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Abstract: Fraxinus mandshurica is a widely used greening and ornamental tree species. However, its
genetic transformation system has been hampered by problems such as low transformation efficiency,
among others, which can hinder research related to molecular breeding and the analysis of functional
genes. Thus, in this study, a novel genetic transformation method for efficient transformation of the
embryonic callus of Fraxinus mandshurica was investigated. The method was optimized in terms of
factors such as antibiotics, infection solution concentrations, co-culture time, and somatic embryo mat-
uration. The results indicated that the optimal antibiotic concentration was 10 mg·L−1 of hygromycin
(Hyg). At this point, the callus proliferation multiple was only 0.12. The highest transformation
efficiency was found to be 93.93% when the absorbance of the infection solution concentration at
OD600 was 0.4. Interestingly, transformation efficiency was found to be highest (77.9%) at 48 h of
co-culture, with a GUS staining rate of 88.23%. The medium for somatic embryo maturation of
transformed callus was half-strength MS medium (MS 1/2) containing 60 g·L−1 polyethylene glycol,
1 mg·L−1 abscisic acid, 400 mg·L−1 casein enzymatic hydrolysate (CH), 20 g·L−1 sucrose, 1 g·L−1

activated charcoal, and 5 g·L−1 gellan gum. The medium for somatic embryo germination was MS 1/2,
containing 0.2 mg·L−1 of N-(Phenylmethyl)-9H-purin-6-amine(6-BA) and 5.0 mg·L−1 of gibberellin
(GA). These results are of significance for the verification of the gene function and future genetic
improvement of Fraxinus mandshurica.

Keywords: Fraxinus mandshurica; genetic transformation; embryogenic callus; somatic embryogenesis

1. Introduction

Fraxinus mandshurica is a cold-resistant deciduous tree belonging to the family Oleaceae.
It can grow in relatively poor soil conditions, and it is valued for its timber, which is
characterized by a hard, dense, and beautiful texture [1]. It is mainly distributed in
northeastern and western China, South Korea, Japan, and eastern Russia [2]. F. mandshurica
is one of the most valuable hardwood species in China and is often used for landscaping and
afforestation [3–5]. F. mandshurica also has significant medicinal value, and its extracts are
used to reduce pain and inflammation [6,7]. Due to its economic and ecological importance,
there is significant interest in developing innovative breeding programs that can effectively
combine biotechnology and traditional breeding [8].

Traditional methods for the breeding of forest trees, such as introduction and breeding
and hybrid breeding [9–11], have the disadvantages of long breeding cycles and low
efficiency. Somatic embryogenesis is widely used in plant callus culture. It can substantially
shorten the breeding cycle and improve low breeding efficiency. Genetic transformation of
plants is important in crop improvement and breeding and is widely used in the breeding
of forest trees. However, efficient transformation and regeneration remain major problems
for the breeding of many plants [12–14]. Therefore, there is an urgent need to develop an
efficient sagrobacterium-mediated transformation scheme for F. mandshurica that can produce
a large number of transgenic plants in a short time.
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Agrobacterium-mediated transformation plays an important role in both functional
gene analysis and molecular breeding. A number of important species and crops can be
genetically transformed by agrobacterium-mediated methods [15–17]. At present, F. mand-
shurica seeds have been used to induce embryogenic callus and establish a complete somatic
embryogenesis system [18]. Calli culture systems of F. mandshurica and the genetic trans-
formation of adventitious buds have been established, and while the potential effects of
ultrasonic and vacuum treatment on transformation have been investigated, the transfor-
mation efficiency was found to be relatively low at only 7.31% [1]. The main problem
associated with the genetic transformation of F. mandshurica is that of low transformation
efficiency and instability [1], which can effectively limit the industrial use of F. mandshurica.
Thus, improvement of the conversion rate of F. mandshurica genetic transformation requires
urgent investigation. In this study, genetic transformation was carried out using embryonic
calli as the starting materials. The loose structure of the calli facilitates the successful entry
of agrobacterium. Thus, more transgenic materials could be obtained by using agrobacterium
to infect embryonic calli and thus improve the transformation rate, establishing an efficient
agrobacterium-mediated genetic transformation system of F. mandshurica.

2. Materials and Methods
2.1. Plant Materials

The embryogenic callus of F. mandshurica was induced from immature zygotic embryos
and obtained by subculture [18]. The embryonic callus induction medium consisted of
1/2 Murashige Skoog medium [8], supplemented with 5 mg·L−1 naphthylacetic acid (NAA;
PhytoTech Labs, Lenexa, KS, USA), 2 mg·L−1 N-(Phenylmethyl)-9H-purin-6-amine(6-BA;
PhytoTech Labs, USA), 400 mg·L−1 casein hydrolysate (CH; Biotopped Labs, Shanghai,
China), 75 g·L−1 sucrose (PhytoTech Labs, USA), and 3 g·L−1 gellan gum (Gelrite, G1910,
Sigma-Aldrich Co., St. Louis, MO, USA). The F. mandshurica cell line 2-1 induced by the
above method was explanted, and the fresh embryogenic callus cultured for approximately
10 to 15 days was used as the transformation material.

Escherichia coli DH5α used in this study was purchased from “TransGen Biotech”,
agrobacterium strain GV3101 maintained in our laboratory contains plasmid pBI 121. The vec-
tor strain used in this study was VB191103-1905rcy. The plasmid contained the β-glucosidase
gene (GUS), which was kindly provided by the State Key Laboratory of Forest Genetics
and Breeding of Northeast Forestry University. The plasmid map is shown in Figure 1.
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Figure 1. Plasmid map.

2.2. Subculture Proliferation of the Embryonic Callus of Fraxinus mandshurica

After 20 days of subculture and proliferation, the callus block was placed in a sterile
environment. The fresh light yellow callus on the surface of the callus block was placed on
woody plant medium (WPM; PhytoTech Labs, USA) (Supplementary File S1), supplemented
with 20 g·L−1 sucrose, 3.5 g·L−1 gellan gum, 0.15 mg·L−1 2,4-dichlorophenoxyaceticacid
(2,4-D; PhytoTech Labs, USA), and 0.1 mg·L−1 6-BA, pH = 5.8, and incubated in the dark at
25 ± 2 ◦C for 20 days. The proliferation is shown in Figure 2a.
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Figure 2. Genetic transformation of the embryogenic callus and somatic embryo induction. (a) Prolif-
eration of the cultured embryogenic callus; (b) co-culture of the embryogenic callus; (c) screening
culture of the embryogenic callus; (d) somatic embryo induction of the embryogenic callus; (e) GUS
detection of resistant somatic embryo mature material; (f) abnormal somatic embryos; and (g) normal
somatic embryos.

2.3. Medium Preparation

The main components of the media used for embryonic callus subculture and genetic
transformation of F. mandshurica are shown in Table 1. The medium for bacterial prolifera-
tion contained 5 g·L−1 yeast extract, 10 g·L−1 tryptone, and 10 g·L−1 NaCl, while all other
media contained 20 g·L−1 sucrose and 400 mg·L−1 CH.

Table 1. Main components of media.

Purpose Basal
Medium

AS
µmol·L−1

Gellan Gum
g·L−1

Cef Kan Hyg Rif 6-BA 2,4-D
mg·L−1

Subculture culture WPM - 3.5 - - - - 0.1 0.15
Infected-fluid 1/2 WPM 100 - - - - - - -

co-culture WPM 100 3.5 - - - - 0.1 0.15
Sreening culture WPM - 3.5 - 250 10 - - -

Bacterial proliferation YEP - - - 50 50 50 - -

2.4. Anti-Sensitivity Test of Embryogenic Callus

Embryogenic callus samples weighing 0.3 g were placed on induction medium con-
taining Kanamycin (Kan) or Hygromycin (Hyg), with each petri dish containing three
callus blocks. The concentration gradient of Kan was 0, 100, 200, 400, and 600 mg·L−1, and
the concentration gradient of Hyg was 0, 5, 10, 20, and 30 mg·L−1. The cultures were then
incubated in the dark at 25 ± 1 ◦C. After 15 days, the fresh weight of the embryonic callus
of F. mandshurica was measured, with three replicates for each treatment.

2.5. Activation of Bacteria

The bacterial solution stored at −80 ◦C was thawed on ice, and a small amount was
collected on a sterile inoculation loop. The bacterial solution was thereafter separated on a
yeast extract-mannitol broth solid medium containing 50 mg·L−1 of Kan, Gen, and Rif and
cultured in the dark at 28 ◦C for 1 to 2 days. Single colonies were incubated in 20 mL of
liquid YEB medium containing 20 mg·L−1 Kan and 20 mg·L−1 Rif and cultured at 28 ◦C
with shaking at 200 rpm in the dark for 12 to 16 h. Thereafter, 1 to 2 mL of culture was
transferred into 50 mL of liquid YEB medium containing 50 mg·L−1 Kan and 50 mg·L−1 Rif
and cultured for 4 to 8 h until the growth of agrobacterium reached the logarithmic phase.
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2.6. Selection of Infectant Concentration and Co-Culture Cycle
2.6.1. Selection of Infectant Concentration

Cultures of agrobacterium in the logarithmic growth phase were centrifuged at 4 ◦C,
2000 rpm, for 5 min to collect the bacteria. After washing with a small amount of suspen-
sion, the bacteria were resuspended as an infection solution. The OD600 of the infection
solutions was adjusted to 0.2, 0.4, 0.6, and 0.8, respectively. The embryogenic calli of 3 g
of F. mandshurica were immersed in four different concentrations of infection solution for
20 min.

2.6.2. Selection of te Co-Culture Cycle

Fresh embryogenic callus cultures weighing approximately 0.3 g were selected, im-
mersed in infection solution, and evenly dispersed in the infection solution. After 20 min of
infection, the cultures were incubated with the co-culture medium in the dark for 16 h, 24 h,
48 h, or 72 h at 25± 1 ◦C. It should be noted that the excess infection solution on the surface
of the callus was sucked out with sterile filter paper before co-culture. The transformation
efficiency was then assessed after screening the transformed callus.

2.7. Sterilization and Screening Culture

The co-cultured calli were rinsed twice with sterile water and then rinsed twice with
the suspension or sterile water containing 500 mg·L−1 Cefotaxime (Cef), for 2 to 3 min each
time. After sterilization, the infected calli were dried with sterile filter paper to absorb the
excess liquid on the surface and were subsequently cut into small pieces with a diameter of
about 0.5 ± 0.2 cm and spread on the screening medium for 15 days to obtain the resistant
calli; this process was repeated three times. After 45 days, the number of resistant calli was
counted, and the screening data are shown in Figure 2c.

2.8. Histochemical GUS Detection and Molecular Identification
2.8.1. Histochemical GUS Detection

Resistant calli of the different transgenic lines were selected and placed in 1.5 mL
Eppendorf tubes, after which 700 µL of GUS staining solution were added to cover the
callus. The tube containing the callus was then evacuated for 10 min, which was repeated
three times until no bubbles were apparent in the tube, allowing full exposure of the callus
to the GUS staining solution. The callus was then placed in a 37 ◦C water bath for 7 days,
and non-transformed calli were used as negative controls. After one week, the staining
status was observed and assessed under a stereomicroscope. Blue calli were considered
transgenic, while unstained calli were considered false positives.

2.8.2. Molecular Identification

Genomic DNA was extracted from the different transgenic lines using the hexadecyl
trimethyl ammonium bromide (CTAB) method, and PCR was performed using primer
pairs (forward primer F:5′-CAAAGCAAGTGGATTGATGTGAT-3′; reverse primer R:5′-
AGAGAAAAGGGTCCTAACCAAGA-3′). The plasmid pBI 121 contained the CaMV35S
activated beta-glucosidase (GUS) and neomycin phosphatase II gene (npt II) as selective
marker genes. The expected product size was 270 bp. A 20 µL PCR detection system was
used, including 10 µL of Green Taq MIX (Vazyme Biotech Co., Ltd, Nanjing, China), 1 µL
of upstream primer F, 1 µL of downstream primer R, 2 µL of DNA, and ddH2O up to the
20 µL mark. The wild type of callus was used as the negative control, and the agrobacterium
solution as the positive control. The PCR procedure included pre-denaturation at 94 ◦C
for 2 min, 94 ◦C for 30 s, annealing at 55 ◦C for 30 s, 72 ◦C extension for 40 s, with
a total of 35 cycles. Thereafter, PCR products were analyzed by 1.0% (w/v) agarose
gel electrophoresis.



Forests 2023, 14, 957 5 of 13

2.9. Genetic Transformation System Verification

In order to verify the stability and efficiency of the transformation system of the em-
bryonic callus of F. mandshurica, the LobHLH34 gene cloned from Larix olgensis was heterol-
ogously transferred into the embryogenic callus of F. mandshurica [19]. PCR was performed
using the primer pairs (LobHLH34-F:5′-CGGGATCCATGATGGGATCACCTCAGAGC-3′,
LobHLH34-R:5′-GCGTCGACGGCAACAGGAGGCCTTAGC-3′). The plasmid pBI 121 con-
tained the CaMV35S activated beta-glucosidase (GUS) and neomycin phosphatase II gene
(npt II) as selective marker genes. The expected product size was 750 bp. The resistant
embryonic callus was detected by GUS and PCR to verify whether the gene was success-
fully transferred.

2.10. Somatic Embryo Maturation
2.10.1. Pretreatment

We improved the drying method previously described by Liu (Yang Liu et al., 2021).
Briefly, 3 g of calli from each transgenic line were added to 10 mL of liquid medium
(MS 1/2 + 20 g·L−1 sucrose). After mixing well, the mixture was poured into sterile filter
paper, and the liquid was repeatedly absorbed by the filter paper until the callus was in a
dry, granular state.

2.10.2. Mature Processing

Based on the results of the preliminary experiments, 0.5 g of calli from the transgenic
line K7 were transferred to maturation medium. The half-strength MS medium was
supplemented with different concentrations (0, 40, 60, and 80 g·L−1) of PEG, 1 mg·L−1

ABA, 400 mg·L−1 casein enzymatic hydrolysate (CH), 20 g·L−1 sucrose, 1 g·L−1 activated
carbon, and 5 g·L−1 gellan gum at pH 5.8. The same materials without drying treatment
were cultured on the medium without PEG, which was used as a control (CK). All the
transformed calli described above were cultured at 25 ± 2 ◦C in the dark for 30 to 60 days.

2.11. Statistical Analysis

SPSS software was used for all data analysis, with p-values < 0.05 considered statisti-
cally significant. The tables and figures were compiled using Origin 64 and Excel 2010. The
calculation of the various parameters in this study was as follows:

Transformation efficiency of embryogenic callus (%) = number of resistant tissues after
screening/total number of infected embryogenic calli × 100%

Proliferation multiple = callus proliferation/callus initial weight × 100%
GUS staining rate (%) = Number of blue calli blocks after GUS staining/Number of

resistant calli stained × 100%
PCR positive rate (%) = number of calli amplified by PCR/number of resistant tissues

detected by PCR × 100%

3. Results
3.1. Effect of Kan on Proliferation of Embryogenic Callus

The wild-type embryogenic calli were spread on WPM medium supplemented with
different concentrations of Kan. It was observed that increasing Kan concentrations did
not affect the proliferation of the calli significantly compared with the control group. The
proliferation ratio of embryogenic callus without Kan was 3.14, which was 0.04%, 0.32%,
0.07%, and 0.23% higher than that of embryogenic callus treated with 100, 200, 400, and
600 mg·L−1 Kan, respectively (Table 2). According to the analysis of variance, there was
no significant difference in the fresh weight of embryogenic calli treated with the different
concentrations of Kan after 14 days of proliferation (p > 0.05), indicating that Cef had no
significant inhibitory effects on the proliferation of the embryogenic callus.
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Table 2. Effect of Kan on the proliferation of the embryonic callus.

Kan Concentration/mg·L−1 Initial Inoculum/g 14 d Fresh Weight of Callus/g 14 d Proliferation Rate

0 0.3 0.942 3.14 ± 0.58 a
100 0.3 0.931 3.10 ± 0.8 a
200 0.3 0.846 2.82 ± 0.86 a
400 0.3 0.922 3.07 ± 0.88 a
600 0.3 0.874 2.91 ± 0.83 a

Note: Data are expressed as the mean ± standard deviation. The different lowercase letters in the same column
numbers indicate significant differences.

3.2. Effect of Hyg on the Proliferation of Embryogenic Calluess

The antibiotic Hyg significantly affected the proliferation of the embryonic callus of
F. mandshurica. It was observed that with the increase in Hyg concentration, the proliferation
ratio of the embryonic callus of F. mandshurica with 14 days of proliferation decreased first
and then tended to increase gradually. The results showed that when the concentration of
Hyg was 5 mg·L−1, the effect on the proliferation of embryogenic callus was significant,
but the proliferation multiple was 1.92 lower than that of the control (Table 3). When the
concentration of Hyg was 10, 20, or 30 mg·L−1, the proliferation rates were found to be
0.12%, 0.11%, and 0.09%, respectively.

Table 3. Effect of Hyg on the proliferation of the embryonic callus.

Hyg Concentration/mg·L−1 Initial Inoculum/g 14 d Fresh Weight of Callus/g 14d Proliferation Rate

0 0.3 0.702 2.34 ± 0.76 a
5 0.3 0.125 0.42 ± 0.34 b
10 0.3 0.037 0.12 ± 0.11 c
20 0.3 0.033 0.11 ± 0.08 c
30 0.3 0.027 0.09 ± 0.03 c

Note: Data are expressed as the mean ± standard deviation. The different lowercase letters in the same column
numbers indicate significant differences.

3.3. Effect of Infectant Concentration on Transformation Efficiency

To determine the potential effect of infection solution concentration on the transfor-
mation efficiency, four separate gradients of OD600 (0.2, 0.4, 0.6, and 0.8) were used. The
agrobacterium-mediated transformation efficiency of the embryonic calli of F. mandshurica
exhibited a trend of increasing first and then decreasing with increased concentrations
of the infection solution (Figure 3a). The highest transformation efficiency (93.93%) was
observed when the OD600 of the infection solution was 0.4. When the OD600 of the infection
solution was 0.8, the conversion efficiency was the lowest at only 19.97%. However, the
transformation efficiencies did not differ significantly when the OD600 of the infection solu-
tion was 0.2 and 0.8, seen as 30.74% and 28.85%, respectively. The results of the variance
analysis showed that the concentration of infection solution had a significant effect on the
transformation efficiency of the embryonic callus of F. mandshurica (p = 0.000).

At the same time, when the OD600 of the infection solution was 0.6, high concentra-
tions of the infection solution were able to promote high reproduction of agrobacterium.
Interestingly, in the subsequent sterilization process, the use of a high Cef concentration
for the multiple sterilizations was not able to inhibit the reproduction of agrobacterium,
which could eventually lead to the death of the transformed embryogenic callus and thus
significantly reduce the transformation efficiency.
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Figure 3. Factors affecting the efficiency of the genetic transformation of Fraxinus mandshurica:
(a) effect of infectant concentration on the transformation efficiency and (b) effect of the co-culture
cycle on the transformation efficiency. (Data are expressed as the mean ± standard deviation. The
different lowercase letters in the same column numbers indicate significant differences).

3.4. Effect of the Co-Culture Cycle on Transformation Efficiency

Co-culture is the process of transferring T-DNA carried by agrobacterium into the
nucleus of the receptor and then integrating with the receptor DNA; thus, the co-culture
cycle has a significant influence on the transformation efficiency. It was found that with
increased co-culture time, the conversion efficiency first increased and then decreased
(Figure 3b). When the co-culture time was set at 16 h, the conversion efficiency was only
28.43%. When the co-culture time was 24 h, the conversion efficiency increased by 22.13%.
However, the conversion efficiency reached a peak of 77.89% at 48 h, and on extension
of the co-culture time to 72 h, the conversion efficiency decreased to 43.95%. The results
indicated agrobacterium overgrowth when the co-culture time was more than 48 h, resulting
in a callus wrapped in agrobacterium, thereby affecting the proliferation. Subsequently,
500–600 mg·L−1 Cef failed to control the growth of agrobacterium, which eventually led to
the death of the callus and reduced transformation efficiency. When the infection time is
too short, the agrobacterium infection is not complete, which will also lead to a decrease in
transformation efficiency. The co-culture procedure and results are shown in Figure 2b.

3.5. Histochemical GUS Detection

To construct a genetic transformation system for F. mandshurica and then successfully
obtain the embryonic callus with a blank vector, the callus was initially infected by agrobac-
terium carrying the pBI 121 vector. The resistant calli after recovery culture were then
replaced in a 1.5 mL Eppendorf tube and stained using the histochemical GUS method.
The resistant callus was colored blue after staining and was thus a GUS-positive callus,
indicating that the vector containing the GUS gene had been successfully transferred into
the callus (Figure 4a,b). A total of 34 callus blocks were evaluated, 30 of which were blue;
the GUS staining rate was thus 88.23%, and the false positive rate was 11.77%.
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3.6. Molecular Detection

A PCR analysis was performed using the total DNA of the putative callus as a template
to detect the possible presence of these genes in the putatively transformed embryogenic
calli. The results indicated that the amplification products with fragment lengths of about
270 bp were detected in the Hyg resistant callus but were not found in untransformed
embryogenic calli. Total DNA was extracted from 9 of 30 calli randomly selected for the
PCR evaluation, and 9 transformants were found to contain the target band (Figure 4c).

3.7. Verification of the Genetic Transformation System

The LobHLH34 gene was transferred into the embryogenic callus of F. mandshurica,
and 30 putative transformed calli were obtained. The GUS detection results showed that
26 of the 30 putatively transformed calli were blue (Figure 3a,b), and the conversion rate
was 86.67%. Ten of the 26 resistant calli were randomly selected for total DNA extraction
and PCR detection. Amplified product bands with fragment lengths of about 750 bp were
detected in 10 transformants (Figure 5), indicating that the positive rate of transformed calli
obtained by embryogenic callus infection was very high. The system was thus considered
stable and efficient.
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3.8. Somatic Embryo Maturation of Transformed Callus

The effects of PEG concentration on the maturation of somatic embryos are shown
in Figure 2d and Table 4. It was found that calli cultured on non-PEG and non-dried
medium (CK) for 50 days had high water contents and obvious agglomeration, with obvious
proliferation, although no somatic embryos were present. After the drying treatment on
the medium without PEG, there was no significant difference compared with the control
group, and no somatic embryos were observed. However, on the medium containing
40 g·L−1 PEG, the calli became significantly dryer, larger, and granular, and a small part
of the calli were dark brown. The somatic embryos appeared opaque and white, globular,
or irregularly oval, and the number of somatic embryos was 10 pcs·g−1. In addition, on
the medium containing 60 g·L−1 PEG, the calli were dry and granular, and half of the calli
were dark brown in color. The somatic embryos were white and spherical or seen as long
strips, and multiple somatic embryos were also apparent where they grew together. The
number of somatic embryos was 22 pcs·g−1. On medium containing 80 g·L−1 PEG, the
calli were dry, powdery, and uniformly distributed. Most of the somatic embryos were
white, spherical, and uniformly distributed in the callus. The number of somatic embryos
was 18 pcs·g−1, but during the study, it was observed that the number of deformed somatic
embryos of F. mandshurica was relatively large and the maturation rate of somatic embryos
was low, thus reducing the incidence of abnormal somatic embryos.

Table 4. Effect of PEG concentration on somatic embryogenesis.

Drying Treatment PEG Concentration (g·L−1) Somatic Embryogenesis (pcs·g−1)

− 0 0 c
+ 0 0 c
+ 40 10.67 ± 0.58 b
+ 60 22.00 ± 2.65 a
+ 80 18.67 ± 3.51 a

Note: Data are expressed as the mean ± standard deviation. The different lowercase letters in the same column
numbers indicate significant differences.

3.9. Somatic Embryo Germination

The somatic embryos were transferred to four germination media for germination,
and the germination rate was then determined (Figure 6). The germination rate of somatic
embryos was found to be highest (23.33%) on medium I. However, in medium II, the germi-
nation rate of somatic embryos was significantly decreased to 6.67%, indicating that a high
concentration of GA and a low concentration of cytokinin were more suitable for somatic
embryo germination. When the I and II basic media were replaced by 1/3 Murashige
Skoog medium (MS 1/3) (Supplementary File S1), the germination rate of somatic embryos
decreased significantly, indicating that half-strength MS medium was more suitable as the
basic medium for somatic embryo germination of the transformation materials. Subse-
quently, GUS staining was performed on the somatic embryo germination transformation
materials, and it was observed that the callus was stained blue (Figure 2e–g).
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4. Discussion

The main methods used for genetic transformation include polyethylene glycol-
mediated transformation (PMT), restriction enzyme-mediated integration (REMI), electro-
poration, and agrobacterium-mediated transformation (ATMT) [19].

Agrobacterium-mediated genetic transformation has emerged as the most commonly
used method in plant genetic transformation due to its high transformation efficiency, low
cost, and clear transfer of DNA fragments [20]. When using the agrobacterium-mediated
method for infection, different tissue parts of the plant can be infected. The infection
material used for the genetic transformation of Chinese cabbage was the common cal-
lus [21]. The infection materials employed for the genetic transformation of Paulownia
elongata were leaves and petioles [22], whereas the infection material used for the genetic
transformation of L. olgensis was the embryogenic callus [23]. We found that the struc-
ture of the embryonic callus of F. mandshurica was significantly loose, and this structure
was easier for agrobacterium penetration compared with ordinary calli. However, in the
study reported by Yang [18], hypocotyls were selected as explants for the regeneration and
transformation of F. mandshurica, resulting in a transformation rate of 7.31%. In this study,
the embryogenic callus of F. mandshurica was used for the genetic transformation, with a
positive transformation rate of 88.23%.

There are several factors that can potentially affect the efficiency of genetic trans-
formation, and transformation efficiency can be improved by optimizing these factors.
Hence, comprehensive optimization of these factors can effectively improve the efficiency
of genetic transformation. Antibiotics [24] play important roles in genetic transformation
as they reduce the false positive rate of the transformation materials and thus improve
the transformation efficiency. The study of the antibiotic sensitivity of receptor materials
constitutes the basis for the selection of suitable antibiotics. Commonly used marker genes
used in selection for genetic transformation are neomycin phosphotransferase, hygromycin
phosphotransferase, and glufosinate acetate transferase [23]. Interestingly, in a prior study of
antibiotic sensitivity, Kan and Hyg were used for screening, and the results found that the
embryogenic callus was not sensitive to Kan. When 0, 100, 200, 400, and 600 mg·L−1 Kan
were added, the proliferation multiple of the embryogenic callus exhibited no significant
differences (p < 0.05), but embryogenic callus was very sensitive to Hyg. In addition, with
incubation with Hyg, the proliferation multiple of the embryogenic callus was markedly
reduced, and 5 mg·L−1 of Hyg could significantly attenuate the proliferation multiple of the
embryogenic callus. The addition of 10, 20, or 30 mg·L−1 Hyg almost completely inhibited
the callus growth. It is worth mentioning that in the three-screening culture process, the
mortality rate of the resistant callus was substantially higher in the first screening stage,
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but as the screening number increased, the mortality rate gradually decreased, and there
was almost no callus death during the third screening stage.

A suitable concentration of the infection solution is also an important factor for facilitat-
ing successful transformation [20,25]. It was found that as the concentration of the infection
solution increased, the transformation efficiency first increased and then decreased. When
the concentration of infection solution was too low, the concentration of A. tumefaciens at-
tached to the explants was found to be extremely low, thus resulting in incomplete infection
and low transformation efficiency. When the concentration of the infection solution was
too high, it could lead to excessive reproduction of agrobacterium tumefaciens, inhibiting
the growth of explants, and the transformation efficiency was also markedly reduced.
Co-culture is one of the most important steps in plant genetic transformation and is the
key to T-DNA incorporation into the plant genomic DNA [26]. Interestingly, several earlier
studies found that the duration of co-culture can also affect the transformation efficiency,
and longer co-culture periods could also cause overgrowth of agrobacterium and be harmful
to plant cells [24,27], which was consistent with our experimental results.

Various factors affecting somatic embryogenesis have been identified. These include
exogenous hormones [28], AgNO3 [29], light conditions [30], and abscisic acid (ABA) [31],
amongst others. Several studies have shown that incorporation of PEG in media or PEG
treatment can effectively facilitate somatic embryogenesis [32,33]. In this study, it was
found that the number of somatic embryos was highest when 60 g·L−1 PEG was added,
but the frequency of malformed embryos was also higher, and the germination rate of
somatic embryos was related to the state of the initial somatic embryos. In previous studies,
the hypocotyls, or zygotic embryos, of F. mandshurica were used as explants for genetic
transformation. This method can result in a direct yield of the transformed buds, but there
are many chimeras, and the transformation is unstable. We used loose embryogenic callus
as the starting material, which has the advantage of high transformation efficiency and
can lead to stable transformation. However, during the maturation of somatic embryos, it
was found that the presence of somatic embryos was relatively low and the incidence of
abnormal embryos was high. Thus, future experiments are needed to solve the problem
associated with the prevalence of abnormal embryos.

5. Conclusions

In this study, we established and optimized a novel agrobacterium tumefaciens-mediated
genetic transformation system for embryonic calli of F. mandshurica. We determined the
various factors affecting the transformation efficiency, including the selection of antibiotics,
the concentration of the infection solution, the duration of co-culture, and the effect of
media and media components on the transformation efficiency during somatic embryo mat-
uration. The results of this study help promote genetic improvement in breeding processes
and lay the foundation for subsequent related transgenic research. In this report, the genetic
transformation efficiency of F. mandshurica was found to be significantly improved, but the
incidence of abnormal embryos was relatively high, and additional detailed investigations
are required into the maturation process of somatic embryos.
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