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Abstract

Phoebe bournei, a plant species endemic to China, is a precious timber tree and widely used in
landscaping. This tree contains numerous secondary metabolites, underscoring its potential economic value.
However, studies on this species, including molecular genetic research, remain limited. In this study, both a
somatic embryogenesis (SE) technical system and Agrobacterium-mediated genetic transformation were
successfully employed in P. bournei for the first time. The SE technical system was constructed using immature
embryos as original material. The primary embryo and embryonic callus induction rates were 30.66% and
41.67%, respectively. The highest rate of embryonic callus proliferation was 3.84. The maximum maturity
coefficient and germination rate were 53.44/g and 39%, respectively. Agrobacterium-mediated genetic
transformation was performed using the SE technical system, and the highest transformation rate was 11.24%.
The results presented here are the first to demonstrate an efficient approach to achieve numerous P. bournei
plantlets, which serves as the basis for artificial cultivation and resource conservation. Furthermore, the genetic
transformation platform constructed in this study will facilitate assessment of gene function and molecular
regulation.

Keywords: Agrobacterium; genetic transformation; Phoebe bournei; rapid multiplication; somatic

embryogenesis

Introduction

Phoebe bournei (Hemsl.) Yang, a woody plant species endemic to China, was historically named “Golden
Phoebe” wood in China (Chen ez 4l.,2017). Timber of this woody plant was preferred by royalty and aristocrats
for its light fragrance, gorgeous golden lustre, and non-perishable hard material (Chen ez 4., 2015). Since the
Qin Dynasty in China, “Golden Phoebe” wood has been used in the construction of main pillars in audience
halls and thrones for supreme rulers in numerous palaces. P. bournei is still famous for its excellent performance
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in artwork and new Chinese-style furniture (Jiang ez /., 2008). In addition, this evergreen arbour species is
widely used in modern landscaping, such as street trees and feature trees, given its graceful tree shape, straight
trunk, and slender leaves (Jiang ez al., 2009; Wu ez al., 2015). Our recent research has revealed that P. bournei
contains numerous monoterpenes and sesquiterpenes, such as a-santalene, a main component of sandalwood
oil, and a-pinene, a medicinal compound with antibacterial and antitumour activity (unpublished data). These
findings underscore the potential economic value of this tree. Therefore, artificial cultivation of this tree might
satisfy the great market demand, thus underscoring its considerable potential value.

The habitat of P. bournei was once broadly situated in South China. However, natural resources of the
species are being depleted because of excessive anthropogenic deforestation over a long period of time. Natural
populations disappeared throughout localities recorded in historical data (Ge ez al., 2012). Research on P.
bournei started in the 1990s and mainly focused on its physiological and ecological characteristics (Wu, 2001;
Jiang ez al., 2009; Zheng ez al., 2012; Liu et al., 2014; Hong et al., 2019), natural resource distribution (Ge ez
al.,2012; Chen ez al., 2018), and artificial cultivation (Liu ez al., 2011; Zhang ez 4l., 2016; Cheng ¢t al., 2018).
Cultivation of this species is dependent on seedlings germinated from seeds, which increases the risk of
variation and limits the marketization of the industry. In addition, a lack of clones and genetic transformation
platforms has limited molecular genetics research on this species.

Somatic embryogenesis (SE) is based on cell totipotency and uniquely applicable to the plant kingdom.
In this process, morphologically and developmentally normal embryos are generated from embryonic cells
without undergoing fertilization (Zimmerman, 1993). The SE technical system was traditionally utilized to
obtain a large number of clones in a short period of time, satisfying the demand for nursery stock production.
Recently, given the need for gene functional studies in various plant species, SE technology has become the
preferred method with which to construct genetic transformation systems and CRISPR/Cas9 systems, which
have been successfully applied to many plant species (Leelavathi ez al., 2004; Wanget al.,2017; Du ez al., 2019).

Since the phenomenon of SE was first observed in carrot callus cells (Steward ez 4/., 1958), SE has been
reported in a large number of plant species. SE systems have been reported in over 200 plant species from
Pinaceac (Salaj ez al., 2003; Montalbén ez al., 2013), Malvaceaec (Wu e al., 2004), Magnoliaceae (Chen ez al.,
2003), Rutaceae (Singh e al., 2007), Burseraceae (Rugini ez al., 1995), Vitaceae (Martinelli e /., 2001), and
Poaceae (Vasil, 2005). Lauraceae is a large family including more than 2000 species. Many of these species have
great economic value, such as avocado, laurel, and camphor tree. Recently, SE has been described in several
species of this family. Mature zygotic embryos were cultured on modified Murashige and Skoog (MS) medium
for SE in Ocotea catharinensis (Moura-Costa et al., 1993). For another species in this genus, Ocotea porosa, an
immature embryonic axis was used as the explant, and woody plant medium (WPM) was used as the basal
medium (Pelegrini ¢# 4l., 2013). Torpedo-shaped embryos in MS medium achieved the highest induction
frequency for SE in Cinnamomum pauciflorum (Kong et al., 2009). In Cinnamomum camphora, embryogenic
cell lines were originally generated from immature zygotic embryos, and secondary SE could be maintained for
more than four years via cyclic processes (Shi ez 4l., 2010). Of note, both calluses and somatic embryos were
induced from leaf bases after incubation at 4 °C for two weeks in Laurus nobilis (Al-Gabbiesh ez al., 2014). In
Persea americana, SE was induced from zygotic embryos of various sizes and developmental stages by different
researchers (Litz ez al., 2002). However, SE research in the Phoebe genus has not been reported.

In this study, the SE technical system of P. bournei was constructed successfully for the first time using
immature embryos as original materials. Agrobacterium-mediated genetic transformation of the species via the
SE technical system was performed using a green fluorescent protein as the marker gene. The results provided
an approach with which to achieve numerous P. bournei plantlets for artificial cultivation and protection of
natural resources. In addition, clones and genetic transformation using the SE system will further promote
studies on molecular functions and mechanisms.
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Materials and Methods

Explant materials and media preparation

P. bournei bloomed in early May. Immature fruits were collected from Wuyuan County, Jiangxi
Province, at 25th, June, 2018. Three wild individuals were selected based on growth conditions and
fructification ability for fruit collection. Fruits from these three individuals constituted three half-sib families,
which were referred to as hs-F1, hs-F2, and hs-F3. The fruits were divided into four developmental stages
according to the length of fruit extending from the tepals. Embryo lengths in each stage were recorded.

MS medium (Murashige and Skoog, 1962) was applied as the basal medium for all cultures in this study.
For all media, the pH was adjusted to 5.8-6.0 before sterilisation at 121 °C for 20 min.

Induction of primary somatic embryos

After sterilization in 75% ethyl alcohol for 30 s, immature fruits were opened using a scalpel on a clean
bench. Endosperm occupied most of the space in the seed at the early developmental stage. The cotyledon-stage
embryo was separated from the endosperm before inoculation into induction medium. Immature zygotic
embryos were cultured at 25 °C in the dark.

Four developmental stages of embryos in three half-sib families (hs-F1, hs-F2, and hs-F3) were analysed.
At least 50 embryos in each treatment were inoculated into solid MS medium with 2.0 mg/L 2,4-D, 1.0 mg/L
6-BA, 30.0 g/L sucrose, 2.0 g/L casein acid hydrolysate (CH), 1.0 g/L activated carbon (AC), and 8.0 g/L agar.
Data were recorded 60 d after inoculation.

Half-sib family hs-F2 was chosen for the experiment assessing plant growth regulators (PGRs) influence
on primary embryo induction. Two PGRs were investigated in this experiment. The concentration gradient of
2,4-D was 0.5, 1.0, and 2.0 mg/L, and that of 6-BA was 0, 0.5, and 1.0 mg/L. Basal culture medium was
generated by adding 30.0 g/L sucrose, 2.0 g/L CH, 1.0 g/L AC, and 8.0 g/L agar to the MS medium. Data were

collected from at least 50 embryos in each treatment 60 d after inoculation.

Embryonic callus induction

Primary cotyledon-stage embryos from hs-F2 with a normally developed meristematic zone were chosen
for the embryonic callus induction experiment. Basal culture medium was generated by adding 30.0 g/L
sucrose, 2.0 g/L CH, 1.0 g/L AC, and 8.0 g/L agar to the MS medium. Here, 0.5, 1.0, and 2.0 mg/L 2,4-D and
0,0.5, and 1.0 mg/L 6-BA were used. Twenty embryos were examined in each treatment. The experiment was
performed at 25 °C in the dark. Primary embryos were transferred to fresh medium every 30 d. The number of
embryos generating embryonic callus (n) was recorded 120 d after inoculation. The embryonic callus induction
rate was calculated according to the following formula: Induction rate = (n/20) x 100%.

Embryonic callus proliferation

Embryonic callus from hs-F2 that appeared light yellow in colour were selected for callus proliferation
experiments. Embryonic callus (m1, approximately 0.5 g) was inoculated into one plate. Ten repetitions were
performed in each treatment. The basal culture medium contained MS medium with 30.0 g/L sucrose and 7.0
g/L agar. In addition, 0 and 2.0 g/L CH were added. Here, 0.10, 0.20, and 1.00 mg/L 2,4-D and 0.05, 0.10, and
0.50 mg/L 6-BA were used. All plates were cultured at 25 °C in the dark. Embryonic callus from each plate was
collected and weighted 30 d after inoculation (m2). The embryonic callus proliferation rate was calculated
according to the following formula: Proliferation rate = [(m2-m1)/m1] x 100%.

Maturation and germination 0f somatic embryos

Three genotypes (G1, G2, and G3) from family hs-F2 were selected to perform proliferation
experiments, and embryonic callus in good condition was chosen for maturation and germination experiments.
Embryonic callus (approximately 0.50 g) was inoculated into one plate. Ten repetitions were performed for
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cach genotype. Maturation medium was produced by adding 30.0 g/L sucrose, 2.0 g/L. CH, and 8.0 g/L agar to
the MS medium. The experiment was performed at 25 °C in the dark. Callus was transferred to fresh medium
every 30 d. The number of somatic embryos in each plate was recorded 90 d after the first inoculation.

Normal cotyledon-stage embryos with a milky white colour were chosen and transferred to a light
environment for germination (the germination medium was similar the medium used for maturation). Five
repetitions were performed for each genotype. Somatic embryos with developed shoots and roots were recorded
as germinated somatic embryos. After 40 d, the number of germinated somatic embryos in each genotype was
recorded.

Agrobacterium-mediated transformation of embryonic callus

The transformation process in this study followed a standard protocol with some modifications
(Walters ez al., 1992). A single colony of Agrobacterium strain EHA 105 harbouring PBI121-GFP was cultured
with shakingat 28 °C for 12 hin liquid Luria broth (Bertani, 1951) with 50 mg/L spectinomycin. The bacterial
solution with an OD0=0.6-0.8 was centrifuged at 3500 rpm for 10 min and resuspended in liquid 1/2 MS
medium with acetosyringone (concentrations reported below) until the ODgg value of the resuspension was
at least 0.3. After recording the callus weight for each treatment (m3), the callus was soaked in the bacterial
solution for several minutes (durations are reported below) to complete the infection process. Callus was
transferred to a plate with filter paper on the surface of co-culture medium (MS medium with 0.20 mg/L 2,4-
D, 0.10 mg/L 6-BA, 2.00 g/L CH, 30.0 g/L sucrose, and 7.0 g/L agar). After 2 days of co-cultivation, callus was
transferred to proliferation medium (MS medium with 0.20 mg/L 2,4-d, 0.10 mg/L 6-BA, 2.0 g/L CH, 30.0
g/L sucrose, and 7.0 g/L agar) with 300 mg/L cefotaxime for subsequent culture. After 60 d of proliferation,
embryonic callus was observed under a fluorescent light source (LUYOR-3415RG). Callus with green
fluorescence was separated from other callus, and the weight (m4) was recorded. The transformation rate was
calculated according to the following formula: Transformation rate = m4/m3x100%.

Optimization of genetic transformation conditions

Three conditions were studied in this study, namely, cefotaxime concentration, acetosyringone
concentration, and infection duration.

Cefotaxime concentration: Embryonic callus was inoculated on medium containing 0, 200, 250, or
300 mg/L cefotaxime. Then, 0.5 g of callus was inoculated into each culture dish, and five replications were
applied for each treatment. Photographs were taken 20 d after inoculation. The experiment was repeated three
times.

Acetosyringone (AS) concentration: Bacterial solutions with 0, 100, 300, and 600 uM AS were used
for infection. After 3 mins of infection, the embryonic callus was removed to co-culture medium containing a
consistent concentration of AS. Co-cultivation continued for 2 days, and the embryonic callus was
subsequently transferred to proliferation medium with 300 mg/L cefotaxime. Five replications were applied
for each treatment. The results were observed 20 d after infection. The experiment was repeated three times.

Infection duration: Embryonic callus was soaked into bacterial solution for 1, 3, 6, and 9 mins to
complete the infection. The subsequent steps were the same as those reported above. Three replications were
applied for each treatment. The results were observed 20 d after infection. The experiment was repeated three
times.

Statistical analysis

In all experiments, the treatments were performed at least three times. The data were subjected to
Duncan's multiple-range test at a 5% probability using the SPSS software (IBM Inc., Stanford University, CA,
USA).
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Results

Influence of embryo developmental stage on primary embryo induction

Embryo developmental stage was directly associated with the induction rate. However, the embryo is
located inside the seed, and observations were difficult before the induction operation. The characteristics of
the fruit developmental stage in P. bourneiserve as applicable markers for the embryo developmental stage. Fruit
development was divided into four stages (Figure 1A). The embryo lengths (mm) in each stage were <1.0,
<1.0<2.0, £2.0<3.0, and >3.0, respectively. In stage I, the fruit extended approximately 2 mm from the tepals
(Figure 1A), and the embryo inside the fruit was less than 1 mm. In this stage, the seed was filled with
translucent endosperm, and a creamy white zygotic embryo appressed the end of endosperm far from
carpopodium. In stage II, the portion of the fruit that extended from the tepals was 4-5 mm, and the zygotic
embryo in the seed grew up to 1-2 mm in length. With embryo development, endosperm nutrients were
gradually absorbed by the cotyledons, causing the zygotic embryo volume to increase (Figure 1B).

Figure 1. Induction and proliferation of embryonic calluses in P. bournei.

A: Different developmental stages of fruits, bar=1 cm; B: Endosperm and cotyledon embryo in one seed (e: endosperm,
c: cotyledon-stage embryo), bar=1 cm; C: Somatic embryo (c: cotyledon, m: meristematic region), bar=1 mm; D, E:
Induction of embryonic callus from primary somatic embryos; F: Embryonic callus after proliferation; G: Embryonic
callus from D, E under a stereoscope, bar=500 um; H: Embryonic callus from F under a stereoscope, bar=200 pm.

Primary somatic embryos (primary embryos) were directly generated from the meristematic region of
zygotic embryos. Explants began to expand 10 d after inoculation. White globular embryos were noted in
explant tissue 15 d after inoculation. Some of the globular embryos dropped onto the solid medium and
continued to grow. Finally, cotyledon-stage embryos (Figure 1C) were obtained 90-120 d after inoculation. In
this process, embryonic callus was also induced from some of the zygotic embryos. The induction rates of
primary somatic embryos at different developmental stages were studied 60 d after inoculation (Table 1). Stage
I embryos were too young and browned easily after inoculation in culture medium. On the other hand, the
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dedifferentiation ability of cells weakened as the embryo developed, leading to a decreased induction rate of
primary somatic embryos and increased induction rate of deformed buds in stage IIT and beyond. Induction
rates varied among the half-sib families, leading to a non-significant result (P> 0.05). The average induction
rate in developmental stage II (the fruit extended 4-5 mm from the tepals, and the embryo was 1-2 mm in
length) approached the peak level of 41.79%.

Table 1. Induction rates of primary somatic embryo (%)

) Developmental stage
Family
I I i} v
hs-F1 20.00 38.89 20.45 23.68
hs-F2 30.43 57.89 37.21 11.90
hs-F3 16.36 28.57 23.64 11.48
Average 22.27+5.96 41.79+12.15 27.10£7.27 15.69+5.66

Influence of PGR combination on primary embryo and embryonic callus induction

The combination of PGRs was important for primary embryo induction. Induction rates in treatments
with only 2,4-D added were obviously reduced compared with those in the other treatments. The 2,4-D to 6-
BA application ratio was 2/1. Higher concentrations of PGRs exhibited better performance in terms of primary
embryo induction. In summary, the optimal combination of PGRs for primary embryo induction was 2.0 mg/L
2,4-D and 1.0 mg/L 6-BA, achieving the highest induction rate of 30.66% (Table 2).

Table 2. Primary embryo and embryonic callus induction rates under different PGR combinations

Treatment PGRs concentration (mg/L) primary embryo induction embryonic callus
No. 24D 6-BA rate (%) induction rate (%)
1 0.5 0.0 2.11£0.13g 11.67+4.71bcd
2 0.5 0.5 21.83£1.01c 15.00+4.08bc
3 0.5 1.0 14.89+1.30e 6.6742.36cde
4 1.0 0.0 7.3740.23f 3.33+2.36de
5 1.0 0.5 25.15+1.39b 41.67+6.24a
6 1.0 1.0 19.27+0.79d 20.00+4.08b
7 2.0 0.0 5.36+0.16f 1.67+2.36¢
8 2.0 0.5 17.75+1.47d 5.00+4.08de
9 2.0 1.0 30.66+1.93a 11.67+4.71bcd

Values followed by different letters are significantly different at P < 0.05

Meristematic points of some primary embryos started inflating 15 d after inoculation, accompanied by
the growth of light-yellow callus on them. Callus continued to grow and drop to the surface of solid medium
20 d after inoculation (Figure 1D, E). This kind of loosened callus had numerous spherical and subsphaeroidal
granules that were 200-300 pum in length (Figure 1F). Another kind of callus typically existed after several
subcultures and appeared as small gobbets (Figure 1G) with a mass of spheroid structures on them that could
be casily separated using tweezers (Figure 1H).

Embryo callus induction required lower PGR concentrations compared with those required for primary
embryo induction. Excessive PGRs increased the rate of browning and subsequently led to primary embryo
death. The 2,4-D to 6-BA application ratio was consistent with that used for primary embryo induction, but
the concentrations were reduced by half; i.e.,, to 1.0 mg/L and 0.5 mg/L, respectively. The highest induction
rate achieved was 41.67% (Table 2).
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Influence of CH concentration and PGR combination on embryonic callus proliferation

To maintain rapid proliferation, PGR concentrations must be sequentially reduced during proliferation.
The optimal PGR combination for proliferation was 0.2 mg/L 2,4-D and 0.1 mg/L 6-BA (Table 3). The
addition of casein hydrolysate (CH) to the medium as a nutriment was necessary for callus proliferation in P.
bournei. The absence of CH led to browning, callus weight reduction, and even callus death (Table 3). The

highest embryonic callus proliferation rate of 3.84 was noted in treatment 5 (MS with 0.2 mg/L 2,4-D, 0.1
mg/L 6-BA and 2 g/L CH).

Table 3. Proliferation rates of embryonic callus under different culture conditions

PGRs concentration (mg/L) ) )
Treatment No. CH (g/L) Proliferation rate
2,4-D 6-BA
1 0.00 0.10 0.05 -0.20+0.14¢
2 0.00 0.20 0.10 0.54+0.19d
3 0.00 1.00 0.50 0.23+0.06d
4 2.00 0.10 0.05 2.04+0.48b
5 2.00 0.20 0.10 3.84+0.69a
6 2.00 1.00 0.50 1.6140.39¢

Values followed by different letters are significantly different at P < 0.05

Maturation and germination of somatic embryos

The maturation process of P. bournei in MS medium without PGRs involved four stages, including the
globular, heart-shaped, torpedo-shaped and cotyledon stages (Figure 2A, B, C, and D), which lasted
approximately 60 d. Globular embryos (Figure 2A) were observed during callus proliferation. When the
embryonic callus was transferred to PGR-free medium, globular embryos entered into the maturation process.
In the heart-shaped stage, continuous division of cells located on both sides of the meristematic region formed
two bulges, displaying the characteristic heart-shaped embryo (Figure 2B). In the torpedo-shaped stage, the
meristematic region was elongated to separate the shoot apical meristem and root apical meristem (Figure 2C).
Upon entry to the cotyledon stage, embryo volume increased, and two bulges located on both sides of the shoot
apical meristem sequentially developed to form two cotyledons (Figure 2D). After 60 d with two subcultures,
the colour of the cotyledon embryo changed from light yellow to milky white (Figure 2E). Embryos became
green 60 d after exposing them to the light environment, and germination started 25-30 d later (Figure 2F).
Figure 2G-I showed roots of seedlings in different developmental stages. The maturity capacities of the somatic
embryos were dependent on genotype. However, the germination rates of somatic embryos with different
genotypes did not significantly differ (P> 0.05). The maximal maturity coefficient and germination rate were

53.44/g and 39%, respectively (Table 4).

Table 4. Maturation and germination of somatic embryos with different genotypes

Genotype Mature coefficient (/g) Germination rate (%)
Gl 32.39+6.71c 31.00+8.60
G2 16.03£4.55b 32.50+12.75
G3 53.44+10.17a 39.00+9.70

Values followed by different letters are significantly different at P < 0.05
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Figure 2. Somatic cmbryo maturation and germination

A: Globular embryo, bar=200 pm; B: Heart-shaped embryo, bar=200 pm; C: Torpedo-shaped embryo,
bar=200 pum; D: Initial cotyledon-stage embryo, bar=200 um; E: Later cotyledon-stage embryo, bar=500
um; F: Germination of somatic embryos under light; G: Germinated somatic embryo with a normally
developed shoot and root; H: Seedling with the first round of leaves unfolded; I: Normally developed
seedling from a somatic embryo

Optimal concentrations of cefotaxime and acetosyringone (AS) for Agrobacterium-mediated transformation

Cefotaxime was used for Agrobacterium growth inhibition after co-cultivation. According to Figure 3A-
D, callus grew normally in the presence of cefotaxime at all concentrations. Here, 300 mg/L cefotaxime was
used given its bacteriostatic effect.

The use of AS as a surfactant in this experiment was required for successful infection (Table 5).
However, high concentrations of AS resulted in growth cessation and browning of embryonic calluses (Figure
3E-H). In conclusion, the optimal AS concentration was 100 umol/L, achieving a transformation rate of
10.70%. Obvious green fluorescence signals were observed under a fluorescent light source after transformation
(Figure 4). Genomic DNA extracted from tissue with green fluorescence signal and callus without
transformation were detected for gfp gene. PCR analysis indicated the presence of gfp gene (amplicon at about
440bp) in tissue with green fluorescence signal (Figure 5).
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Figure 3. Optimization of genetic transformation conditions

A-D: Concentrations of cefotaxime in this line from left to right were 0, 200, 250, and 300 mg/L,
respectively; E-H: Concentrations of acetosyringone in this line from left to right were 0, 100, 300, and
600 uM, respectively; I-L: Infection durations in this line from left to right were 1, 3, 6, and 9 mins,
respectively

Figure 4. Agrobacterium-mediated transformation of embryonic callus in P. bournei

A: Transformed callus photographed under a fluorescent light source using an SLR camera (arrows show
gathered transformed callus with green fluorescence); B, D: Embryonic callus under natural light assessed
using a stereoscope, bar=200 um; C, E: Corresponding callus under a fluorescent light source assessed
using a stereoscope, bar=200 pm
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Figure 5. PCR analysis of gfp gene in transformed callus
M, BM2000 DNA marker; PC, positive control, Agrobacterium with gfp gene; NC, negative control,
genomic DNA from non-transformed callus; lanes 3-5, genomic DNA from transformed callus

440bp

Table 5. Transformation rates under different concentrations of AS and infection duration (%)

Concentration of AS (umol/L)

Infection duration (min)

Genotype 5 100 300 | 600 1 3 6 9
Gl 000 | 829+237 NA | NA 9.34+0.70 7.96+1.72 NA | NA
G2 0.00 | 529+155 NA | NA 10.161.71 11.12+271 | NA | NA
G3 0.00 10.70+3.41 NA NA 11.09+£2.38 11.24+1.72 NA | NA

Optimal infection duration of Agrobacterium

The growth of embryonic callus after infection was influenced by Agrobacterium infection duration. In

this experiment, embryonic callus growth was strongly inhibited after 6- and 9-min infection durations (Figure

3K, L). After a 3-min infection, embryonic callus browning was reduced, and growth conditions improved

(Figure 3]). Embryonic callus grew normally under a 1-min infection duration (Figure 3I). Minimal differences
in transformation rates were noted for infection durations of 1 (11.09%) and 3 (11.24%) minutes (Table S).
Moreover, embryonic callus was soaked in bacterial solution for 1 min to complete the infection. The highest

transformation rate was 11.09%.

In summary, the SE technical system of P. bournei could be divided into five stages, namely, primary

embryo induction, embryonic callus induction, embryonic callus proliferation, somatic embryo maturation,

and somatic embryo germination. The genetic transformation of embryonic callus involved infection, co-

culture, and proliferation culture. The culture conditions of these stages are listed in Table 6.

Table 6. Culture conditions of different experimental stages
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Culture medium Cul
E X cal st Basal PGRs mg/L) Other components Light :ture
erimental stages S ime
xperime stages m r‘am 24D 6BA Sucrose CH AC Agar Cefotaxime AS cond. )
ediu 4- -
(gL) @@L | (L) | (L) (mg/L) M)
Primary embryo MS 2 1 30 2 1 8 B - Dark 60
induction
Callus induction MS 1 0.5 30 2 1 8 - - Dark 120
Somatic Callus Ms 0.2 0.1 30 2 - 7 - - Dark 30
. proliferation
embryogesis Matore of

. MS - - 30 2 - 8 - - Dark 90

somatic embryo
Germination of Ms - - 30 2 - 8 - - Lighe 40

somatic embryo
X Co-culture MS 0.2 0.1 30 2 - 7 - 300 Dark 2

Genetic Proliferation
transformation MS 0.2 0.1 30 2 - 7 300 - Dark 60
culture
Discussion

With the development of the Chinese economy, an increasing number of people have a high quality of
life. The traditional precious woody plant P. bournei is one of the most suitable candidates to meet the resulting
demands. Therefore, P. bournei is a woody plant species worthy of further study given its significant ecological
and economic value. Artificial cultivation of the species relies on seeds and is strongly impacted by limited
natural resources and biennial bearing of fruit (Zhang ez 4/.,2016). In addition, the deep dormancy of the seeds
protracts germination and extends the breeding cycle (Zhang, 2013). Cutting and tissue culture represent
potential solutions discussed by growers (Shen, 2013). However, cutting is rarely applied to P. bournei trees
(the rooting rate was only 11.1%) (Shen, 2013). Tissue culture was performed using different types of explants,
but regenerated plantlets were not obtained. The SE system developed in our study provides a feasible approach
for vegetative propagation, which could satisfy the needs of artificial cultivation.

The developmental stage of immature embryos is important for primary somatic embryo induction.
Generally, a lower level of embryonic differentiation was associated with a higher induction rate of somatic
tissue, indicating that an earlier developmental stage of immature embryos was appropriate for somatic embryo
induction (Merkle ez al., 1998). However, results in Liriodendron hybrids were different. Embryos at the
developmental stages of globular embryo to initial cotyledon embryo were the optimal explants (Chen, 2003).
In this study, fruit and embryo development was divided into four stages. The results showed that
developmental stage IT had the highest primary embryo induction rate, which was consistent with that reported
in Liriodendron hybrids. These differences are attributed to increased young tissue browning compared with
that in the tissues at later developmental stages, which led to tissue death. Therefore, the optimal developmental
stage for induction of immature embryos was related to a high somatic tissue induction rate and low browning
rate in P. bournei.

Various concentrations and combinations of PGRs have been used in SE studies of various plant species.
Most plant species require PGRs, especially auxins and cytokinins, to complete the induction of embryonic
tissue from explants, likely due to the key roles of the two PGRs in cell dedifferentiation and division (Li ez 4/.,
2019; Zhanget al., 2018; Liu ez al., 2014). In the maturation stage, abscisic acid is necessary for conifer growth
(Kim and Moon, 2007). By contrast, PGR-free medium is used for angiosperms (Merkle ez al., 1998; Khan ez
al.,2010). PGR modulation is essential for SE in P. bournei. High concentrations of 2,4-D and 6-BA promoted
primary embryo induction, whereas embryonic callus induction from primary embryos required half the
concentrations of 2,4-D and 6-BA. However, embryonic callus proliferation was maintained by low
concentrations of PGRs (excessive 2,4-D and 6-BA resulted in callus browning). Somatic embryos of P. bournei
matured spontaneously in PGR-free MS medium, but this process required a long time. Thus, factors
promoting maturation should be identified in further research.
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In addition to PGRs, several other factors influenced the SE. The nitrogen source plays an essential role
in SE. Nitrate and ammonium significantly improve the induction of SE in Cucurbita pepo (Penciker al.,2015),
Cofféa arabica (Fuentes-Cerda ez al., 2001), and Medicago sativa (Walker and Sato, 1981). On the other hand,
as a supplier of organic nitrogen, CH is necessary for the induction of SE in Phoenix dactylifera (Al-Khayri,
2011), some grapevine cultivars (Prado ez al., 2010), and Picea glauca (Barrett et al., 1997). In this study, the
absence of CH inhibited embryonic callus proliferation, leading to browning. The embryonic callus in this
study could grow normally in medium with 2 g/L. CH. This fact suggested that organic nitrogen is a crucial
factor for embryonic callus proliferation in P. bournei.

In this one-year study, it took approximately 8 months to obtain seedlings from embryonic callus, and
embryonic callus proliferated for 4 cycles (4 months). Therefore, the theoretical proliferation efficiency was
3.84" x 53.44/g x 39% = 4531.59 seedlings/g/year, indicating that 4531.59 seedlings could be obtained from
one gram of embryonic callus in one year. This result suggested the great potential of SE for vegetative
propagation in P. bournei. However, low germination levels of somatic embryos were noted compared with
those in other species. The probable explanations were as follows. First, the low germination rate may be due
to the growth rhythm of this species itself. The germination experiments were performed in October and
November. Meanwhile, other P. bournei materials, such as callus also exhibited poor growth. Second, statistical
analysis was performed before the germination of some somatic embryos. Embryo germination in P. bournei
may require more time than previously suspected.

The optimal concentration of acetosyringone and infection duration for Agrobacterium-mediated
transformation vary according to plant species and tissue type (Sidorov and Duncan, 2009; Karthikeyan ez al.,
2011; Mehrotra and Sanyal, 2011). Transformation efficiency in the same species using the same tissue was
associated with these two factors (Karthikeyan ez /., 2011). Transformation efficiency was improved by
increasing the acetosyringone concentration, while the infection duration had no effect in this study. However,
these two factors were related to embryonic callus browning. Embryonic callus growth was completely
inhibited when adding greater than 300 pmol/L acetosyringone or when using an infection duration greater
than 6 min. Alleviating embryonic callus browning during genetic transformation was critical to improving the
transformation cfficiency in P. bournei.

SE, which has been applied in some conifers, such as loblolly pine (Pullman e 4/., 2003) and radiate pine
(Montalbédner al., 2010), has the potential to meet the demands of the forest product industry. In P. bournei,
4531.59 seedlings could be obtained per gram of embryonic callus in one year, which could completely satisfy
the need for artificial cultivation. Agrobacterium-mediated transformation for SE was achieved in many plant
species. In Gentianautriculosa, transformed plants that contained DNA sequences coding for the B-
glucuronidase enzyme exhibited at least 2.5-fold increased decussation compared with that of non-transformed
plants (Vinterhalteret 4l., 2019). Secondary metabolites in P. bournei, such as a-santalene and a-pinene, are
valuable to the cosmetics and pharmaceutical industries. Agrobacterium-mediated transformation provided an
efficient approach to create cell lines with high yields of these compounds, and SE made rapid proliferation of
these cell lines possible. The results in this study break the bottleneck of theoretical research and practical
production in P. bournei, thus protecting the precious woody plant in a sustainable manner.

Conclusions

In this study, an SE technical system for P. bournei was successfully constructed for the first time.
Agrobacterium-mediated genetic transformation of the species using the SE technical system was achieved. The

results provided an approach to produce numerous P. bournei plantlets for artificial cultivation and natural
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resource protection. In addition, clones and the genetic transformation system based on the SE system will
facilitate further studies on molecular function and possible mechanisms.
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