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Abstract: Prince Rupprecht’s larch (Larix principis-rupprechtii Mayr) is a native conifer in North China
with great economic and ecological values. Somatic embryogenesis (SE) is a powerful tool for the
mass clonal propagation in plants. In this study, we described a high-efficiency SE system via indirect
pathways and investigated the effect of genotype, culture conditions and phytohormones on SE.
Immature zygotic embryos (IZEs) of L. principis-rupprechtii Mayr were used as explant materials. In
the induction stage, embryogenic tissues (ETs) were induced on mLV medium supplemented with
2.0 mg L~ 2,4-dichlorophenoxyacetic acid (2,4-D) and 1.0 mg L~! 6-benzylaminopurine (6-BA). The
initiation frequencies showed significant differences (p < 0.05) among 20 genotypes of open-pollinated
mother trees with the highest induction frequency reaching 30%. For tissue proliferation, proliferation
in liquid medium was more efficient compared with proliferation in semi-solid medium, providing a
multiplication rate of 3.12 in an 8-day subculture period. As a necessary exogenous plant growth
regulator (PGR) for somatic embryo maturation in conifers, abscisic acid (ABA) was optimized at
16 mg L~! in this system. Next, an orthogonal test on osmotic pressure factors showed 50 g L ™!
sucrose, 7 g L~! phytagel and 75 g L™! polyethylene glycol (PEG) was the optimal combination for
somatic embryo maturation in L. principis-rupprechtii Mayr. Moreover, the dispersion culture method
provided a more efficient somatic embryo maturation, up to 545 per gram of fresh weight (FW).
Finally, 2 g L~ of active charcoal (AC) was found to increase the somatic embryo germination rate to
63.46%. The improved protocol of SE will serve as a foundation for establishing mass propagation
and genetic transformation of L. principis-rupprechtii Mayr.

Keywords: conifer; larch; somatic embryos; genotype; culture methods; phytohormones

1. Introduction

Prince Rupprecht’s larch (Larix principis-rupprechtii Mayr.), a deciduous conifer, widely
grows in middle and high elevations of Northern China. Its natural populations are mainly
distributed at middle and high elevations (1400-2800 m) in Shanxi and Hebei Provinces [1].
Due to its wide ecological plasticity, rapid growth, and desirable wood product, it has
become one of the major tree species for timber and afforestation and plays a critical role in
reforestation programs and commercially.

In vitro propagation technologies offer opportunities to expedite mass clonal prop-
agation of elite trees, including those of rare or threatened species [2]. The conventional
propagation method of Prince Rupprecht’s larch is seed propagation or vegetative prop-
agation. However, due to the long seed propagation cycle, low germination rate, low
vegetative cutting propagation coefficient, age effect, position effect, and difficulty in ob-
taining materials, it is difficult to meet the requirements of large-scale planting. Somatic
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embryogenesis (SE) is a more effective and genetically stable method for rapid propagation
of plants than other vegetative propagation [3], and it also has been the most important
development for plant tissue culture, which involves the in vitro production of plants or
embryos from single haploid or diploid somatic cells without cell fusion [4]. It is much like
its zygotic counterparts, with obvious bipolar structures [5]. Therefore, SE is a replay of
zygotic embryogenesis, which provides a desirable model for studying the development of
embryos. It is not only for mass propagation but also for enabling the implementation of
biotechnological tools that can be used to increase the productivity and wood quality of
plantation forestry [6].

Research on SE of conifers started in the 1980s, Hakman obtained regenerated plants
from immature zygotic embryos (IZEs) of Norway spruce [7]. To date, at least 50 conif-
erous species are reported to go through SE [8], and it has been become an important
technique for mass propagation of multiple coniferous species, such as Loblolly pine
(Pinus taeda L.), one of the most important commercial trees in the United States, its SE
technology has been continuously optimized and successfully used for commercial pur-
poses [9]. At Weyerhaeuser Company, Douglas-fir somatic embryo production in liquid
medium and manufactured seed delivery has been developed to reduce labor costs and
increase efficiency of mass clonal propagation [10]. Since 1989, Klimaszewska has used
the precotyledon IZEs of hybrid larch as explants to induce embryogenic tissues (ETs)
on the medium supplemented with 2.0 mg-L~! 2,4-dichlorophenoxyacetic acid (2,4-D)
and 0.5 mg-L~! 6-benzylaminopurine (6-BA), and further the greatest number of mature
embryoids was obtained on MSG with 0.1 mg-L~! abscisic acid (ABA) and 0.2 mg-L~!
kinetin (KT) [11]. Research on SE of larch is developing rapidly, L. decidua [12], L. laric-
ina [13], L. occidentalis [14] and other larch have established an SE system and obtained
regenerated plants. Fang et al. found that only immature zygotic embryos could induce
ETs on the medium supplemented with 1.0 mg-L~! 2,4-D, 0.5 mg-L~! 6-BA and 0.5 mg-L~!
KT by using immature embryos, mature embryos, radicle and Hypocotyl of Larix kaempferi
as explants [15]. Song et al. reported that the embryos of L. olgensis seeds collected 70
days after open-pollination was suitable to induce ETs on basic BM medium containing
1.5 mg-L~! 2,4-D [16]. However, L. principis-rupprechtii Mayr. still lacks a mature and stable
SE system. The application of SE of L. principis-rupprechtii Mayr. in practice is restricted by
the low induction rate of embryogenic mass, the difficulty of maintaining embryogenic
mass in proliferation and the low frequency of somatic embryos in maturation.

SE is usually influenced by multiple factors, such as genotype, culture methods,
and phytohormones. Genotype is an intrinsic factor affecting SE. The average induction
rate of embryonic callus of eight immature female gametophytes in Pinus yunnanensis
is 5.1%-19.4%, and genotypes 076 and 075 show the highest and lowest induction rate,
respectively, suggesting that the genotype have significant influence on the induction
of ETs [17]. At present, the common methods of plant somatic embryo culture include
continuous liquid suspension culture, alternating solid /liquid culture and continuous solid
culture [18]. Song et al. found that when optimizing the suspension culture system of larch
ETs, the ETs were propagated through suspension culture, and a large number of high-
quality and uniformly dispersed ETs were obtained in a short time, then passed through
a gradient of solid agar concentration, the number of somatic embryos was significantly
increased in the final maturity induction [19]. ABA is considered to be a key factor to
promote the somatic embryo maturation. Both endogenous ABA and exogenous ABA
play important roles in somatic embryo development and maturation in many different
coniferous species [2]. During the maturation of larch somatic embryos, it is often necessary
to add a higher concentration of ABA [20]. Studies have found that the combined use of
ABA, PEG4000 and AgNOj can increase the efficiency of somatic embryos [21,22], but the
induced somatic embryos still cannot develop normally [23]. Experiments have confirmed
that the average number of L. olgensis somatic embryos was 202.06 g~! when adding
20 mg L~! ABA [24]. In Pinus koraiensis, increasing ABA (up to 80 pM L™ 1), gellan gum
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(up to 12 g L) and sucrose (0.2 m L~!) concentrations in maturation medium improved
the yield of cotyledonary somatic embryo [25].

In view of the above-mentioned problems, this study addressed the optimization
of the induction and proliferation of embryogenic mass and explored the conditions for
the somatic embryos” development to improve the efficiency of SE in Prince Rupprecht’s
larch. This study provides technical support for optimizing and breaking through the
difficulties of somatic embryo induction and low somatic embryo maturity in the existing
SE system of Prince Rupprecht’s larch. It lays a foundation for future application in large-
scale forestry production and provides ideal research materials for the study of somatic
embryo generation mechanism and genetic transformation of conifers.

2. Materials and Methods
2.1. Plant Materials

The open-pollinated cones were collected from the L. principis-rupprechtii Mayr. seed
orchard (Chengde, Hebei, China; latitude 117°21’ N, longitude: 42°27' W, elevation 1200 m).
The collection date refers to our previous research results [26]. Immature cones of excellent
individuals from 20 families were collected on 5 July 2013. All cones were sprayed with 75%
(w/v) alcohol for preliminary disinfection and dry with sterile filter paper and stored at
4 °C up to one month until inoculation. Megagametophytes containing immature zygotic
embryos (IZEs) were used as explants for SE, including induction and proliferation of ETs,
maturation and germination of somatic embryos and plant regeneration.

2.2. Initiation of Embryogenic Tissues

Immature seeds extracted from the cones were surface-disinfested by running water
for 2 h, immersion in 75% ethanol for 2 min and 0.1% mercury chloride solution (w/v) for
8 min, followed by rinsing 3—4 times with sterile distilled water. Seed coats were removed
with tweezers and a scalpel and then megagametophytes containing the embryos were
cultured on the semi-solid media described below. The medium and methods developed by
Klimaszewska et al. [27], described by Litvay et al. [28], and optimized by Li et al. [26] were
used for culture establishment. IZEs with the megametophytes were placed horizontally on
modify Litvay medium (mLV) [28] supplemented with 30 g L~! sucrose, 3 g L~! phytagel
(Sigma), 0.4 g L~! hydrolyzed casein (Sigma), 0.5 g L~! glutamine (Sigma), 2.0 mg L~!
2,4-D (Sigma) and 1.0 mg/L 6-BA (Sigma). The pH was adjusted to 5.8 before autoclaving
at 121 °C. Glutamine was filter-sterilized and added to the cooled medium, which was
then dispensed at 25 mL per 90 x 15 mm plastic Petri plate (RNase/DNase free, NEST).
Ten explants were inoculated on culture medium of each Peri dish. After six weeks of
dark culture at 24 + 1 °C, callus and ETs were counted, and the induction rate of ETs
was calculated.

2.3. Embryogenic Tissues Proliferation

The stable embryogenic cell line BFU-LC2-3 established in our laboratory was used
as experimental material to study ETs proliferation. ETs were placed on proliferation in
semi-solid medium and in liquid suspension medium, respectively. The proliferation in
semi-solid medium was 1/2 mLV medium supplemented with 30 g L~! sucrose, 3 g L ™!
phytagel (Sigma), 0.4 g L' hydrolyzed casein (Sigma), 0.5 g L~! glutamine (Sigma),
0.2 mg L~! 2,4-D (Sigma) and 0.1 mg L~! 6-BA (Sigma). The proliferation rate of ETs was
measured every three days, and callus growth was continuously monitored for 21 days in
order to determine the optimal interval between subcultures.

Liquid suspension medium contains the same culture ingredients as solid culture
medium, except for no gellan gum. Liquid culture medium of 30 mL was added to a 100 mL
Erlenmeyer flask and the initial inoculating density was 2% (w/v). The flasks with ETs
were placed on a gyratory shaker, 105 rpm, in darkness at 24 & 1 °C. The ETs proliferation
rate was measured every two days, and the growth of ETs was observed continuously for
12 days to determine the optimal time for subculture. For tissues subcultures, the large cell
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mass was removed by filtration through the filter of 60 or 100 mesh cells. After filtration,
the culture solution was precipitated for 1-2 h. Supernatant was discarded before fresh
liquid medium was added.

2.4. Somatic Embryo Maturation

The embryogenic cell line BFU-LC2-8 was used as the experimental material to study
the somatic embryo maturation. Maturation of SE included two steps: transition stage
and maturation stage. In the transition stage, the ETs were placed on 1/2 mLV medium
supplemented with 2 g L~ active carbon (AC), 10 g L™! sucrose, 0.4 g L~! hydrolyzed
casein and 0.5 g L~! glutamine without plant growth regulators (PGRs). The cultures were
kept in the dark, 24 £ 1 °C for 7 days.

2.4.1. Effect of ABA on Somatic Embryo Production

To explore the optimal concentration of ABA in the SE system of L. principis-rupprechtii
Mayr., various concentrations of ABA were tested in the maturation stage, including 8§,
12,16, 20 and 24 mg L~!. Moreover, 50 g L' PEG4000 (Sigma), 40 g L.~! sucrose, 5 g L. !
phytagel, 0.4 g L~! hydrolyzed casein and 0.5 g L~! glutamine were also supplemented in
the maturation medium. The culture condition was as the same as the transition stage.

2.4.2. Effect of Sucrose, Phytagel and PEG4000 on Somatic Embryo Production

Here, an orthogonal experimental design Lo(3*) was employed to detect the effects
of sucrose, phytagel and PEG4000 on somatic embryo maturation. In the orthogonal
experiment, the concentrations of sucrose, phytagel and PEG4000 were set as 30, 40 and
50¢g L1357 g L~1.0,50 and 75 g L1, respectively. Moreover, 16 mg L1 ABA, 04 g L1
hydrolyzed casein and 0.5 g L~! glutamine were also supplemented in the maturation
medium. About 1 g (fresh weight, FW) of ETs per petri dish was accurately weighed and
spread evenly on the mature medium by pipetting.

Medium pH above was adjusted to 5.8. The culture was kept in the dark (at 24 = 1 °C).
After 8 weeks, the number of mature embryos (cotyledon number >5) was counted and the
maturation efficiency was calculated.

2.4.3. Effect of Different Tissue Inoculation Methods on Somatic Embryo Production

To study effects of different tissue inoculation methods on somatic embryo maturation,
tissues were inoculated in pieces or in well-dispersed condition. The ETs were placed on
1/2 mLV medium supplemented with 16 mg L~! ABA, 50 g L~ PEG4000, 40 g L~! sucrose,
5 g L~! gellan gum (phytagel), 0.4 g L~! hydrolyzed casein and 0.5 g L~! glutamine.
Piece culture: the callus was accurately weighed (about 0.5 g per piece) and placed on the
maturation medium. Dispersion culture: using proximate 1 g ETs and spreading it evenly
on maturation medium by pipetting.

2.5. Embryo Germination and Conversion

Well-developed cotyledonary embryos were transferred to 1/2 mLV medium con-
taining 10 g L~! sucrose, 3.2 g L™! gellan gum (phytagel), 0, 1, 2, 3, 4 g L~! activated
carbon, 0.5 g L~! NH4NO3, 0.5 g L~! glutamine under light (16-h photoperiod) or dark
conditions at 24 £ 1 °C. Medium PH was adjusted to 5.8. Selected embryos of 16~32 were
cultured in each Petri dish. The germination rate was calculated after 40 days. After the
cotyledonary embryos seedlings elongated and the root grew over 2 cm, the cap of culture
bottle was open for 2-3 days before the plants were transplanted. A total of 90 somatic
seedlings were removed from the tissue culture bottle. The plants were washed gently
to clean the culture medium from roots before transplanted into a container filled with a
mixture of (sterilized peat:perlite:roseite = 2:1:1). The containers with plants were covered
with transparent plastic film to keep humidity and placed under light (16 h photoperiod)
or dark, at 23 &= 1 °C. After eight weeks, the plastic film was removed and the transplant
survival rate was calculated.
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2.6. Experiment Design and Data Analysis

All experiments were performed with three replicates, with 7~10 pieces per Peri dish.
Additionally, all collected data were analyzed with Excel 2010 or SPSS 20.0. All frequencies
were calculated using the below formulas:

Embryogenic tissues induction rate (%) = (Explants number of ETs induced/Number of explants inoculated) x 100%

SE maturation efficiency (No. of SE/g) = Number of somatic embryos differentiated /fresh weight of inoculated ETs

Germination rate (%) = (Number of germinated somatic embryos/Number of somatic embryos inoculated) x 100%

soil establishment rate of transplant (%) = (Number of survival plants transplanted / Total number of transplanted plants) x 100%

All collected data was tested by analysis of variance (ANOVA) using statistical pro-
gramming environment R. Significant differences between means were identified using
Tukey’s HSD (honestly significant difference) test at a significance level of 5%.

3. Results
3.1. Embryogenic Tissues Initiation

After inoculating explants in the induction medium, we observed a continuous induc-
tion of ETs, which could be classified into four types (Figure 1). The first type involved
white and transparent tissues extruded from the micropyle of the female gametophyte
(Figure 1a). These ETs could be easily separated from the explants after approximately
half a month of subculture. The second type involved tissues that were initially brown,
and after 1-2 subcultures, new ETs gradually grew on the surface of the brown tissues
(Figure 1b). The third type of ETs exhibited delayed induction, appearing as loose, moist,
brown tissues in the early induction period. After 2-3 months, new white translucent ETs
gradually grew; these new tissues could not be easily separated from the surrounding
tissues (Figure 1c). New ETs were also induced from the moist, brown tissues. The fourth
type involved yellow-brown, hard, dense, non-embryogenic tissues (NETs), which could
not generate new ETs (Figure 1d).

Figure 1. Tissues induction of L. principis-rupprechtii Mayr. (a) ETs extruded from micropyle. (b) ETs
induced from brown tissues. (c) ETs induced from one side of loose brown NETs. (d) Yellow and
brown non-ETs. Bars = 1000 um.

The induction from explants of 20 Larch families showed that the genotype of the
explants was critical in the SE initiation. The induction rate in these 20 families ranged
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between 0% and 30.0%. The highest induction rate (30.0%) was observed in families 23 and
25, and the induction of only NETs was observed in families 7 and 14 (Table 1).

Table 1. Effects of mother trees on ETs induction in L. principis-rupprechtii Mayr.

Mother Tree Number of Number of Number of Initiation Frequency

No. Explants Callus ETs (%)

2 50 32 6 12.0 + 13.0abc
4 50 21 2 4.0 £5.5ab

7 50 35 0 0Oa

8 50 13 1 2.0 £4.5a
10 50 40 10 20.0 + 18.7bcd
14 50 35 0 0Oa

15 50 10 1 2.0 £4.5a
18 50 29 8 16.0 £ 11.4abcd
19 50 26 3 6.0 = 9.0ab
20 50 17 5 10.0 £ 7.1abc
23 50 42 15 30.0 +14.1d
25 50 38 15 30.0 £7.1d
28 50 19 7 14.0 &£ 5.5abc
29 50 25 10 20.0 + 10.0bcd
31 50 26 2 4.0 £+ 5.5ab
32 50 40 8 16.0 & 9.0abed
35 50 17 6 12.0 £ 16.4abc
38 50 26 2 4.0 £+ 9.0ab
39 50 38 13 26.0 = 15.2cd
40 50 21 13 26.0 & 13.9cd

Note: Date represented the mean of initiation frequency of all replicates. Lowercase letters represent the result of
multiple comparisons, means having the same letter were not significantly different by Tukey’s multiple range
test (p < 0.05). ETs, embryogenic tissues.

3.2. Embryogenic Tissues Proliferation

The ETs were transferred to the proliferation in semi-solid medium after being sub-
cultured twice on the induction medium. The large ETs on the semi-solid culture were
white and translucent, with tiny filamentous structures (Figure 2a). The proliferation rate
of ETs on proliferation in semi-solid medium culture was relatively stable, without signifi-
cant fluctuations. The proliferation coefficient reached 2.53 on day 15 and then decreased
slightly (Figure 2c). The ETs turned to brown gradually after 15 days. Therefore, the ideal
subculture period of semi-solid culture was determined to be approximately 15 days.

An ETs suspension system was established (Figure 2b). Growth of embryonic cells in
suspension culture showed an S-type curve (Figure 2d). At the initial stage of proliferation,
the cell proliferation rate was relatively high. However, with the depletion of nutrients, the
tissues proliferation in suspension culture reached an inflection point and leveled off 8 days
later when the cell proliferation coefficient was 3.12. Subsequently, the cell proliferation rate
significantly decreased. Additionally, browning cells began to appear in the suspension
after 7 days, which was not conducive to further proliferation and subsequent culture for
embryo maturation. Therefore, the optimal subculture interval for suspension culture was
determined to be 7-8 days.
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Figure 2. Growth curve of embryogenic lines in two proliferation ways. (a,c) Proliferation in semi-
solid medium. (b,d) Proliferation in liquid medium.

3.3. Somatic Embryo Maturation

About 1-3 weeks after the initial inoculation, proembryogenic mass (PEM) was formed.
The PEM I embryo proper was composed of a few cells with large dense nuclei and the
suspensor was composed of only 1-3 vacuolar suspensor cells (Figure 3a). With further
growth of PEM, PEM II structures were formed, in which cell aggregation increased in the
embryo proper and suspensor (Figure 3b). Somatic embryos of PEM III were suitable to
be cultured on maturation medium containing ABA (Figure 3c). After maturation culture,
somatic embryos developed into cotyledonary embryos through early proembryo, globular,
and torpedo-shaped stages successively.

3.3.1. Effects of ABA on Somatic Embryo Maturation

The number of somatic embryos per gram (FW) of ETs was different in various ABA-
supplemented maturation treatments. Compared with other treatments, 16 and 20 mg L~
ABA could promote somatic embryo maturation more effectively with the yield of 222 and
216 embryos per gram (FW), respectively. However, no significant differences (p > 0.05)
were observed between 16 and 20 mg L~! of ABA (Figure 4a). Therefore, 16 mg L' of
ABA was deemed the optimal ABA concentration for somatic embryo maturation.

3.3.2. Effects of Culture Methods on Somatic Embryo Maturation

We found significant differences in somatic embryo maturation between piece culture
(Figure 3f,g) and dispersion culture (Figure 3d,e). On average, 124 mature somatic embryos
per gram (FW) of ETs were produced in piece culture, while this number in dispersion
culture was 545 (Figure 4b). Therefore, the higher efficiency of the dispersion culture in
somatic embryo maturation might be attributed to the easier absorption of nutrients by
the tissues.
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Figure 3. Somatic embryo maturation in L. principis-rupprechtii Mayr. (a) PEM L. (b) PEM II. (c) PEM
III. (d,e) Dispersion culture. (f,g) Piece culture. Bars a, b, ¢ = 50 pm, e = 500 pm, g = 1000 pum.
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Figure 4. (a) Effects of different concentrations of ABA on somatic embryo maturation in L. principis-rupprechtii Mayr.
(b) Effects of different culture approaches on somatic embryo maturation. FW, fresh weight.

3.3.3. Effects of Sucrose, Gellan Gum (phytagel) and PEG on Somatic Embryo Maturation

The effects of different levels of sucrose, gellan gum (phytagel) and PEG supplemented
to maturation culture on L. principis-rupprechtii Mayr. embryos maturation was investi-
gated. All of the three factors showed significant effects on SE maturation by ANOVA
(Table 2). Multiple comparison results showed that there was no significant difference
between treatments with 40 and 50 g L~! sucrose. However, treatment with 50 g L~}
sucrose produced the highest number of somatic embryos per gram (FW) of ETs (173 g~ 1).
Statistical difference was found between different concentrations of gellan gum (phytagel).
Furthermore, the number of somatic embryos per gram of ETs reached the maximum num-
ber (192 g~ 1) when the medium was supplemented with 7 g L1 gellan gum (phytagel). In
addition, a high number of somatic embryos (185 g~!) were obtained when treated with
75 g L~! PEG. The orthogonal experiment results showed that the optimum conditions
for somatic embryo maturation were 50 g L~! sucrose, 7 g L™! gellan gum (phytagel) and

75 g L~! PEG, which indicated that maturation of larch requires a hypertonic environment
(Table 3).



Forests 2021, 12, 1335

9o0f 16

Table 2. Analysis of variance (ANOVA) of effect of sucrose, gellan gum (phytagel) and PEG on
somatic embryo maturation.

Source of

Variation df Mean Square F Value Sig.
sucrose 2 6540.704 64.516 0.000 **
phytagel 2 24581.815 242 .468 0.000 **
PEG 2 6572.259 64.827 0.000 **
Error 20 101.381

Table 3. Multiple comparison of effect of sucrose, phytagel and PEG on somatic embryo maturation.

Mean
Levels Mean Val?le Sig. of Gellan Mean Val?le Sig. of Value of Sig. of
Sucrose of Somatic S of Somatic s PEG . h
of Differ- Gum Differ- Somatic Differ-
(g/L) Embryos Embryos (g/L)
Factors (@—1FW) ence (g/L) (e—1FW) ence Embryos ence
g 8 (g 1FW)
1 30 123.7778 Aa 3 95.0000 Aa 0 137.5556 Aa
2 40 167.4444 Bb 5 177.2222 Bb 50 140.7778 Aa
3 50 173.0000 Bb 7 192.0000 Cc 75 185.8889 Bb

Note: Different uppercase letters represent significant differences at p < 0.01, and different lowercase letters represent significant differences
atp < 0.05. PEG, polyethylene glycol. FW, fresh weight.

3.3.4. Somatic Embryo Germination and Conversion

Well-developed cotyledonary embryos were selected and transferred to germination
medium (Figure 5a). After 10 days, the cotyledons turned bright green, opened and
gradually elongated (Figure 5b). The hypocotyl elongated and the red root tip appeared
at the apical part of the radicle. The cotyledons with abnormal germination might turn
green and open slightly, but the hypocotyl was swollen and could not generate roots.
Approximately one month later, radicles with a normal morphological structure elongated
gradually, reaching 1-2 cm, and the root tips showed active red color (Figure 5c). Somatic
embryos that germinated normally were converted into plants through acclimatization
and were transferred onto a sterilized substrate (Figure 5d—f).

The highest germination rate was obtained using the germination medium supple-
mented with 2 (63.46%) and 3 g L~! (61.13%) AC, with no significant difference (Figure 6).
By contrast, germination rate was only 33.77% in the culture without AC, indicating that
AC with appropriate concentration was beneficial for somatic embryo germination. After
12 weeks of growth in a greenhouse, the survival rate of plantlet conversion was 26.67%.

90 x 15 mm

Figure 5. Somatic embryo germination and plant conversion in L. principis-rupprechtii Mayr. (a—c) Germination. (d—f)
Conversion. Bars a, c =90 x 15 mm, b, d = 1000 um.
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Figure 6. Effects of active charcoal on somatic embryo germination.

4. Discussion
4.1. Embryogenic Tissues Induction and Proliferation in L. principis-rupprechtii Mayr

The induction of ETs is an important prerequisite for SE of conifers. The ETs are an
ideal material for germplasm conservation, genetic transformation and cell fusion [29,30].
In this study, the universality of the application of culture condition in previous study was
verified. We tested various ETs induction conditions in 20 different L. principis-rupprechtii
Mayr. families. We observed a high ETs induction efficiency in most families, with
the highest ETs induction rate being approximately 30%. However, in some L. principis-
rupprechtii Mayr. families, no ETs induction was observed. These findings were consistent
with previous findings in conifers. In Picea omorica, the highest ETs induction frequency
of five cultivars was 18.7%, while the lowest was 1.3%, despite identical explant size and
culture conditions. Similar ETs induction rates have been reported for mature embryos
of seven Picea likiangensis (Franch.) Pritz families. The ETs induction rate varied among
the different families under the same culture conditions, with a maximum of 41.3% and a
minimum of 0.7% [31].

These results highlighted that genotype strongly affects the ETs initiation rate, which
was common in studies on SE of conifers [32,33]. Our results showed that the conditions
of ETs initiation needed to be screened to obtain suitable culture conditions for most
genotypes of a certain conifer at first. Further screening of culture conditions was carried
out for individual genotypes, especially for those with good performance, which was very
valuable for reference in future studies of SE.

Rapid proliferation of the ETs is critical for the large-scale production of somatic
seedlings. Compared with proliferation in semi-solid medium, proliferation in liquid
medium systems typically provide faster growth, less variability, easy visual observation,
and automatic transfer of cell suspension [34]. We found that the proliferation efficiency of
liquid suspension culture (3.12/8 days) was significantly higher than that of semi-solid
culture (2.53/15 days), indicating that the amount of nutrients absorbed by ETs in semi-
solid and liquid medium differed, possibly due to differences in diffusion rates between
the different medium types [35,36]. Therefore, optimizing the liquid culture conditions is
the key to improving the yield of L. principis-rupprechtii Mayr. SE.

4.2. Somatic Embryo Maturation

Various factors influence the somatic embryo maturation. Numerous studies have
shown that modulating the osmotic pressure and ABA concentration in the maturation
medium greatly affects somatic embryo maturation in conifers [20,37]. The primary func-
tion of ABA is to prevent cleavage polyembryos and promote the maturation of single
embryos [37]. Here, we found that the optimal ABA concentration for somatic embryo
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formation was 16 mg L™, and 222 embryos per gram (FW) of ETs were obtained. Although
ABA was widely used in somatic embryo maturation culture in conifers, the optimal ABA
concentration varies among different conifer species. For example, the optimal ABA con-
centration for somatic embryo maturation of Podocarpus lambertii Klotzsch ex Endl was
75 uM [38], while that of western larch was only 0.025 M, much lower than that of most
conifers [14]. Qi et al. [39] adopted the optimal regression design of 311-A and found that
the optimal ABA concentration for somatic embryo maturation in L. principis-rupprechtii
Mayr was 18.91 mg L~ 1.

Somatic embryo maturation is typically augmented by high osmotic pressure in the
medium. Low water availability activates ABA-mediated molecular and physiological
responses to promote embryonic development [40]. There are two main ways to improve
osmotic pressure. The first is by adding sucrose, maltose, sugar, alcohol, PEG, or a combina-
tion of osmotic regulators in the medium to lower the water potential for osmotic pressure
regulation [41]. The second approach is to increase the concentration of gelling agents in
the maturation medium, thereby enhancing gel strength and reducing the available water
in the medium, ultimately promoting somatic embryo maturation [42,43].

In our study, treatment with 50 g L1 sucrose produced the highest number of somatic
embryos per gram (FW) of ETs (173 g !). Similarly, the high osmotic pressure induced
by sucrose facilitates somatic embryo and maturation in conifers, including Pinus yunna-
nensisi, Picea wilsonii Mast., Picea meyeri, L. kaempferi [15,44]. We also found that different
concentrations of gellan gum (phytagel) results in statistical difference. The number of
somatic embryos per gram (FW) of ETs (192 g’l) was highest when the medium was
supplemented with 7 g L~! gellan gum (phytagel). Increasing the concentration of gellan
gum in the maturation medium significantly improved the quantity and quality of somatic
embryos in Pinaceae species, including P. strobus, P. pinaster, P. sylvestris, P. luchuensis Mayr,
P. thunbergii Parl., P. densiflora Zieb. et Zucc. and hybrid larch, etc. [45-47]. Studies have
also shown that increasing the concentration of gellan gum from 4 to 8 g L ™! significantly
enhanced the production of hybrid Larch cotyledonary embryos, the survival rate of whom
was profoundly higher after germination. Increasing the concentration of gellan gum in
the medium increased somatic embryo dry weight, whereas the water content decreased,
resulting in culture conditions resembling partial desiccation [48]. Similarly, suitable PEG
concentrations induce osmotic stress in cells, similar to that under drought conditions,
increasing the concentration of cell inclusions and facilitating the development of somatic
embryos [49]. PEG is one of the most commonly used osmotic regulators in somatic em-
bryo, particularly in conifers. In our study, a high number of somatic embryos (185 g~1)
were obtained when treated with PEG (75 g L™1).

Numerous studies have shown that ABA combined with a high concentration of PEG,
sucrose, and gellan gum significantly improved the quantity and quality of mature somatic
embryos in conifers [35,50,51]. In this study, we identified the optimal concentrations of
sucrose, gellan gum (phytagel), and PEG in the maturation medium. The finding that
high concentrations of these agents enhanced somatic embryo maturation is consistent
with previous findings showing that high osmotic pressure facilitates somatic embryo
maturation. However, since the optimal concentration was the highest concentration
tested, future studies are required to assess the effects of even higher concentrations of
sucrose, gellan gum (phytagel), and PEG. Additionally, future studies are required to
determine the optimal embryo maturation conditions for different L. principis-rupprechtii
Mayr genotypes. We also obtained more somatic embryos in dispersion culture than
in piece culture. Therefore, it is expected that more somatic embryos will be obtained in
dispersion culture under optimized conditions, which is likely to be higher than 222 somatic
embryos per gram of fresh weight. The somatic embryo maturation rate achieved in our
study was relatively higher than those reported in other larch species [19,23]. However,
the effects of sucrose, phytagel, and PEG on somatic embryo germination, and subsequent
plant growth should also be investigated.
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4.3. Effect of Active Charcoal on Somatic Embryo Germination

To improve somatic embryo germination and plant conversion rates, we optimized
the culture conditions for germination and conversion, as well as pretreated embryos with
AC before germination. AC supplementation has a beneficial effect on somatic embryo
germination. Therefore, the addition of AC in the culture medium is common for the
germination of somatic embryos in many conifers, including Pinus nigra, P. densiflora and P.
armandii, etc. [52-54]. By contrast, common germination media for P. strobus and P. pinaster
do not contain AC [55,56].

In this study, we found that AC at 2 g L~! promoted somatic embryo germination in L.
principis-rupprechtii Mayr. Compared with the absence of AC from the culture medium, the
germination rate was significantly increased by 30% in the presence of 2 g L~! AC. Similarly,
the beneficial effect of AC has been widely reported in other conifer trees [57,58]. However,
the effect of AC on somatic embryo germination and underlying mechanisms remain
poorly understood. It is generally believed that AC promotes somatic embryo germination
by modulating the concentration of various plant growth regulators, plant metabolic
wastes, and toxic metabolites present in the culture medium (e.g., phenolic compounds and
ethylene) [59-61]. Van Winkle et al. believe that the role of activated carbon in pine tissue
culture is mainly in its absorption of phenolic acids and residual hormones [62]. It is worth
noting that AC may also absorb medium components essential for plant growth, including
plant growth regulators, vitamins, and ions (e.g., Cu?*, Zn?*), as well as alter the pH of the
medium [35,59,63]. Therefore, we speculate that AC may absorb various components in the
medium simultaneously, including beneficial and harmful components for somatic embryo
germination. We believe that the accumulation of excessive hormones during somatic
embryo maturation, such as ABA, is the more important factor hindering the somatic
embryos germination, and absorption of corresponding components can theoretically
significantly promote somatic embryo germination. Comparatively, the absorption of
the basic components of the medium had little effect on somatic embryo germination.
Therefore, in general, the positive effect of appropriate AC on somatic embryo germination
is greater than the negative effect. Therefore, it is necessary to elucidate the role of AC and
establish the optimal AC concentration in the culture medium to enhance the efficiency of
somatic embryo germination.

4.4. Effect of Physical Post-Maturation Treatment on Somatic Embryo Germination

In general, physical treatment (e.g., drying and low-temperature exposure) of cotyle-
donary embryos before germination can improve somatic embryo germination and plant
regeneration rates [64,65]. Drying is related to the degree of somatic embryo matura-
tion, accumulation of stored substances and endogenous hormones, and the tolerance
of somatic embryos to dehydration stress [66-71]. Low-temperature exposure can also
improve somatic embryo germination and plant regeneration rates to a certain extent. The
germination rate of Taiwan spruce somatic embryos reached 69.9% after the combination
of 4 °C exposure for 3 weeks and slow drying for 7 days [72]. Additionally, 1 or 2 months
of embryo storage on germination medium at 4 °C (stratification) significantly improved
germination in Fraser fir [73].

To the best of our knowledge, there are no reports on the pretreatment of L. principis-
rupprechtii Mayr before somatic embryo germination. Thus, future studies are required to
systematically investigate the influence of different drying treatments and low-temperature
exposure on somatic embryo germination and plant transformation. The establishment
of optimal pretreatment protocols will enable us to improve the conversion frequency of
somatic seedlings and lay the foundations for the wider application of somatic embryo
technologies in large-scale tree production.
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5. Conclusions

In summary, this article has improved the culture conditions of the ETs induction,
proliferation, maturation and germination stages of Larix principis-rupprechtii Mayr. The
reproduction coefficient of the system is improved, but the survival rate of plants after
transplanting is still low, which limits the application of micropropagation in practice. In
the future, we will further explore ways to improve the germination efficiency of somatic
embryos by studying the pretreatment of somatic embryo germination, and obtain efficient
survival approaches of somatic embryo seedlings by using mini-plug seedling, humidity
gradient control and other methods, so as to establish a technical system of large-scale
production of somatic embryo seedlings.
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