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Abstract: Larch is widely distributed throughout the world and is an important species for timber
supply and the extraction of industrial raw materials. In recent years, the hybrid breeding of Larix
kaempferi and Larix olgensis has shown obvious heterosis in quick-growth, stress resistance and wood
properties. However, its growth and development cycle is too long to meet general production
needs. In order to shorten the breeding cycle, we have for the first time successfully established and
optimized a somatic embryogenesis system for Larix kaempferi × Larix olgensis. We found that the
highest rate of embryonal-suspensor mass (ESM) induction was observed when late cotyledonary
embryos were used as explants. The induced ESMs were subjected to stable proliferation, after
which abscisic acid (ABA) and polyethylene glycol (PEG) were added to successfully induce somatic
embryos. Treatment with PEG and ABA was of great importance to somatic embryo formation
and complemented each other’s effect. ABA assisted embryo growth, whereas PEG facilitated the
formation of proembryo-like structures. On top of this, we studied in more detail the relationship
between redox homeostasis and the efficiency of somatic embryogenesis (frequency of ESM induction).
During subculture, we observed the gradual formation of three distinct types of ESM. The Type I
ESM is readily able to form somatic embryos. In contrast to type I, the type III ESM suffers from
severe browning, contains a higher level of hydrogen peroxide (H2O2) and demonstrates a decreased
ability to form somatic embryos. External treatment with H2O2 decreased the somatic embryogenesis
efficiency of Type I and type III ESMs, or the higher the exogenous H2O2 content, the lower the
resulting somatic embryogenesis efficiency. We found that treatment with the H2O2 scavenger DMTU
(dimethylthiourea) could significantly increase the somatic embryogenesis efficiency of the type III
ESM, as a result of a decline in endogenous H2O2 content. Overall, these findings have contributed
to setting up a successful somatic embryogenesis system for larch production.

Keywords: hybrid larch; somatic embryogenesis; H2O2; DMTU

1. Introduction

The genus larch belongs to the pine family. A total of 25 species of larch exists, and
they are naturally distributed across temperate mountains and alpine climate zones in
the northern hemisphere. Larch are hardy, cold-resistant trees that grow rapidly and are
resistant to decay. Larch wood can therefore be used for the construction of bridges and
poles for example, while it also serves as a raw material for the wood fiber industry [1]. It
dominates the world’s commercial forests and forest resources [2]. Since the discovery of
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the natural hybrid between Larix decidua and Larix kaempferi in Europe in 1990, many coun-
tries have been working on crossbreeding larch and have introduced interspecific hybrids
with clear hybrid advantages [3]. The (Larix kaempferi × Larix olgensis) hybrid parents show
a significant interspecific genetic variation, resulting in a hybrid vigor through combining
the excellent traits of both parents, such as rapid growth, stem form, timber quality, as
well as cold, disease and rodent resistance [4]. However, due to differences in interspecific
flowering times and long fruiting cycles, the efficiency of breeding trait improvement
is unfortunately low, making it difficult to achieve trait improvement targets [5]. More-
over, the currently most broadly applied method of larch asexual reproduction is through
cuttings, limiting the widespread application of this excellent tree species. Therefore, it
is urgent to establish an efficient and stable somatic embryogenesis protocol for hybrid
larch. The somatic embryogenesis technique can give rise to a large number of clonal
regenerated plants, using only a small amount of high-quality explants such as seeds to
achieve rapid expansion of a target species without being restricted by growing seasons [6].
The pathway and molecular mechanism underlying the somatic embryogenesis process
in gymnosperms are completely different from those in angiosperms. There is a special
cell mass structure present in the embryonic cells of the gymnosperm-ESM. These cells
make it so that only with great difficulty can vegetative gymnosperm cells be transformed
into embryonic cells [7–9]. Somatic embryogenesis is initiated by ESMs, which consist of
both highly vacuolated elongated cells as well as rounded cells that have a high number of
inclusions. The highly vacuolated long cells are the suspensor cells, while the round cells
with inclusions are the embryonic cells. In Picea asperata, ESM development is divided into
three subsequent stages: ESM I, ESM II and ESM III. ESM I is directly connected by a small
cluster of embryonic cells and a single suspensor cell; ESM II contains multiple suspensor
cells; while ESM III is characterized by the presence of enlarged embryonic cells [10].

Stress treatment can promote the efficiency of somatic embryogenesis [11]. The addi-
tion of 16 mg/L of abscisic acid (ABA) has previously been found to be beneficial to the
formation of regenerating plants during Larix principis-rupprechtii somatic embryogene-
sis [12]. The addition of ABA and polyethylene glycol to the culture medium successfully
induced somatic cell embryos of Pinus sylvestris [13]. When plants are stressed, they pro-
duce reactive oxygen species via their mitochondria, chloroplasts or peroxisomes [14].
Reactive oxygen regulates the expression of embryogenesis-related genes by affecting cell
signaling molecules [15]. Studies have shown that controlling oxidative stress to prevent
oxidative damage and maintain cell and protein structure integrity is key to larch somatic
embryogenesis [16]. However, excessive reactive oxygen species can cause the peroxidation
of plant cell membranes, which can be detrimental to the plant [17]. Hao et al. found that
the phytosulfokine (PSK)-mediated inhibition of redox reactions in Cunninghamia lanceolata
promoted somatic embryogenesis [18]. Somatic embryogenesis frequency was found to
be positively correlated to antioxidant enzyme activity by adding substances that inhibit
antioxidant enzyme activity in a Lycium chinense somatic embryogenesis assay [19]. These
findings imply that antioxidant activity plays an important role in regulating somatic
embryo development.

Although in a number of conifer species, progress has been made regarding somatic
embryogenesis research, only a handful of somatic embryogenesis systems, those being
Picea abies [20,21], Pinus banksiana [7] and Pinus radiata [22], can be applied for practical
production. The stability of somatic embryogenesis systems of most conifer species is
very poor. In this study, we established an efficient somatic embryogenesis system using
immature (Larix kaempferi × Larix olgensis) zygotic embryos as explants. We describe the
complete developmental process, from ESM induction to the formation of somatic embryos,
as well as the effect of PEG or ABA application on somatic embryogenesis efficiency. One
of our key findings is that carefully managing H2O2 content in hybrid larch can improve
the efficiency of somatic embryogenesis.
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2. Results
2.1. Establishment of a Somatic Embryogenesis System in Hybrid Larch

We performed the induction of ESMs using immature zygotic embryos as explants
on DCR medium containing 2.0 to 10.0 mg/L 2,4-D. When zygotic embryos were placed
onto the culture medium, they started to expand within 2–4 weeks with ESM structures
beginning to appear, yet showing gradual signs of browning (Figure 1G–I). After 3 months,
we found that white, transparent, crystal-like ESMs, carrying filamentous projections on
their surface, were formed inside the browned ESM (Figure 1I,J). Under the microscope,
we observed ESMs with a suspensor structure (Figure 2A–C). The newly formed ESM gen-
erally consisted of several tightly arranged, rounded embryogenic cells and a vacuolized,
elongated suspensor cell (ESM I stage) (Figure 2A). After being transferred to a proliferation
medium for about 15 days, the ESM further proliferated and differentiated, producing
more embryogenic cells and suspensor cells (ESM II stage) (Figure 2B). Following another
10 days of growth, the polarity of the ESM was disturbed, becoming a cytoplasmic dense
cell mass that showed stable proliferation (ESM III stage) (Figure 2C).
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stages for induction of ESM: (B) proembryo, (C) columnar embryo, (D) pre-cotyledonary embryo,
(E) intermediate cotyledonary embryo, (F) late cotyledonary embryo. (G–J) Induction process of
embryonal-suspensor mass (ESM). (I) NEC (white arrowhead), ESM (green arrowhead). (K) Hybrid
larch somatic embryo. (L) Somatic embryo (red arrowhead). (M–O) Stages of somatic embryo develop-
ment: (M) proembryo, (N) columnar embryo, (O) mature cotyledonary embryo. (P–R) Germination
and plant regeneration. Scale bars: (A) = 1 cm, (B–F) = 2 mm, (G–K) = 1.5 mm, (L–P) = 1 mm,
(Q) = 1 cm and (R) = 2 cm.
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Figure 2. Hybrid larch embryonal-suspensor mass and its microstructure. (A–C) Microstructures of
hybrid larch embryonal-suspensor mass at ESM I, II and III, respectively, with distances measured as
shown in the figure.

We found significant differences in ESM induction rates for zygotic embryos originat-
ing from different collection periods (Table 1). The highest rate of ESM induction was 2%,
using embryos harvested 76 days after pollination (late cotyledon embryo stage) (Figure 1F);
the second highest rate was 0.8% at 69 d after pollination (middle stage cotyledonary em-
bryo) (Figure 1E); while ESM structures could not be induced in zygotic embryos collected
30 days (proembryo) (Figure 1A), 41 days (columnar embryo) (Figure 1B) and 59 days
(early cotyledonary embryo) after pollination (Figure 1C; Table 1).

Table 1. Effect of explant collection date on ESM induction rate in hybrid larch.

Collection Date Developmental
Period

Inoculation
Number

ESM Induction Rate
(±SD)/%

30th May Proembryo 233 0 c
10th June Columnar embryo 241 0 c
28th June Early cotyledonary embryo 252 0 c
8th July Mid-cotyledon embryo 250 0.8 ± 0.53 b
15th July Late cotyledon embryo 250 2 ± 0.21 a

a–c: Different letters indicate significant differences p < 0.05.

After transferring the ESM to the somatic embryo induction medium, 15 days later,
proembryos with a transparent body and yellowish tip could be observed (Figure 1M).
After culturing the ESM on medium for about 30 days, the most apical part of the somatic
embryo became bright yellow and opaque, while the embryo volume increased as a whole,
forming a columnar embryo (Figure 1N). The embryo apical part then differentiated into
a cotyledonary primordium, which subsequently expanded to form a mature cotyledon
(Figure 1O). The entire developmental process lasted for approximately 45 d (Figure 1K,L).

We then placed mature cotyledon embryos on the DCR medium, without an osmotic
agent, to induce their germination. Their cotyledons began to turn green after 7 days of light,
and true leaves developed after 1 month (Figure 1P). At this time, they were transferred
to rooting medium containing IBA and NAA, continuing cultivation for 60 days, during
which time plants could develop up to 5–6 cm in length (Figure 1Q,R).
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2.2. ABA and PEG Are Important Stress Signals for Somatic Embryo Development

A high medium osmotic pressure is necessary for somatic embryogenesis in gym-
nosperms. PEG is the most commonly used osmotic agent during somatic embryo induction
in conifers. We compared the effects of different concentrations of PEG (150–225 g/L) on
somatic embryo maturation. The number of somatic embryos induced in hybrid larch
was found to increase and then decrease as a consequence of elevated PEG concentration
(Figure 3A). Analysis of variance (ANOVA) showed that the effect of PEG concentration on
the number of induced somatic embryos was highly significant (p < 0.01). Additionally, the
number of somatic embryos peaked at PEG concentrations of 200 and 225 g/L.

Figure 3. (A) Frequency of somatic embryogenesis at different PEG concentrations. (B) Frequency
of somatic embryogenesis at different ABA concentrations. Data are mean ± SD of three replicates.
Duncan’s test was used and different lowercase labels represent significant differences between
concentrations (p < 0.01).

Abscisic acid, the plant “stress hormone”, is widely used in SE induction [23]. In order
to elucidate the roles of osmotic stress and exogenous ABA in embryonic development, we
compared the effects of different concentrations of ABA (5–20 mg/L) on somatic embryo
maturation. We found that the highest number of somatic embryos appeared with the
addition of ABA at a concentration of 10 mg/L, followed by ABA at 15 mg/L (Figure 3B).
An ANOVA showed that the effect of ABA concentration on the number of somatic embryos
was highly significant (p < 0.01).

To better understand the roles of PEG and exogenous ABA during embryo develop-
ment, we compared the effect of PEG-containing, ABA-containing as well as both PEG-
and ABA-containing medium on somatic embryo development (Figure 4). On the medium
containing only ABA, the ESM continued dividing with their differentiation being inhibited
(Figure 4B); the embryonic cells stopped developing and became dispersed and vacuolated,
and no clusters of suspensor cells were associated with embryo formation (Figure 4E). On
the medium containing only PEG, ESM proliferation was inhibited, after which differentia-
tion would be initiated, showing a clear polarity of ESM III. Without the addition of ABA,
the ESM stagnated at the proembryo stage, unable to carry out subsequent developmental
steps (Figure 4C). At this time, the embryonic cells and suspensor cells were arranged
tightly (Figure 4F). Solely on the medium containing both PEG and ABA could we obtain
normally developed cotyledonary embryos (Figure 4D), with the apical part of the embry-
onic cells gradually differentiating into the shape of a cotyledon, and the suspensor cells
being closely arranged and elongating continuously (Figure 4G). In conclusion, we found
that ABA plays an important role in promoting development, while PEG regulates the
shift in the ESM from division to differentiation. ABA and PEG promote somatic embryo
formation in unique and complementary ways.
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(A–D) = 1.5 mm; (E–G) = 200 µm.

2.3. Carbon Source Effect on Somatic Embryo Development

We discovered significant differences in the ESM developmental process of hybrid
larch in the presence of different carbon sources. When fructose and glucose were used as
carbon sources, the structure of the ESM was poorly integrated and dispersed, delaying
the development of the ESM at the ESM I stage. Its structure consisted of several rounded
embryonic cells and an elongated suspensor cell (Figure 5E–H). When sucrose was used as
the carbon source, the ESM became light yellow, with a granular surface, and its structure
consisted of dense embryonic cells and several elongated suspensor cells at the ESM II
developmental stage (Figure 5C,D). When maltose was used as the carbon source, the ESM
was translucent, carrying spines on its surface, with its structure resembling that of the
ESM III stage. The ESM embryonic cells showed clusters of rounded cytoplasmic cells, and
elongated suspensor cells were distributed around the embryo, a structure that is closer to
the white, transparent and viscous ESM of gymnosperms (Figure 5A,B).

The selection of the carbon source has a large influence on the process of somatic
embryo maturation (Figures 5 and 6). Using glucose as the carbon source led to the
most rapid somatic embryo maturation with the highest somatic embryogenesis efficiency.
However, on the glucose medium, the vast majority of somatic embryos were deformed
and could not develop into regenerated plants (Figures 5O,P and 6). Using maltose as the
carbon source led to the second-highest somatic embryogenesis efficiency, but with a much
lower percentage of deformed embryos (Figures 5I,J and 6); using sucrose resulted in the
formation of a low number of somatic embryos (igures 5K,L and 6), while using fructose as
a carbon source resulted in somatic embryos not forming (igures 5M,N and 6).
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In summary, maltose is the most suitable carbon source to use during ESM proliferation
and somatic embryo maturation.

2.4. Effects of ROS Homeostasis on Somatic Embryogenesis in Larch

With a prolonged subculture, the hybrid larch ESM gradually evolved into three
distinct types. The Type I ESM appeared translucent with an obvious ESM structure
(Figure 7A,D); the type II ESM had a smooth surface without protrusions and scattered
suspensor cells (Figure 7B,E); and the type III ESM showed a slight browning (Figure 7C,F).
A period of 45 d after somatic embryo induction, an average of 41.83 somatic embryos with
mature cotyledons were produced on the type I ESM surface (Figure 7M); the type II ESM
(Figure 7N) showed only bumps on its surface with no mature somatic embryos growing
out; while the type III ESM (Figure 7O) produced an average of 18.33 somatic embryos.
Statistical analysis confirmed that the ESM status has a significant effect on somatic embryo
induction in hybrid larch. In summary, the suitability for somatic embryogenesis of the
three types of ESM is, in order of decreasing suitability, type I > type III > type II (Figure 7P).
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Figure 7. (A–F) ESM (upper panel) and its microstructure (lower panel) of types I (A,D), II (B,E) and
III (C,F). (G–L) ESM (upper panel) and its microstructure (lower panel) 30 d after somatic embryo
induction from ESM of types I (G,J), II (H,K) and III (I,L). (M–O) ESM 45 d after somatic embryo
induction of types I (M), II (N) and III (O). (P,Q) Bar plots showing the number of somatic embryos
produced by different types of ESM (P) and H2O2 content in hybrid larch (Q). The error bars indicate
the standard deviation between biological replicates (n = 6). The comparisons between these three
experimental types were separately performed using Student’s t-test. ** p < 0.01. Scale bars: (A–C),
(G–I) and (M–O) = 1.5 mm; (D–F) and (J–K) = as shown in the panel.
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Compared to the type I ESM, the type III ESM not only underwent severe browning,
but also showed greatly reduced somatic embryogenesis efficiency. Using a hydrogen
peroxide content assay, we found that the hydrogen peroxide content of the type III ESM
was much higher than that of the type I ESM (Figure 7Q). We speculated that the difference
between the two types of ESM might be due to an unequal H2O2 content, resulting in
differing redox potentials of the two types of ESM.

In order to further investigate the effect of H2O2 on somatic embryogenesis in larch,
we used type I and type III ESMs as the starting material for somatic embryo induction,
using a medium supplemented with different concentrations of H2O2. We found that the
number of somatic embryos derived from the type I ESM in the control group was 41.83/g,
while adding 2 mM H2O2 reduced that number to 29.83/g with a slight ESM browning
(Figure 8A,C,K), and adding 4 mM H2O2 further reduced the number of embryos to 22.67/g
with serious local ESM browning (Figure 8E,K). The ANOVA results confirmed that the
number of somatic embryos developing from the type I ESM decreased significantly with
increasing H2O2 concentration (Figure 8K). The number of somatic embryos developing
from the type III ESM similarly decreased from the original 18.33/g to 13.83/g and 6.67/g
after 2 mM and 4 mM H2O2 treatment, respectively (Figure 8B,D,F,I). The ANOVA results
again confirmed that the number of somatic embryos developing from the type III ESM
significantly reduced after H2O2 treatment (Figure 8I). Therefore, a high H2O2 concentration
reduces the larch ESM somatic embryogenesis efficiency and leads to ESM browning.
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Figure 8. (A–F) Somatic embryogenesis from type I (A,C,E) and type III (B,D,F) ESM at H2O2

concentrations of 0, 2 and 4 mM, respectively. (G,H) Somatic embryogenesis from type I (G) and
type III (H) ESM treated with DMTU. (I,K) Bar graphs showing the number of somatic embryos
developing from type I (I) and type III (K) ESM at different H2O2 concentrations. Duncan’s test was
used and different letters indicate significant differences (p < 0.05). (J,L) Bar graphs showing the
number of somatic embryos (L) and H2O2 content (J) after the addition of DMTU to type I (blue) and
type III (orange) ESM. Error bars indicate the standard deviation between biological replicates (n = 6).
Comparisons between these two experimental types were made using Student’s t-tests, respectively.
ns indicates no significant difference, * p < 0.05. Scale bars: (A–H) = 1.5 mm.

To verify the effect of endogenous H2O2 on somatic embryo induction, we added the
H2O2 inhibitor DMTU to the culture medium and measured the somatic embryogenesis
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efficiency starting from the type I and type III ESM (Figure 8). An ANOVA showed that
DMTU did not affect somatic embryogenesis efficiency when starting from the type I ESM
(Figure 8A,G,L), yet significantly increased the number of somatic embryos when using
the type III ESM as the starting material (Figure 8B,H,J,L). Combined with the fact that the
H2O2 content of the type III ESM was significantly higher than that of the type I ESM, we
can conclude that DMTU promotes larch somatic embryogenesis by reducing the H2O2
content to tolerable levels.

3. Discussion
3.1. Establishment of a Hybrid Larch Somatic Embryogenesis System

Somatic embryogenesis in hybrid larch has the potential to provide a strategic reserve
of industrial timber resources and large-scale breeding of superior seedlings. It is also an
ideal model for studying the mechanisms of embryonic development because of the high
similarity between somatic embryogenesis and zygotic embryogenesis [24]. The devel-
opment of somatic embryogenesis in larch has been underway for many years; however,
reports on hybrid larch with a clear hybrid advantage are less frequent. At the same time,
there are two main limitations for the large-scale reproduction of hybrid larch by somatic
embryogenesis: (1) an extremely low induction rate and (2) a low maturation rate of somatic
embryos in many embryogenic lines [25].

Selecting an explant of the correct type and developmental stage is an important factor
for the success rate of conifer ESM induction. At present, except for a few studies on
using needles [26] and shoots [27] as explants for somatic embryogenesis, the process is
usually initiated with immature zygotic embryos serving as the starting material. Immature
zygotic embryos are more likely to induce somatic embryos due to their lower degree of
differentiation. Zhou et al. found that the induction rate of ESMs in zygotic embryos
at different developmental stages of Cunninghamia lanceolata gradually increased with
an increasing zygotic embryo maturity [24], and ESM induction experiments on Larix
sibirica zygotic embryos revealed that the highest induction efficiency was achieved with
cotyledon initiation [28]. The use of immature zygotic embryos from Larix gmelinii [29] and
Larix principis-rupprechtii [5] was also successful in obtaining ESMs, but the developmental
period of immature zygotic embryos that is most suitable for inducing ESMs has not been
clearly reported. In our study, only the mid-cotyledonary embryo and the late cotyledonary
embryo were capable of inducing ESMs, and the reason for this remains to be investigated as
the induction rate of ESMs gradually increased with increasing maturity of the cotyledonary
embryo. We can take advantage of this characteristic of hybrid larch, and thus select the
period of zygotic embryo development with the highest induction rate for experimentation,
in order to obtain more embryonic lineages.

Stress conditions can inhibit cell elongation and alter the state of cell differentiation,
which in turn leads to changes in plant cell morphology and induces the formation of
somatic embryos [30]. In conifers, the combined treatment of ABA and PEG has become
the most commonly used method to induce somatic embryogenesis [23]. PEG can promote
the development of ESMs by simulating drought conditions and preventing the formation
of aberrant embryos [24], and 15% PEG effectively improves the rate of maturation and
quality of somatic embryos in Swietenia mahagoni [31]. ABA promotes the maturation of
somatic embryos and inhibits their premature germination [32]. The induction of somatic
embryos in Pinus sylvestris is usually stimulated by the removal of the growth hormone
and the addition of PEG and ABA for stress [13], thus promoting the differentiation of
somatic cells in the direction of embryonic cells. Exogenous addition of ABA also promotes
the synthesis of carbohydrates, lipids and proteins during somatic embryogenesis in
coniferous species [33] and prevents precocious development of the embryo [34], while
promoting the maturation and differentiation of the somatic embryo during the later stages
of development in Pinus strobus and Cunninghamia lanceolata [24,35]. In addition to ABA’s
role in the abiotic stress response [36], changes in the level and expression of related genes
influence the capacity for somatic embryogenesis [37]. Three HSP genes expressed during
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somatic embryogenesis were identified in Picea glauca and their expression was found to
be induced by ABA [38]. In our study, we used ABA-, PEG- and combined treatments of
both ABA and PEG, with the results showing that in the induction medium containing
only ABA, ESM differentiation was inhibited. It was clear that ABA did not regulate the
early development of the embryo, while PEG regulated the transformation of ESMs into
somatic embryos and promoted the development of ESMs, but could not regulate the later
developmental steps of the embryo. Complete cotyledonary embryos formed only as a
result of the combined treatment with both PEG and ABA. The effects of PEG and ABA on
somatic embryogenesis are highly significant, and the two are indispensable to promote
the formation of proto-embryos in different ways, probably in an interactive manner.

3.2. Homeostasis of Reactive Oxygen Species Affects Somatic Embryogenesis

Dimethylthiourea (DMTU) acts as an H2O2 scavenger [39] that plays a crucial role in
the antioxidant defense mechanism of plants [40]. Previous studies found that appropriate
amounts of hydrogen peroxide are involved in signaling and regulating gene expression
during plant somatic embryogenesis [41]. The endogenous H2O2 content in the embryo-
genic callus in Gossypium was shown to be 2.7 times higher than in the non-embryogenic
callus and remained higher during early somatic embryo differentiation [42], while exoge-
nous H2O2 treatment can promote somatic embryogenesis in Medicago sativa [43,44].

In this study, the treatment of two different types of ESM with H2O2 revealed that
the number of somatic embryos formed gradually decreases as the concentration of H2O2
increases. Furthermore, after lowering the endogenous H2O2 using DMTU, we found
that there was no significant change in the number of somatic embryos in the type I
ESM, yet a significant increase could be seen in the type III ESM. Since the type I ESM
has a lower H2O2 content than the type III ESM, we concluded that DMTU promotes
somatic embryogenesis by reducing the ESM H2O2 content to physiologically tolerable
levels. Stress treatments during somatic embryogenesis can induce stress responses in
plants, which can trigger a series of physiological and biochemical changes within the
plant. However, due to the limited stress capacity of plants when their endogenous H2O2
concentration is too high, excessive stress responses can lead to browning of the plant,
accompanied by lipid peroxidation, enzyme inactivation and nucleic acid damage [45,46],
all of which are extremely detrimental to plant growth. Therefore, we suggest that H2O2
can promote or inhibit somatic embryogenesis by regulating the expression of somatic
embryogenesis-related genes through signaling functions.

4. Materials and Methods
4.1. Plant Materials

The materials used in this experiment were obtained from hybrid larch seed gardens
(Larix kaempferi × Larix olgensis) located on the Dagujia Forestry farm in Qingyuan County,
Liaoning Province. Immature zygotic embryos were collected on 31 May (about 30 d after
pollination), 10 June, 28 June, 8 July and 15 July 2020. The collected macrospore balls were
sealed in plastic sealing bags on-site and then stored in ice boxes and transported to the
laboratory for storage in a 4 ◦C refrigerator.

Seeds with immature zygotic embryos of different developmental stages were used as
the initial explants to induce somatic embryos. The developmental stage of the obtained
zygotic embryo material was identified from 5 to 6 randomly selected seeds of each cone
according to Shi et al. [47]. Cones were opened and seeds were collected before sterilization.
The seeds were washed with detergent for 10 min and then rinsed under running tap water
for 30 min to remove residual detergent. Under aseptic conditions, the washed seeds were
transferred to autoclaved conical flasks. They were soaked in 75% ethanol for 30 s, sterilized
with 10% NaClO for 15 min, rinsed 3~4 times using sterile water, placed on sterile filter
paper and blotted dry, removing the seed wings and seed coats as previously described [48].
The embryo sacs, including the zygotic embryos, were used for induction of ESM. More
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than 200 seeds of the same embryonic stage were used to assess outgrowth frequency and
this test was repeated three times.

4.2. Medium and Culture Conditions
4.2.1. ESM Induction

The embryo sacs were cut near the suspensor and initially cultured for 3 months at
23 ◦C in darkness on ESM induction medium. The ESM induction medium consisted of
DCR medium [49], supplemented with 2–10 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D),
0.5 mg/L 6-benzyladenine (6-BA), 0.5 mg/L Kinetin (KT), 20 g/L maltose, 450 mg/L
glutamine, 500 mg/L casein hydrolysate (CH) (Sigma, St. Louis, MO, USA), 100 mg/L
inositol and 2.4 g/L gellan gum (Sigma, St. Louis, MO, USA). The pH of the medium was
adjusted to 5.8 ± 0.1 with NaOH or HCl, after which it was autoclaved at 121 ◦C for 20 min.

4.2.2. ESM Proliferation

ESM subculture medium consisted of DCR medium, supplemented with 1 mg/L
2,4-D, 0.5 mg/L 6-BA, 0.5 mg/L KT, 20 g/L maltose, 450 mg/L glutamine, 500 mg/L CH,
100 mg/L inositol, 2.5 g/L activated carbon and 2.4 g/L gellan gum. The pH of the medium
was adjusted to 5.8 ± 0.1 with NaOH or HCl, after which it was autoclaved at 121 ◦C for
20 min.

4.2.3. Somatic Embryo Induction

After 25 d of stable ESM proliferation, they were transferred to somatic embryo
induction medium, which consisted of DCR medium supplemented with 5–20 mg/L
abscisic acid (ABA) (Sigma), 5 mg/L gibberellin (GA), 170–250 g/L PEG 8000, 5 g/L
inositol, 500 mg/L CH, 450 mg/L glutamine, 200 mg/L aspartic acid, 200 mg/L proline,
25 g/L maltose, 2.0 g/L activated carbon and 2.8 g/L gellan gum. The pH of the medium
was adjusted to 6.0 ± 0.1 with NaOH or HCl. ABA was filter-sterilized and added into
autoclaved cooled medium.

4.2.4. Plant Regeneration

After 45 days of somatic embryo induction and development, to stimulate germination,
mature cotyledon somatic embryos were inoculated on DCR medium without exogenous
hormone for the duration of one week. Subsequently, they were transferred to DCR medium
supplemented with 0.5–1.5 mg/L IBA and 0.1–0.5 mg/L NAA and maintained at 25 ◦C
under cool white fluorescent light (30 µmol m−2 per second, with a 16 h photoperiod) to
induce root formation.

4.3. PEG and ABA Effect on Somatic Embryogenesis

After 21 days of subculture, all ESMs of an identical, suitable growth stage (~0.2 g in
weight) were placed onto somatic embryo induction medium containing either both PEG
and ABA, only PEG (150, 175 and 200 g/L) or only ABA (5, 10, 15 and 20 mg/L) to induce
somatic embryos. The pH was maintained at 6.0 ± 0.02, and the somatic embryos were
cultured for 45 days at 23 ◦C in the dark.

4.4. Carbon Source Effect on Somatic Embryogenesis

ESMs of a similar growth stage (~0.2 g in weight) were inoculated in subculture
medium supplemented with different carbon sources (maltose, fructose, sucrose or glucose
at a concentration of 20 g/L) for 21 days. Each dish was inoculated with 8 pieces and
then placed in an incubator and cultured at 23 ◦C in the dark. There were 3 replicates in
each group.

ESMs of a similar growth stage (~0.2 g in weight) were inoculated in somatic embryo
induction medium supplemented with different carbon sources (maltose, fructose, sucrose
or glucose at a concentration of 25 g/L) for 45 days. Each dish was inoculated with 8 pieces
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and then placed in an incubator and cultured at 23 ◦C in the dark. There were 3 replicates
in each group.

Somatic embryo induction medium: DCR medium + 10 mg/L ABA + 200 g/L PEG
+ 5.0 GA + 0.5 g/L CH + 5 g/L inositol + 450 mg/L glutamine + 25 g/L carbon source +
2.0 g/L Ac + 2.8 g/L Crystal Dish; the pH value was 6.0 ± 0.02.

4.5. Hydrogen Peroxide Content Detection

Endogenous H2O2 content was measured by type I ESM and type III ESM with the
same growth stage after 21 days of normal subculture. A total of 6 experiments were
repeated in each group. The method used to measure H2O2 content was as follows: An
H2O2 content detection kit was purchased from Beijing Soraibao Technology Co., Ltd.,
Beijing, China. An amount of 0.1 g of hybrid larch ESM was weighed, 1 mL of acetone
was added to an ice bath and the ESM was ground to a homogenate and then transferred
to a 1.5 mL centrifuge tube. The sample was centrifuged at 8000× g at 4 ◦C for 10 min,
and 250 mL of supernatant was taken, to which 25 µL of titanium sulfate and 50 µL of
concentrated ammonia water were added to precipitate out the titanium peroxide complex.
The sample was centrifuged at 4000× g at room temperature for 10 min, carefully removing
the supernatant and washing the remaining precipitate 3–5 times using 5 mL of acetone,
after which 250 µL of sulfuric acid solution was added, followed by vigorous shaking to
resolubilize the precipitate. The sample was then let to rest at room temperature for 5 min,
while the microplate reader was preheated for more than 30 min. An amount of 200 µL
of sample was transferred to a 96-well plate to determine the absorbance value at 415 nm,
using an H2O2 standard solution and 2 µmol/mL acetone to determine the standard value
and blank control, respectively.

4.6. H2O2 Effect on Somatic Embryogenesis

Type I and type III ESMs of the same growth stage (~0.2 g in weight) were placed
on somatic embryo induction medium supplemented with exogenous H2O2 or DMTU
after 21 days of subculture. Each dish was inoculated with 8 pieces and then placed in an
incubator and cultured at 23 ◦C in the dark. A total of 6 experiments in each group were
repeated, and the efficiency of somatic embryogenesis was quantified. The DMTU working
concentration used was 10 mM, and the H2O2 working concentrations used were 0, 2 and
4 mM. DMTU and H2O2 were filter-sterilized and added into autoclaved cooled medium.

4.7. Statistical Methods

Regarding the ESM induction assay, each hybrid combination was inoculated with
at least 200 seeds with three replicates for each treatment and significant differences were
tested using SPSS 23.0.

One-way ANOVA was performed using SPSS23.0 for data analysis. Duncan’s multiple
range test was used to compare the mean values, and the significance level was set to
α = 0.05. Graph Pad was used to plot the analysis results of SPSS 23.0 software.

Regarding the somatic embryo induction assay, each experimental group was inocu-
lated with at least 5 dishes and 3 replicates per group.

The developmental period of the zygotic and somatic embryos was identified using
a somatic microscope (Leica, S8AP0, Leica Microsystems (Switzerland) Ltd., Heerbrugg,
Switzerland), and microstructures were observed using a Zeiss inverted microscope (ZEISS,
DMI4000, Carl Zeiss AG, Oberkochen, Germany).

5. Conclusions

In summary, 2.0 mg/L of 2,4-D- and 0.5 mg/L of BA-supplemented DCR medium
can effectively induce ESMs from immature (Larix kaempferi × Larix olgensis) embryos.
These ESMs can successfully initiate somatic embryo differentiation in mature medium
supplemented with 200 g/L of PEG and 10 mg/L of ABA. Furthermore, we found that
carefully managing the H2O2 content in hybrid larch can improve the efficiency of somatic
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embryogenesis. However, the molecular mechanism of promoting somatic embryogenesis
by balancing the hydrogen peroxide content still needs further study. In a follow-up study,
transcriptome sequencing following DMTU treatment was systematically carried out to
identify key gene regulatory networks and metabolic pathways, to find the downstream
functional genes, to promote the further improvement in somatic embryogenesis efficiency
of hybrid larch, and to lay a foundation for the preservation, development and application
of excellent germplasm resources of hybrid larch.

Author Contributions: J.Z. performed the experiment and data analysis and wrote the draft of the pa-
per. K.Z., H.X., Y.X. and R.L. participated in the results analysis. X.W., Y.Y., Z.H. and H.W. performed
material investigation. X.S. and J.C. are responsible for the experimental design, supervision and
manuscript revision. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Natural Science Foundation of China (No. 32071784), the
Youth Foundation of the Natural Science Foundation of Jiangsu Province (No. BK20210614) and the
Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be made available on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Yan, X.; Wang, K.; Zheng, K.; Zhang, L. Efficient organogenesis and taxifolin production system from mature zygotic embryos

and needles in larch. For. Res. 2023, 3, 4. [CrossRef]
2. Sun, C.; Xie, Y.H.; Li, Z.; Liu, Y.J.; Sun, X.M.; Li, J.J.; Quan, W.P.; Zeng, Q.Y.; Van de Peer, Y.; Zhang, S.G. The Larix kaempferi

genome reveals new insights into wood properties. J. Integr. Plant Biol. 2022, 64, 1364–1373. [CrossRef] [PubMed]
3. Baltunis, B.S.; Greenwood, M.S. Eysteinsson Hybrid vigor in Larix: Growth of intra- and interspecific hybrids of Larix decidua,

L-laricina, and L-kaempferi after 5-years. Silvae Genet. 1998, 47, 288–293. [CrossRef]
4. Sun, X.; Zhang, S.; Wang, X.; Qi, L.; Wang, W.; Chen, B. Genetic Variation on Rooting Ability of Stem Cutting and Juvenile Growth

of Larix kaempferi × L. olgensis Interspecific Hybrids. Sci. Silvae Sin. 2008, 44, 41–47. [CrossRef]
5. Jiang, S.; Chen, X.; Gao, Y.; Cui, Y.; Kong, L.; Zhao, J.; Zhang, J. Plant Regeneration via Somatic Embryogenesis in Larix

principis-rupprechtii Mayr. Forests 2021, 12, 1335. [CrossRef]
6. Fernandes, P.; Rodriguez, E.; Pinto, G.; Roldan-Ruiz, I.; De Loose, M.; Santos, C. Cryopreservation of Quercus suber somatic

embryos by encapsulation-dehydration and evaluation of genetic stability. Tree Physiol. 2008, 28, 1841–1850. [CrossRef] [PubMed]
7. Park, Y.S.; Lelu-Walter, M.A.; Harvengt, L.; Trontin, J.F.; MacEacheron, I.; Klimaszewska, K.; Bonga, J.M. Initiation of somatic

embryogenesis in Pinus banksiana, P-strobus, P. pinaster, and P-sylvestris at three laboratories in Canada and France. Plant Cell
Tissue Organ Cult. 2006, 86, 87–101. [CrossRef]

8. Yang, M.; Zhang, D.; Li, Z.; Jin, X.; Ding, G. Somatic Embryogenesis with Immature Embryos of Masson Pine (Pinus massoniana
Lamb. Plant Physiol. J. 2011, 47, 904–912. [CrossRef]

9. Dowling, J.K.; Tate, M.D.; Golenbock, D.T.; Mansell, A. Somatic Embryogenesis in Juniperus procera Using Juniperus communis as a
Model. Cytokine 2014, 70, 37. [CrossRef]

10. Filonova, L.H.; Bozhkov, P.V.; von Arnold, S. Developmental pathway of somatic embryogenesis in Picea abies as revealed by
time-lapse tracking. J. Exp. Bot. 2000, 51, 249–264. [CrossRef]

11. Feher, A. Somatic embryogenesis—Stress-induced remodeling of plant cell fate. Biochim Biophys. Acta 2015, 1849, 385–402.
[CrossRef] [PubMed]

12. Qi, L.; Han, Y.; Han, S.; Wang, J. Effects of Maltose, NAA and ABA on Somatic Maturation and Radicle Rooting of Larix
principis-rupprechtii. Res. Inst. For. 2004, 40, 53–60.

13. Salo, H.M.; Sarjala, T.; Jokela, A.; Haggman, H.; Vuosku, J. Moderate stress responses and specific changes in polyamine
metabolism characterize Scots pine somatic embryogenesis. Tree Physiol. 2016, 36, 392–402. [CrossRef] [PubMed]

14. Libik, M.; Konieczny, R.; Pater, B.; Slesak, I.; Miszalski, Z. Differences in the activities of some antioxidant enzymes and in H2O2
content during rhizogenesis and somatic embryogenesis in callus cultures of the ice plant. Plant Cell Rep. 2005, 23, 834–841.
[CrossRef] [PubMed]

15. Hirt, H. Connecting oxidative stress, auxin, and cell cycle regulation through a plant mitogen-activated protein kinase pathway.
Proc. Natl. Acad. Sci. USA 2000, 97, 2405–2407. [CrossRef] [PubMed]

16. Liu, Y.; Han, S.; Ding, X. Transcriptome Analysis of mRNA and miRNA in Somatic Embryos of Larix leptolepis Subjected to
Hydrogen Treatment. Int. J. Mol. Sci. 2016, 17, 1951. [CrossRef]

https://doi.org/10.48130/FR-2023-0004
https://doi.org/10.1111/jipb.13265
https://www.ncbi.nlm.nih.gov/pubmed/35442564
https://doi.org/10.1002/(SICI)1097-0223(199801)18:1%3C87::AID-PD228%3E3.0.CO;2-S
https://doi.org/10.1016/S1872-2040(08)60061-4
https://doi.org/10.3390/f12101335
https://doi.org/10.1093/treephys/28.12.1841
https://www.ncbi.nlm.nih.gov/pubmed/19193567
https://doi.org/10.1007/s11240-006-9101-7
https://doi.org/10.3724/SP.J.1011.2011.00093
https://doi.org/10.1016/j.cyto.2014.07.046
https://doi.org/10.1093/jexbot/51.343.249
https://doi.org/10.1016/j.bbagrm.2014.07.005
https://www.ncbi.nlm.nih.gov/pubmed/25038583
https://doi.org/10.1093/treephys/tpv136
https://www.ncbi.nlm.nih.gov/pubmed/26786537
https://doi.org/10.1007/s00299-004-0886-8
https://www.ncbi.nlm.nih.gov/pubmed/15517278
https://doi.org/10.1073/pnas.97.6.2405
https://www.ncbi.nlm.nih.gov/pubmed/10716978
https://doi.org/10.3390/ijms17111951


Int. J. Mol. Sci. 2024, 25, 669 15 of 16

17. Fatima, S.; Mujib, A.; Samaj, J. Anti-oxidant enzyme responses during in vitro embryogenesis in Catharanthus roseus. J. Horticult.
Sci. Biotechnol. 2011, 86, 569–574. [CrossRef]

18. Hao, Z.; Wu, H.; Zheng, R.; Li, R.; Zhu, Z.; Chen, Y.; Lu, Y.; Cheng, T.; Shi, J.; Chen, J. The plant peptide hormone phytosulfokine
promotes somatic embryogenesis by maintaining redox homeostasis in Cunninghamia lanceolata. Plant J. 2023, 113, 716–733.
[CrossRef]

19. Cui, K.; Pei, X. Effects of modulation of abscisic acid during somatic embryogenesis in Lycium barbarum L. Acta Biol. Exp. Sin.
1998, 02, 195–201.

20. Hakman, I.; Arnold, S.V. Plantlet Regeneration through Somatic Embryogenesis in Picea abies (Norway Spruce). J. Plant Physiol.
1985, 121, 149–158. [CrossRef]

21. Vaelimaeki, S.; Hazubska-Przybyl, T.; Ratajczak, E.; Tikkinen, M.; Varis, S.; Aronen, T. Somatic Embryo Yield and Quality From
Norway Spruce Embryogenic Tissue Proliferated in Suspension Culture. Front. Plant Sci. 2021, 12, 791549. [CrossRef] [PubMed]

22. Castander-Olarieta, A.; Montalban, I.A.; Moncalean, P. Multi-strategy approach towards optimization of maturation and
germination in radiata pine somatic embryogenesis. Plant Cell Tissue Organ Cult. 2023, 153, 173–190. [CrossRef]

23. Zavattieri, M.A.; Frederico, A.M.; Lima, M.; Sabino, R.; Arnholdt-Schmitt, B. Induction of somatic embryogenesis as an example
of stress-related plant reactions. Electron. J. Biotechnol. 2010, 13, 12–13. [CrossRef]

24. Zhou, X.; Zheng, R. Desiccation Treatment and Endogenous IAA Levels Are Key Factors Influencing High Frequency Somatic
Embryogenesis in Cunninghamia lanceolata (Lamb.) Hook. Front. Plant Sci. 2017, 8, 2054. [CrossRef] [PubMed]

25. Lelu-Walter, M.A.; Paques, L.E. Simplified and improved somatic embryogenesis of hybrid larches (Larix imeseurolepis and Larix
imesmarschlinsii). Perspectives for breeding. Ann. For. Sci. 2009, 66, 104. [CrossRef]

26. Liu, C.; Xia, X.; Yin, W.; Huang, L.; Zhou, J. Shoot regeneration and somatic embryogenesis from needles of redwood (Sequoia
sempervirens (D.Don.) Endl.). Plant Cell Rep. 2006, 25, 621–628. [CrossRef] [PubMed]

27. Malabadi, R.B.; Van Staden, J. Somatic embryogenesis from vegetative shoot apices of mature trees of Pinus patula. Tree Physiol.
2005, 25, 11–16. [CrossRef]

28. Tret’Yakova, I.N.; Barsukova, A.V. Somatic embryogenesis in in vitro culture of three larch species. Russ. J. Dev. Biol. 2012, 43,
353–361. [CrossRef]

29. Krutovsky, K.V.; Tretyakova, I.N.; Oreshkova, N.V.; Pak, M.E.; Kvitko, O.V.; Vaganov, E.A. Somaclonal variation of haploid in vitro
tissue culture obtained from Siberian larch (Larix sibirica Ledeb.) megagametophytes for whole genome de novo sequencing. Vitr.
Cell. Dev. Biol.-Plant 2014, 50, 655–664. [CrossRef]

30. Potters, G.; Pasternak, T.P.; Guisez, Y.; Palme, K.J.; Jansen, M.A. Stress-induced morphogenic responses: Growing out of trouble?
Trends Plant Sci. 2007, 12, 98–105. [CrossRef]

31. Maruyama, T.E. Polyethylene glycol improves somatic embryo maturation in big-leaf mahogany (Swietenia macrophylla King,
Meliaceae). Bull. For. For. Prod. Res. Inst. 2009, 8, 167–173.

32. Acanda, Y.; Martínez, Ó.; Prado, M.J.; González, M.V.; Rey, M. Changes in abscisic acid metabolism in relation to the maturation
of grapevine (Vitis vinifera L., cv. Mencía) somatic embryos. BMC Plant Biol. 2020, 20, 487. [CrossRef] [PubMed]

33. Kong, L.; Attree, S.M.; Fowke, L.C. Changes of endogenous hormone levels in developing seeds, zygotic embryos and megaga-
metophytes in Picea glauca. Physiol. Plant. 2010, 101, 23–30. [CrossRef]

34. Nunes, S.; Marum, L.; Farinha, N.; Pereira, V.T.; Almeida, T.; Sousa, D.; Mano, N.; Figueiredo, J.; Dias, M.C.; Santos, C. Somatic
embryogenesis of hybrid Pinus elliottii var. elliottii x P-caribaea var. hondurensis and ploidy assessment of somatic plants. Plant
Cell 2018, 132, 71–84. [CrossRef]

35. Gupta, P.K.; Pullman, G.S. Method for reproducing coniferous plants by somatic embryogenesis using abscisic acid and osmotic
potential variation: Pramod gupta, Gerald S Pullman assigned to Weyerhaeuser Company. Biotechnol. Adv. 1991, 9, 684. [CrossRef]

36. Kanchan, V.; Neha, U.; Nitin, K.; Gaurav, Y.; Jaspreet, S.; Mishra, R.K.; Vivek, K.; Rishi, V.; Upadhyay, R.G.; Mayank, P. Abscisic
Acid Signaling and Abiotic Stress Tolerance in Plants: A Review on Current Knowledge and Future Prospects. Front. Plant Sci.
2017, 8, 161. [CrossRef]

37. Satoshi, K.; Kaoru, S.; Paul, T.; Takamasa, S.; Sachihiro, M. Characterization of somatic embryogenesis initiated from the
Arabidopsis shoot apex. Dev. Biol. 2018, 442, 13–27. [CrossRef]

38. Chen, B.; Martijn, F.; Dekkers, B.J.W.; Lena, M.; Wilma, V.E.G.; Angenent, G.C.; Yang, Z.; Kim, B. ABA signalling promotes cell
totipotency in the shoot apex of germinating embryos. J. Exp. Bot. 2021, 72, 6418–6436. [CrossRef]

39. Han, M.; Wang, B.; Song, G.; Shi, S. Comparative study of alleviation effects of DMTU and PCIB on root growth inhibition in two
tall fescue varieties under cadmium stress. Ecotoxicol. Environ. Saf. 2020, 196, 110528. [CrossRef]

40. Huang, Z.; Li, H. Control of oxidative stress by a combination of PBU, BAP and DMTU enhances adventitious shoot formation in
Eucalyptus urophylla. Plant Cell Tissue Organ Cult. 2020, 141, 533–541. [CrossRef]

41. Taiba, S.; Anwar, S. High frequency plant regeneration in Indian Siris via cyclic somatic embryogenesis with biochemical,
histological and SEM investigations. Ind. Crops Prod. 2015, 76, 623–637. [CrossRef]

42. Cheng, W.; Wang, F.; Cheng, X.; Zhu, Q.; Sun, Y.; Zhu, H.; Sun, J. Polyamine and Its Metabolite H2O2 Play a Key Role in the
Conversion of Embryogenic Callus into Somatic Embryos in Upland Cotton (Gossypium hirsutum L.). Front. Plant Sci. 2015, 6, 1063.
[CrossRef] [PubMed]

43. Cui, K.R.; Li, J.; Xing, G.M.; Li, J.L.; Wang, L.H.; Wang, Y.F. Effect of hydrogen peroxide on synthesis of proteins during somatic
embryogenesis in Lycium barbarum. Plant Cell Tissue Organ Cult. 2002, 68, 187–193. [CrossRef]

https://doi.org/10.1080/14620316.2011.11512805
https://doi.org/10.1111/tpj.16077
https://doi.org/10.1016/S0176-1617(85)80040-7
https://doi.org/10.3389/fpls.2021.791549
https://www.ncbi.nlm.nih.gov/pubmed/34987536
https://doi.org/10.1007/s11240-023-02457-y
https://doi.org/10.2225/vol13-issue1-fulltext-4
https://doi.org/10.3389/fpls.2017.02054
https://www.ncbi.nlm.nih.gov/pubmed/29259612
https://doi.org/10.1051/forest/2008079
https://doi.org/10.1007/s00299-006-0120-y
https://www.ncbi.nlm.nih.gov/pubmed/16496152
https://doi.org/10.1093/treephys/25.1.11
https://doi.org/10.1134/S1062360412060082
https://doi.org/10.1007/s11627-014-9619-z
https://doi.org/10.1016/j.tplants.2007.01.004
https://doi.org/10.1186/s12870-020-02701-z
https://www.ncbi.nlm.nih.gov/pubmed/33097003
https://doi.org/10.1111/j.1399-3054.1997.tb01815.x
https://doi.org/10.1007/s11240-017-1311-7
https://doi.org/10.1016/0734-9750(91)90839-N
https://doi.org/10.3389/fpls.2017.00161
https://doi.org/10.1016/j.ydbio.2018.04.023
https://doi.org/10.1093/jxb/erab306
https://doi.org/10.1016/j.ecoenv.2020.110528
https://doi.org/10.1007/s11240-020-01812-7
https://doi.org/10.1016/j.indcrop.2015.07.060
https://doi.org/10.3389/fpls.2015.01063
https://www.ncbi.nlm.nih.gov/pubmed/26697030
https://doi.org/10.1023/A:1013871500575


Int. J. Mol. Sci. 2024, 25, 669 16 of 16

44. Otvos, K.; Pasternak, T.P.; Miskolczi, P.; Domoki, M.; Dorjgotov, D.; Szucs, A.; Bottka, S.; Dudits, D.; Feher, A. Nitric oxide is
required for, and promotes auxin-mediated activation of, cell division and embryogenic cell formation but does not influence cell
cycle progression in alfalfa cell cultures. Plant J. 2005, 43, 849–860. [CrossRef] [PubMed]

45. Graham, N.; Caroline, L.; Amna, M. The metabolomics of oxidative stress. Phytochemistry 2015, 112, 33–53.
46. Gallie, D.R. The role of L-ascorbic acid recycling in responding to environmental stress and in promoting plant growth. J. Exp.

Bot. 2013, 64, 433–443. [CrossRef]
47. Shi, J.; Zhen, Y.; Zheng, R. Proteome profiling of early seed development in Cunninghamia lanceolata (Lamb.) Hook. J. Exp. Bot.

2010, 61, 2367–2381. [CrossRef]
48. Pullman, G.S.; Johnson, S. Somatic embryogenesis in loblolly pine (Pinus taeda L.): Improving culture initiation rates. Ann. For.

Sci. 2002, 59, 663–668. [CrossRef]
49. Gupta, P.K.; Durzan, D.J. Shoot multiplication from mature trees of Douglas-fir (Pseudotsuga menziesii) and sugar pine (Pinus

lambertiana). Plant Cell Rep. 1985, 4, 177–179. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/j.1365-313X.2005.02494.x
https://www.ncbi.nlm.nih.gov/pubmed/16146524
https://doi.org/10.1093/jxb/ers330
https://doi.org/10.1093/jxb/erq066
https://doi.org/10.1051/forest:2002053
https://doi.org/10.1007/BF00269282

	Introduction 
	Results 
	Establishment of a Somatic Embryogenesis System in Hybrid Larch 
	ABA and PEG Are Important Stress Signals for Somatic Embryo Development 
	Carbon Source Effect on Somatic Embryo Development 
	Effects of ROS Homeostasis on Somatic Embryogenesis in Larch 

	Discussion 
	Establishment of a Hybrid Larch Somatic Embryogenesis System 
	Homeostasis of Reactive Oxygen Species Affects Somatic Embryogenesis 

	Materials and Methods 
	Plant Materials 
	Medium and Culture Conditions 
	ESM Induction 
	ESM Proliferation 
	Somatic Embryo Induction 
	Plant Regeneration 

	PEG and ABA Effect on Somatic Embryogenesis 
	Carbon Source Effect on Somatic Embryogenesis 
	Hydrogen Peroxide Content Detection 
	H2O2 Effect on Somatic Embryogenesis 
	Statistical Methods 

	Conclusions 
	References

