure 5. In the analysis involving
seven primer sets, materials from different cultivation cycles of BFU1, BFU3, and BFU8
consistently exhibited distinct and stable bands without the presence of polymorphic
fragments. This observation suggests that the genomic regions targeted with SSR molecular
markers in embryogenic tissues did not undergo genetic variations during the extended
period of successive cultivation, indicating a state of relative genetic stability.

 

Figure 5. Separation of different primers in embryogenic tissues of Prince Rupprecht’s larch at Dif-
ferent Stages. (1–6 are tissue sample from the 1st, 7th, 17th, 25th, and 32nd cycles of BFU1 and con-
tinuously cultivated for two years; 7–12 are tissue sample from the 1st, 7th, 17th, 25th, and 32nd 
cycles of BFU3 and continuously cultivated for two years; 13–17 are tissue samples from the 1st, 7th, 
17th, 25th, and 32nd cycles of BFU8; M is the marker).

4. Discussion
Embryogenic tissue subculture and proliferation are essential for somatic embryo-

genesis and scalable propagation of forest trees, especially when combined with bioreac-
tor technologies. This study found significant variations in the proliferation rates of three 
embryogenic cell lines during the semi-solid cycle, with proliferation coefficients ranging 
from 2.5 to 7.5. Uniform subculture and proliferation methods showed varying efficiencies 
across coniferous embryogenic tissue genotypes, including Picea abies [45], Araucaria An-
gustifolia [46], Pinus taeda L. [47], Pinus pinaster [48], and Pinus pinea L. Most embryogenic 
tissues exhibited genotype-dependent dynamic stability in proliferation efficiency during 
long-term culture. The BFU1 and BFU3 cell lines maintained stable proliferative capabili-
ties throughout the 15-month subculture period examined in this study. Conversely, BFU8 
showed a marked decline in proliferation efficiency and severe tissue browning by the 

Figure 5. Separation of different primers in embryogenic tissues of Prince Rupprecht’s larch at

Different Stages. (1–6 are tissue sample from the 1st, 7th, 17th, 25th, and 32nd cycles of BFU1 and

continuously cultivated for two years; 7–12 are tissue sample from the 1st, 7th, 17th, 25th, and 32nd

cycles of BFU3 and continuously cultivated for two years; 13–17 are tissue samples from the 1st, 7th,

17th, 25th, and 32nd cycles of BFU8; M is the marker).
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4. Discussion

Embryogenic tissue subculture and proliferation are essential for somatic embryoge-
nesis and scalable propagation of forest trees, especially when combined with bioreactor
technologies. This study found significant variations in the proliferation rates of three
embryogenic cell lines during the semi-solid cycle, with proliferation coefficients ranging
from 2.5 to 7.5. Uniform subculture and proliferation methods showed varying efficiencies
across coniferous embryogenic tissue genotypes, including Picea abies [45], Araucaria An-
gustifolia [46], Pinus taeda L. [47], Pinus pinaster [48], and Pinus pinea L. Most embryogenic
tissues exhibited genotype-dependent dynamic stability in proliferation efficiency during
long-term culture. The BFU1 and BFU3 cell lines maintained stable proliferative capabilities
throughout the 15-month subculture period examined in this study. Conversely, BFU8
showed a marked decline in proliferation efficiency and severe tissue browning by the
12th month, indicating significant physiological changes like rapid aging due to peroxi-
dation. Browning, a common phenomenon in long-term tissue culture [12], particularly
affects conifers by gradually reducing embryogenic structures and somatic embryogenesis
capacity [49,50]. To address this issue, Breton et al. found that a maltose-based, PGR-free
medium could mitigate the loss of early embryogenic potential in maritime pine [51].
Adding glucose, sucrose (5 g/L), and fructose (10 g/L) to the growth medium controlled
browning in Taxus brevifolia callus tissues [52]. Therefore, when selecting cell lines for
scalable production, it is essential to consider both proliferation efficiency and long-term
stability, employing anti-browning measures and other necessary interventions to delay
tissue senescence and maintain proliferation stability.

Long-term subculturing leading to the decline or loss of embryogenic tissue’s embryo-
genesis capacity significantly challenges the somatic embryogenesis of coniferous trees,
posing a major barrier to commercial application. In coniferous trees, embryogenic tissue
can maintain its potential for embryo development stably over a certain period, which
is closely related to the species. In species like Pinus koraiensis [39], Larix kaempferi [53],
Pinus pinaster [25], and Pinus massoniana [54], embryogenic tissues start to lose somatic em-
bryogenesis capacity, and mature embryo yield decreases after 5–6 months of proliferation
culture, with increased subculture frequency. Conversely, embryogenic tissues in hybrid
larch [55], Pinus nigra Arn [56], and Abies hybrids [20] can produce somatic embryos even
after 2–3 years of proliferation; Norway spruce can maintain them even longer [57]. This
study found Prince Rupprecht’s larch’s embryogenic tissues maintained dynamic stability
in embryogenesis capacity for 12 months of subculture. After 12 months, embryogenesis
capacity declined, a process dependent on genotype, with the BFU8 cell line losing its
ability entirely after this period. Studies indicate somatic embryos are observable in early
stages of culture, yet maturation across all genotypes is not guaranteed [58,59]. The PEM
to somatic embryo transition is critical, determining mature embryo yield and quality,
and thus affecting plant production [60]. Embryogenesis capacity loss may arise from
increased embryogenic tissue heterogeneity during subculturing [24]. Excessive culture
duration often leads to embryogenesis capacity loss and abnormal embryo production, as
aging embryogenic tissues during proliferation diminish somatic embryo yield and quality,
reducing germination rates [61]. Currently, a more effective solution involves selecting
superior cell lines for cryopreservation at peak embryogenic potential, thus minimizing
variations and preserving the developmental potential of embryogenic materials [62,63].

Plant tissue culture, especially somatic embryogenesis, is vital for preserving the
stability and uniformity of regenerative plant traits. However, long-term tissue culture
can cause genetic, epigenetic, and physiological changes, reducing regenerative capacity
and impacting developmental integrity [64]. A study on embryogenic cell lines (ECLs) of
Pinus pinaster revealed genetic variations via SSR loci during subculture, with abnormal
phenotypes observed in some plants regenerated from somatic embryos [65]. Similarly,
high SSR sequence mutation rates were found in Pinus sylvestris embryogenic cell lines
and cotyledonary embryos [66]. In contrast, no mutations at SSR loci occurred from PEM
to cotyledonary embryos in Picea abies [67,68], mirroring our findings where Prince Rup-
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precht’s larch’s embryogenic tissues showed no genetic variations at detected loci over
extended subculturing, indicating stable genetic characteristics. This genetic stability sup-
ports the asexual reproduction of superior Prince Rupprecht’s larch germplasm. Despite
the absence of significant genetic variations in long-term cultured embryogenic tissues,
the decline in embryogenic capacity might result from multiple factors, with phenotypic
variations potentially closely linked to changes in epigenetic modifications. Increasing
subculture frequency and duration can augment variations in somatic clonal lines, with
DNA methylation variations possibly being a key reason for the loss of differentiation
capacity in long-term cultures [69]. In Elaeis guineensis [37] and Quercus alba [70], increased
DNA methylation with subculturing leads to embryogenic tissue differentiation loss. Addi-
tionally, the reduction and/or loss of somatic embryo production capacity may relate to cell
sensitivity to exogenous growth substances or endogenous hormone levels [71]. In Larix
sibirica, long-term proliferation culture led to increased IAA and decreased ABA levels,
both trends unfavorable for somatic embryo maturation [72]. Long-term proliferation in
maritime pine led to lower IAA levels and higher zeatin riboside levels than in newly
induced embryogenic tissues [25]. Similarly, long-term proliferation in Picea balfouriana
increased endogenous zeatin riboside levels, significantly changing antioxidant enzyme
activities and polyamine levels [73]. Future research should delve into these factors’ in-
terrelations and ways to boost embryogenic capacity through culture environment and
genetic engineering, aiming to reduce adverse variations and ensure plant germplasm
stability. This approach will offer more reliable support for scalable breeding of superior
plant germplasm.

5. Conclusions

In summary, during long-term subculture, Prince Rupprecht’s larch embryogenic
tissues generally demonstrated reduced proliferation efficiency and maturation capacity.
However, despite the long-term culture duration, these tissues retained their capacity to
generate embryos. Our analysis of genetic stability in embryogenic cell lines of Prince
Rupprecht’s larch revealed no detectable genetic variation over the extended subculture
period. This suggests that the observed phenotypic changes during subculture are not
primarily attributable to genetic alterations. These findings offer valuable insights into
the dynamics of long-term culture of embryogenic tissues in Prince Rupprecht’s larch.
They lay a foundation for optimizing somatic embryogenesis techniques in this species
and potentially other coniferous species, facilitating large-scale propagation, long-term
germplasm conservation, and genetic transformation.
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