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A highly efficient genetic transformation system of Liriodendron hybrid embryogenic calli 
through Agrobacterium-mediated genetic transformation was established and optimized. 
The Agrobacterium tumefaciens strain EHA105, harboring the plasmid pBI121, which 
contained the ß-glucuronidase (GUS) gene and neomycin phosphotransferase II (npt II) 
gene under the control of the CaMV35S promoter, was used for transformation. 
Embryogenic calli were used as the starting explant to study several factors affecting the 
Agrobacterium-mediated genetic transformation of the Liriodendron hybrid, including the 
effects of various media, selection by different Geneticin (G418) concentrations, pre-culture 
period, Agrobacterium optical density, infection duration, co-cultivation period, and delayed 
selection. Transformed embryogenic calli were obtained through selection on medium 
containing 90 mg L−1 G418. Plant regeneration was achieved and selected via somatic 
embryogenesis on medium containing 15 mg L−1 G418. The optimal conditions included 
a pre-culture time of 2 days, a co-culture time of 3 days, an optimal infection time of 10 min, 
and a delayed selection time of 7 days. These conditions, combined with an OD600 value 
of 0.6, remarkably enhanced the transformation rate. The results of GUS chemical tissue 
staining, polymerase chain reaction (PCR), and southern blot analysis demonstrated that 
the GUS gene was successfully expressed and integrated into the Liriodendron hybrid 
genome. A transformation efficiency of 60.7% was achieved for the regenerated callus 
clumps. Transgenic plantlets were obtained in 5 months, and the PCR analysis showed 
that 97.5% of plants from the tested G418-resistant lines were PCR positive. The study 
of the Liriodendron hybrid reported here will facilitate the insertion of functional genes into 
the Liriodendron hybrid via Agrobacterium-mediated transformation.
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INTRODUCTION

Liriodendron, belonging to the magnolia family, consists of 
two species of large deciduous trees that produce hardwoods 
of high commercial and ecological value. Liriodendron chinense 
is native to eastern Asia, and is documented in the List of 
National Key Protected Wild Plants in China (http://www.
forestry.gov.cn/, Announcement No. 15, 2021). Liriodendron 
tulipifera, or yellow poplar, known as the tulip tree due to its 
beautiful flowers, is widely distributed in eastern North America 
(Chen et  al., 2019a). Large quantities of L. tulipifera wood are 
used for furniture, pulping, plywood, and construction lumber 
(Dai et al., 2004). Liriodendron is considered a basal angiosperm, 
occupying a crucial position for studying the evolutionary 
history of flowering plants (Zhou et  al., 2016).

A new hybrid strain of Liriodendron was successfully cultivated 
by Ye et  al. in 1963 through crossing between L. chinense and 
L. tulipifera. This hybrid is a rapidly growing hardwood tree, 
making it desirable for timber plantations and an attractive 
potential source of biomass for energy (Merkle et  al., 1993; 
Li et  al., 2012). Owing to its advantages in environmental 
adaptability and pest and disease resistance, this Liriodendron 
hybrid also has ornamental and industrial value (Hao et  al., 
2020). In addition, it has potential medicinal value as an ethno-
health-promoting plant (Yang et  al., 2015). Great advances in 
forestry genetics, breeding, and plantation and landscape 
application have been made in Liriodendron (Wang, 2003).

Seasonal restrictions, a low natural seed-setting rate, and a 
low germination rate greatly limit the expansion of Liriodendron 
plantations (Chen et  al., 2019b). However, for most plants, an 
in vitro regeneration system is the primary means of propagation 
(Thiruvengadam et  al., 2013; Zhou et  al., 2014). In particular, 
somatic embryogenesis, which plays a critical role in the study 
of plant embryology and is considered an effective method of 
vegetative propagation, has been used in Liriodendron (Merkle 
and Sommer, 1986; Chen et al., 2003a; Dai et al., 2004). Culture 
methods have gradually improved since the Liriodendron hybrid 
was first successfully regenerated in 1993 using immature zygotic 
embryos as explants via somatic embryogenesis (Merkle et  al., 
1993). A suspension culture system of embryogenic calli of 
the Liriodendron hybrid was established with high proliferation 
efficiency (Chen et  al., 2007b; Li et  al., 2007). Using this 
method, under artificially controlled culture conditions, mass 
somatic embryos can be  successfully produced. This system 
provides an efficient tool for the study of the molecular, 
morphological, and physiological regulation of the regeneration 
pathway during the onset and development of embryogenesis 
in Liriodendron.

An efficient transformation protocol is a prerequisite for 
acquiring transgenic plants and the genetic improvement of 
many species. A stable genetic transformation method is 
convenient for identifying the functional roles of candidate 
genes in somatic embryogenesis (Ratjens et al., 2018). Compared 
with microprojectile bombardment and electroporation, 
Agrobacterium-mediated transformation is a common tool for 
plant transformation with many advantages, such as easy 
operation, low cost, low-copy transgene integration, the transfer 

of large DNA fragments (Xia et al., 2020), and insertion priority 
into transcriptionally active regions (Cha et  al., 2012). 
Agrobacterium-mediated transformation has been widely used 
in research and applied to many woody species to acquire 
transgenic plants (Shou et  al., 2004; Prasad et  al., 2014), such 
as Populus (Fillatti et al., 1987), Eucalyptus globulus (Matsunaga 
et  al., 2012), Quercus robur (Vidal et  al., 2010), elm (Bolyard 
et  al., 1991), Chinese chestnut (Castanea mollissima; Sun 
et  al., 2020), and European larch (Shin et  al., 1994).

In recent years, there has been some progress on the genetic 
transformation system in Liriodendron. However, compared 
with other species, the transgenic method in Liriodendron is 
the least developed. Previous studies showed that transformation 
based on microprojectile bombardment was successfully 
performed with L. tulipifera calli and protoplasts, from which 
transgenic plants were obtained, albeit at a low transformation 
efficiency of 0.004% (Wilde et  al., 1991, 1992; Rugh et  al., 
1998). Agrobacterium-mediated transformation in Liriodendron 
hybrid callus has been reported, but it is still unstable (Chen 
et  al., 2007a). A polyethylene glycol-mediated transient 
transfection system in the protoplasts also has been established 
(Huo et  al., 2017). However, these systems all have the same 
shortcomings originating from the relatively low transformation 
efficiency. The establishment of a transgenic system will improve 
the functional genomic research and molecular breeding of 
Liriodendron hybrids. Therefore, further optimization of the 
protocol for a genetic transformation system for Liriodendron 
is critical and imperative, and would provide an essential step 
forward and a reference for future research in the Magnoliaceae 
and other woody trees.

Many factors can influence the efficiency of plant 
transformation. These include Agrobacterium strains and 
plasmids, cell density, co-culture conditions and inoculation, 
plant species and genotype, explants, and selection agents 
(Cheng et  al., 2003; Karami, 2008; Bett et  al., 2019). In order 
to establish a successful approach for the genetic transformation 
of the Liriodendron hybrid, an appropriate regeneration system 
in vitro is an important prerequisite (Vidal et  al., 2010). 
Furthermore, a successful selective culture strategy for 
identifying resistant transformants is another key factor for 
genetic transformation (Wu et  al., 2021). We  found that 
different developmental stages during the somatic embryogenesis 
of the Liriodendron hybrid exhibited different tolerances to 
the same type of selective agent. Thus, developing a novel 
selection strategy to improve the transformation efficiency of 
the Liriodendron hybrid based on this characteristic would 
be  a key advance. When attempting to establish a new 
transformation protocol in any species, it is necessary to 
optimize the parameters influencing the efficiency of genetic 
transformation, as this can reduce future material and labor 
costs (Karami, 2008). In addition, successful transformation 
requires a balance among the factors affecting the transformation 
frequency (Shrawat et  al., 2007).

In this study, some important parameters influencing the 
Agrobacterium-mediated genetic transformation of the 
Liriodendron hybrid were studied using embryonic callus as 
the starting explant. An efficient Agrobacterium transformation 
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system was established that could provide a basic technique 
for gene function analyses. This approach could also be  used 
for genome editing and for transferring new traits into a wide 
range of hybrid Liriodendron genotypes.

MATERIALS AND METHODS

Plant Materials and Culture Conditions
In this research, the controlled artificial pollination of the female 
parent (L. chinense) with pollen from the selected male parent 
(L. tulipifera) was conducted in a breeding orchard of Nanjing 
Forestry University in late April 2012. Immature aggregated 
samaras were collected from the pollinated tree 8 weeks after 
pollination. Then, these samaras were surface-sterilized and 
dissected on a clean bench. The immature zygotic embryos with 
endosperm were immediately excised and transferred to the callus 
induction medium (CIM). The embryogenic callus was initiated 
from immature embryos of the Liriodendron hybrid 1 month after 
the subculture. Finally, the calli of a somatic line (genotype No. 
52053) were selected as the starting explant in this study.

The plantlets obtained from the embryogenic calli were based 
on the established somatic embryogenesis system of the 
Liriodendron hybrid (Chen et  al., 2003a). The embryogenic 
callus was maintained on CIM. After the induced calli were 
sub-cultured onto the same type of fresh CIM medium for 
2 weeks, the calli were transferred to liquid CIM medium and 
suspension-cultured at 23°C in the dark with shaking at 95 rpm 
for 2 weeks. The suspension calli were sub-cultured in fresh 
liquid CIM medium every week. After 2 weeks of incubation, 
the cultures were sieved successively through stainless-steel 
sieves of 100- and 200-μm pore size, and suspended cells were 
collected in a sterile Erlenmeyer flask using a Buchner funnel. 
Suspended cells (2 ml by volume) were collected on 9-cm sterile 
filter paper using micro pipette tips, transferred to embryo 
induction medium (EIM), and incubated at 23°C in the dark. 
After 3–4 weeks of incubation, plantlets were obtained and then 
transferred to shoot elongation medium (SEM), following which 
they were sub-cultured under a 16-h/8-h (light/dark) photoperiod 
at 23°C before being transferred to soil pots in the greenhouse.

The embryogenic callus was sub-cultured at 23 ± 1°C in the 
dark for 2 weeks and then used for genetic transformation, as 
well as for testing explant sensitivity to G418. The pH of the 
medium was adjusted to 5.7 prior to autoclaving at 121°C at 
0.11 MPa pressure for 20 min. All media used in this study 
are shown in Supplementary Tables 1 and 2.

Agrobacterium Strains and Vectors
The A. tumefaciens strain EHA105 harbored the plasmid pBI121 
(14,758 bp; Figure  1) and contained β-glucuronidase (GUS) as the 
reporter gene. The Cauliflower mosaic virus (CaMV) 35S promoter, 
as well as the neomycin phosphotransferase II (nptII) gene under 
the control of a nopaline synthase (NOS) promoter (Chen et  al., 
2003b) and terminator, were used for initial optimization (Jefferson, 
1987b). The plasmid vector was transferred into A. tumefaciens 
strain EHA105 using the heat shock method (Wei, 2009). 
Bacteria were cultured on an agar-solidified Luria-Bertani (LB) 

medium (Hooykaas et  al., 1977), supplemented with 50 mg L−1 
kanamycin and 20 mg L−1 rifampicin (Sigma, United States) at 28°C 
in the dark.

G418 Sensitivity Test
To identify the optimum concentration of the selective agent 
for the transgenic callus, the sensitivity of the embryogenic 
callus to G418 was tested. The embryogenic callus clumps 
were cultured on CIM supplemented with different concentrations 
of G418. Cefotaxime (400 mg L−1) was used to inhibit 
Agrobacterium after cocultivation with the callus (data not 
shown). Embryonic calli (0.55 g) were incubated in CIM medium 
containing 200 mg L−1 cefotaxime and different levels of G418 
at 0, 30, 60, 90, and 120 mg L−1. Subculture was performed 
with the same fresh medium every 4 weeks, embryogenic calli 
were examined, and the relative increases in the weights of 
fresh embryogenic callus clumps were recorded to analyze the 
callus proliferation rate after 8 weeks of culture. Each petri 
dish contained 10 embryonic callus clumps. Three petri dishes 
were used for each treatment on embryogenic calli, and three 
independent replications were performed for each treatment.

To determine the sensitivity of the somatic embryos to G418, 
2 ml of suspended cells (0.3 × 105 cells/ml) was inoculated on EIM 
supplemented with 0, 5, 10, 15, or 20 mg L−1 G418. The numbers 
of somatic embryos were examined to calculate the optimum 
concentration of G418 after 6 weeks of culture. Ten petri dishes 
were used for each treatment, and all experiments were repeated 
with three independent replicates. All antibiotics were filter-
sterilized (0.22 μm) and added to the autoclaved medium after 
the medium had been cooled to 45°C before solidification.

Evaluation of Parameters Influencing 
Transformation
To establish an optimum Agrobacterium-mediated transformation 
protocol for the Liriodendron hybrid, the following factors, 
which influenced the transformation frequency, were evaluated: 
the time that the calli were pre-cultured on co-culture medium 
(CCM; 0, 2, 4, or 6 days); the optical density of the A. tumefaciens 
cell culture (OD600 values of 0.2, 0.4, 0.6, 0.8, or 1.0); the 
duration of infection (0, 5, 10, 15, 20, 25, or 30 min); the 
duration of co-cultivation (1, 2, 3, or 4 days); and the duration 
of delayed selection (0, 7, 14, 21, or 28 days). The transient 
GUS expression was used to optimize the parameters that 
affected the transformation frequency. At the end of the delayed 
selection stage, the resistant callus regeneration rate was recorded 
to calculate the delayed selection time. Transient GUS activity 
was determined in A. tumefaciens-inoculated explants after 
cocultivation with Agrobacterium. Each variant of each parameter 
was optimized by screening for transient GUS expression and 
tested using three independent replicates.

Transformation Protocol
Preparation of the A. tumefaciens Culture
The A. tumefaciens strain EHA105 harboring the plasmid pBI121 
was used for transformation. Positive colonies of the individual 
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strain were cultured in liquid LB medium (40 ml) supplemented 
with 50 mg L−1 kanamycin and 20 mg L−1 rifampicin on a rotary 
shaker at 28°C and 180 rpm in the dark overnight. One milliliter 
of bacterial suspension was grown in 50 ml of the same medium 
to an optical density at 600 nm (OD600) of 0.6–1.0 under the 
same culture conditions. The bacterial suspension was centrifuged 
immediately at 5000 rpm for 10 min, and the pellet was 
resuspended in ¾ strength Murashige and Skoog (MS) liquid 
medium (Supplementary Table 1; Murashige and Skoog, 1962) 
containing 100 μmol L−1 acetosyringone (AS) to a final OD600 = 0.6. 
The bacterial suspension was poured into a sterile Erlenmeyer 
flask and used for staining.

Transformation of Embryogenic Callus
For genetic transformation, embryogenic calli pre-cultured on 
CCM for 2 days were infected with A. tumefaciens strain EHA105, 
and the starting explants were immersed in a solution of 
cultured cells grown to an OD600 of 0.6. These calli were 
submerged in the bacterial suspension and shaken for 10 min, 
then immediately blotted dry using sterilized filter paper to 
remove excess bacterial suspension. They were then transferred 
to CCM as mentioned above. After the calli had been co-cultivated 
with the Agrobacterium strain on CCM at 23°C in the dark 
for 2 days, the calli were rinsed four times with sterile water 
containing 400 mg L−1 cefotaxime and then blotted dry on 
sterilized filter paper to decontaminate the Agrobacterium. Then, 
the calli were transferred to delayed selection medium (DSM) 
and cultured for 7 days at 23°C in the dark. After 7 days of 
delayed selection, the calli were incubated on callus selection 
medium (CSM) to induce the transgenic calli, and the transgenic 
calli were then sub-cultured once over a 25-day interval.

During this procedure, all factors were optimized using 
optimization assays. In each assay, one parameter was changed, 
while the other parameters remained constant based on the 
findings of the preliminary test. As such, the only variable in 
each assay was the parameter to be  optimized.

Plant Regeneration of Transgenic Somatic 
Embryos
After 8 weeks of incubation, the resistant calli were transferred 
to liquid CIM medium supplemented with cefotaxime 
(200 mg L−1) and suspension-cultured at 23°C in the dark. 

Two weeks later, the suspended calli were transferred to EIM 
(see the section “Plant materials and culture conditions”) 
supplemented with cefotaxime (200 mg L−1) and G418 (15 mg L−1) 
at 23°C in the dark. After 3–4 weeks, most of the somatic 
embryos had germinated and were then transferred to the 
light and then to the SEM, following which they were cultured 
at 23°C under a 16-h light/8-h dark photoperiod until the 
plantlets could be  transferred to greenhouse conditions. The 
plating suspension cell density was maintained at 0.6 × 105 cells 
per plate, and 10 replicates were performed for each treatment, 
and incubated at 23°C in dark.

Histochemical Analysis of Putative 
Transformants
For histochemical analysis of GUS gene expression, the GUS 
enzyme activity was detected in the transformed callus and 
plants using standard and modified methods (Jefferson, 1987a; 
Matsunaga et al., 2012). Transformation efficiency was assessed 
by GUS signal intensity on a hemocytometer grid in three 
random replicates with 10 μl of suspension cells at 200× 
magnification under a light microscope (Zeiss Axio Vert. A1). 
Cells stained gus blue were recorded as positive. The calli and 
plants were then stained using 5-bromo-4-chloro-3-indolyl 
glucuronide-β-glucuronidase (X-gluc) at 37°C for 12 h, and 
the non-transformed calli and plantlets were used as negative 
controls. The calli and plant tissues were bleached, fixed in 
70–95% ethanol, and then examined under a microscope 
(Leica M165FC).

Molecular Analysis of Transgenic Plants
Genomic DNA was extracted from 100 mg of embryonic calli 
and fresh leaves of putative transformants and non-transformed 
(control) plantlets using a modified cetyltrimethylammonium 
bromide (CTAB) method (Pamidimarri et  al., 2009). Thirty 
clumps of transgenic calli and 40 pieces young leaves of putative 
transgenic plantlets were screened by PCR to detected the 
presence of GUS and nptII genes in transgenic calli and plants.

The PCR reactions contained 0.5 μl of dNTPs (10 mM), 12.5 μl 
2× Phanta Max Buffer, 1 μl of each primer (10 μM), 0.5 μl Phanta 
Max Super-Fidelity DNA Polymerase (1 U/μl, Vazyme, Nanjing, 
China), and 20–50 ng of genomic DNA in a 25-μL volume. A 
740-bp region was amplified using the specific primers of the 

FIGURE 1 | Schematic diagram of the T-DNA region in the plasmid pBI121-GUS. RB, right border; LB, left border; NOS-Pro, promoter sequences of the nopaline 
synthase gene; nptII: neomycin phosphotransferase II gene; NOS-T: nopaline synthase terminator; HindIII = unique HindIII restriction site within T-DNA; 
BamHI = unique BamHI restriction site within T-DNA; EcoRI = unique EcoRI restriction site within T-DNA; 35S-Pro, cauliflower mosaic virus 35S promoter; gus A, 
coding region of the GUS gene.
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nptII gene (NPTII-F: 5′-AGAGGCTATTCGGCTATGACTG-3′ 
and NPTII-R: 5′-GAACTCGTCAAGAAGGCGATAG-A-3′). A 
pair of GUS gene primers (GUS-F: 5′-ATCTCTAT 
GAACTGTGCGTCACAG-3′ and GUS-R: 5′-CTTCTCTG 
CCGTTTCCAAATCG-3′s) was used to amplify a 707-bp DNA 
fragment from the GUS gene. The PCR conditions were as 
follows: −95°C for 3 min, 35 cycles of 95°C for 15 s, 58°C for 
15 s, 72°C for 1 min, and a final extension at 72°C for 7 min 
(one cycle). The PCR-amplified products were separated by 
electrophoresis on 1.2% agarose gels at 180 V for 20 min.

The RNA was isolated from the fresh leaves of the transgenic 
and control plants using a FastPure® Plant Total RNA Isolation 
Kit (Vazyme, Nanjing, China) and was quantified 
spectrophotometrically (NanoDrop, Thermo Scientific, 
Wilmington, DE, United  States). The cDNA was synthesized 
using a HiScript® III 1st Strand cDNA Synthesis Kit (+gDNA 
wiper; Vazyme Nanjing, China).

For reverse transcriptase–polymerase chain reaction (RT–
PCR) analyses, the obtained cDNA was amplified using the 
primers 5′-AAACGGCAGAGAAGGTACTGG-3′ and 
5′-TCTTCACTCCACATGTCGGTG-3′, which generated a 
fragment of the GUS gene (136 bp). The primers 
5′-ATTCCAGAGGACCAGTTCCTG-3′ and 5′-AGCAAGTGAG 
AGATTGTCCTTG-3′, which amplified the UBQ gene (234 bp), 
were used as an internal control. The total volume of the 
reaction mixture was 20 μl and included Takara Taq™ (10× 
PCR Buffer (Mg2+ free), 2 μl MgCl2 30 mM, 1.5 μl of dNTP 
Mixture (2.5 mM), 1 μl primers (10 pmol), cDNA (100 ng), 0.1 μl 
Taq DNA polymerase (#R001AM, TAKARA BIO INC.), and 
RNase-free water (added to a total volume of 20 μl). The PCR 
program was as follows: 95°C for 5 min, 27 cycles at 95°C for 
30 s, 60°C for 30 s, 72°C for 25 s, and a final extension at 
72°C for 10 min. The PCR products were separated on 1.2% 
agarose gel electrophoresis in 1xTAE buffer.

For quantitative real-time PCR (qRT-PCR) analyses, the obtained 
cDNA was amplified using the GUS gene primers (F: 
5′-AAACGGCAGAGAAGGTACTGG-3′, R: 5′-TCTTCACTCC 
ACATGTCGGTG-3′) and the UBQ gene (F: 5′-ATTCCAGAGGAC 
CAGTTCCTG-3′, R: 5′-AGCAAGTGAGAGATTGTCCTTG-3) as 
an internal control. The amplification was performed using a 
LightCycler® 480 Real-Time PCR System (Applied Biosystems), 
with the data set to comparative cycle threshold Ct (ΔΔCt). The 
qRT-PCR reaction mixtures were carried out in a 20-μL volume 
containing 2 × AceQ qPCR SYBR Green Master Mix (without 
ROX; 10 μl; Vazyme Nanjing, China), 10 ng of cDNA, and primers 
(4 pmol). The qRT-PCR conditions were as follows: 95°C for 
5 min, and then 40 cycles at 95°C for 10 s, and 60°C for 30 s. 
The non-transformed plantlet was used as a control sample, the 
UBQ gene was selected as a calibrator sample for ΔΔCt analysis, 
and the relative quantification value was calculated and exported 
for further analysis. Three technical replicates were performed 
for each plant and gene.

Southern Blot Analysis
Genomic DNA was extracted from different transgenic plants 
and non-transformed (control) plantlets using a DNAsecure 

Plant Kit (TIANGEN BIOTECH, Beijing, China), and 
approximately 10 μg of genomic DNA was digested with 
HindIII. The plasmid DNA was used as a positive control, and 
genomic DNA from the non-transformed (control) plantlet was 
used as a negative control. Digoxygenin (DIG)-labeled probes 
were obtained using PCR DIG Probe Synthesis Kit (Roche, 
Mannheim, Germany), through PCR amplification of a genomic 
fragment using the primers 5′-ACGGCAAAGTGTGGGTCAA-3′ 
and 5′-AGCGTAAGGGTAATGCGAGG-3′, which generated a 
fragment of the PCR-labeled probes (722 bp). The digested DNA 
fragments were separated in a 0.7% agarose gel and transferred 
to a nylon membrane (Hybond-N+; Amersham, United Kingdom; 
Fang et  al., 2019). Southern hybridization was digoxigenin-
labeled using a DIG-High Prime DNA Labeling and Detection 
Starter Kit II (Roche, Mannheim, Germany).

Data Analysis
All data for the optimization experiments were analyzed using 
one-way analysis of variance (ANOVA), Graph Pad Prism 8.0 
(Graph Pad Software, Inc., United  States), and Microsoft Excel. 
Tukey test was used for statistical analysis among multiple 
treatments. A p-value of <0.05 was regarded as statistical significance.

Callus relative fresh weight is the difference between secondary 
callus fresh weight and initial callus fresh weight. This value 
could be  estimated according to the formula: Relative fresh 
weight (g) = Fresh weight of embryogenic callus after 8 weeks 
culture (g) – initial callus fresh weight (g). The Agrobacterium 
transformation efficiency was estimated according to the following 
formulas: The rate of transient transformation frequency (%) = (the 
number of GUS signal positive transgenic callus cells/total 
number of callus cells for staining) × 100%; the rate of plant 
transformation efficiency (%) = (the number of the PCR-positive 
transformants/total number of putative transformants) × 100%.

RESULTS

Sensitivity of Embryogenic Callus and 
Somatic Embryo to G418
G418 sensitivity testing was carried out to determine the optimal 
concentration that arrested the growth of embryonic callus. 
With a culture duration of 1–8 weeks, as the G418 concentration 
increased, the embryonic callus growth rate gradually decreased 
(Figure 2A) and the browning degree increased, with significant 
differences detected and some calli even dying during the 
process (Figures  3A–E). The induction of calli was completely 
inhibited by 90 mg L−1 G418 (Figure 3D). After treatment with 
90 mg L−1 G418, the fresh weight of the secondary callus clumps 
did not increase significantly on the CSM. Thus, a concentration 
of 90 mg L−1 G418 was selected to identify resistant calli during 
the first step of genetic transformation.

The embryogenic calli were incubated and proliferated on 
the EIM supplemented with different concentrations of G418, 
and the number of somatic embryos that were regenerated was 
estimated (Figure  2B). When the embryonic calli were cultured 
on the EIM, 267 somatic embryos were regenerated (Figures 2B, 
3F). With 5 m gl−1 G418 on the EIM, 39 somatic embryos were 
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obtained (Figures 2B, 3G). With the increase in the concentration 
of G418 (Figures 3F–J), there was a rapid and significative decline 
in the regeneration frequency of the somatic embryos at 10 mg L−1 
of G418, under which only 3–4 somatic embryos were observed 
(Figures 2B, 3H). G418 at 15 mg L−1 completely prevented somatic 
embryo growth (only 0–1) when cultured on the EIM (Figures 2B, 
3I). The somatic embryo regeneration became seriously restricted, 
and the somatic embryos became bleached with the extension 
of culture time. Therefore, the optimum concentration for selecting 
the transgenic somatic embryos was 15 mg L−1  G418.

Optimization of Liriodendron Hybrid 
Transformation
To determine the influencing factors of pre-culture on the 
infection efficiency, the callus was incubated on pre-culture 
medium for 0, 2, 4, or 6 days, with no pre-cultured callus 

used as a control (Figure 4A). It was found that 2-day pre-culture 
resulted in a significantly (p < 0.05) higher transformation 
efficiency (47.7%) and more GUS-positive callus cells than the 
control (42.3%), and the 4-day (36.7%) and 6-day (29%) 
pre-culture. A longer pre-culture period for 4–6 days resulted 
in decreased transformation frequency. Therefore, 2 days of 
pre-culture at CCM was used for optimization (Figure  4A).

The density of A. tumefaciens significantly affected the 
transformation efficiency. The bacterial density of OD600 = 0.6 
was significantly (p < 0.05) higher compared with OD600 values 
in the range of 0.2–0.4 and 0.8–1.0 (Figure 4B), and produced 
the most GUS-positive cells, at which the maximum 
transformation efficiency (60.7%) was obtained. The 
transformation efficiency of 34% was obtained when OD600 = 0.2, 
and 39% was obtained in Agrobacteria with OD600 = 0.4. The 
transformation efficiency was significantly lower than OD600 = 0.6, 

A B

FIGURE 2 | The sensitivity of embryogenic calli and somatic embryos of the Liriodendron hybrid to Geneticin (G418). (A) The relative fresh weight of the 
embryogenic callus under the different concentrations of G418. (B) The regenerative capacity of somatic embryos of the Liriodendron hybrid under G418 stress at 
0, 5, 10, 15, and 20 mg L−1. Callus relative fresh weight is the difference between secondary callus fresh weight and initial callus fresh weight. Each replicate includes 
30 embryogenic callus masses per dish. Data correspond to the mean ± SD of three replicates. An ANOVA test was used for statistical analysis. Column bars with 
the different letters indicate significant differences at p < 0.05 by Tukey test.

A B C D E

F G H I J

FIGURE 3 | Effect of different mass concentrations of Geneticin (G418) on the growth of embryogenic calli and somatic embryo regeneration of the Liriodendron 
hybrid. Plate images showing the proliferation and tolerance level of the callus (A–E: 0, 30, 60, 90, and 120 mg L−1; bar: 5 mm), and somatic embryos [F–J: 0, 5, 10, 
15, and 20 mgl−1; (F–H,J): bar: 0.2 mm; I: bar: 0.05 mm] under selective conditions.
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whereas the transformation efficiency was not significantly 
different between the higher concentrations of OD600 = 0.8 (48%) 
and 1.0 (42%). Therefore, OD600 = 0.6 was used for transforming 
embryogenic calli of the Liriodendron hybrid.

We tested the effect of infection duration on Agrobacterium 
transformation. When the infection duration was 10 min in 
the transformation experiment of the calli, the highest 
transformation frequency (35.7%) was recorded, but no significant 
difference in transformation efficiency was detected between 
the infection duration at 10 and 15 min, after which it then 
further decreased, which was unsuitable due to the uncontrollable 
overgrowth of the bacteria (Figure 4C). Prolonging the infection 
duration to 20 min resulted in reduced transformation efficiency 
(28%). The frequency of transformation was less than 23% 
when the infection duration was longer than 25 min. A longer 
infection period (30 min) significantly decreased (p < 0.05) the 
transformation efficiency due to cell necrosis.

After infection, the effect of the co-cultivation period on 
the efficiency of transformation was evaluated. The highest 
transformation frequency (43%) was obtained when the callus 
was co-cultivated on CCM for 3 days (Figure 4D), while shorter 
periods and prolonged co-cultivation resulted in reduced 
transformation efficiency (Figure  4D). Co-cultivation for 1 day 
resulted in significantly reduced efficiency of transient 
transformation at 17%, whereas co-cultivation for 2 days resulted 
in reduced transformation frequency (42.7%). When the 
co-cultivation duration was extended to 4 days, the transformation 
efficiency was reduced (39%), due to rapid bacterial overgrowth 
around the calli.

The delayed selection period is a critical factor in the genetic 
transformation of calli. Without delayed selection, the average 
transformation frequency was 20% (Figure  4E). Seven days 
of delayed selection improved the transgenic efficiency 
significantly (40.3%; Figure  4E). Increasing the length of the 
delayed selection period to 14–28 days significantly (p < 0.05) 
reduced the transformation frequency to 32.7% at 14 days, 26% 
at 21 days, and 14.7% at 28 days, while a significant difference 
was observed between 0 and 7 days of delayed selection 
(Figure  4E).

Thus, the best results in terms of the induction of a GUS-
positive callus were obtained under 2 days of pre-culture on 
CCM, a bacterial density of OD600 = 0.6 for 10 min, co-cultivation 
of the explants in darkness for 3 days, and delaying selection 
for 7 days at 23°C. This approach produced the most GUS-
positive cells and was used in subsequent 
optimization experiments.

Development of the Transgenic Plants
After delaying selection for 7 days, the G418-resistant new callus 
began to emerge from the browning and necrotic callus that 
had been infected with Agrobacterium. After subculture for 
8 weeks (Figure  5A), the G418-resistant calli were transferred 
to CSM. Through artificial dispersion, suspended calli in liquid 
medium were cultured on a rotary shaker at 23°C in the dark 
for 2 weeks (Figure 5B). Then, the suspension cells were collected 
and transferred to EIM with antibiotic. After culturing for 
3–4 weeks in the dark, G418-resistant somatic embryos were 
regenerated from the embryogenic callus (Figure 5C). After light 

A B

D E

C

FIGURE 4 | Effects of different factors in the transformation frequency of Liriodendron hybrid embryogenic callus. (A) Pre-culture period. (B) Agrobacterium optical 
density (OD600). (C) Infection period. (D) Co-cultivation period. (E) Delayed selection. Data correspond to the mean ± SD of three replicates. Column bars with the 
different letters indicate significant differences at p < 0.05 by ANOVA test.
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culture on EIM for 2–3 weeks, the cotyledons of the G418-
resistant seedlings rapidly turned green (Figure  5D), whereas 
all presumed non-transgenic somatic embryos grew slowly or 
died due to the presence of antibiotics. After the seedlings 
had grown to a height of 3–5.0 cm in the medium (Figure 5E), 
the plantlets were transferred to soil pots in the greenhouse 
(Figure  5F).

Histochemical GUS Assay
The transient GUS activity of the single suspension cells was 
determined in A. tumefaciens-inoculated calli immediately after 
co-cultivation with Agrobacterium (Figure  6A). Histochemical 
GUS assay showed that the callus clumps were mostly stained 
intensely blue (Figure  6B).

GUS staining indicated that GUS was expressed in the G418-
resistant plantlets. Stable GUS activity was detected in the roots, 
stems, and leaves of all the selected G418-resistant plants 
(Figure  6C), whereas no GUS expression was observed in the 
non-transformed (control) single suspension cells, calli, and 
plantlets (Figures  6D–F).

Molecular Analysis of Transformants
The transformant was amplified using the vector primer pair 
to confirm that GUS and NPT-II were inserted into the Liriodendron 
hybrid genome. A 707-bp fragment of the expected size was 
detected in all transgenic lines (Figure  7A, lanes 1–12) and 
the positive control (Figure 7A, lane P), whereas no corresponding 
fragments were amplified in the non-transformed plant line and 
water samples (Figure 7A, lanes N, W). A single expected band 

of about 740 bp (Figure  7B) was amplified from the transgenic 
lines using the NPT-II primers to check the transgene in the 
transgenic plants. Through PCR analysis, PCR-positive 
transformant frequencies were generated (Figures  7A,B), and 
approximately 97.5% of the selected plants grew vigorously.

The RT–PCR (Figure 8A) and qRT–PCR (Figure 8B) analysis 
further confirmed the expression of the GUS gene in the five 
GUS-positive (PCR) transgenic plants, and the GUS gene was 
not detected in the non-transformed plants.

Southern blot analysis of the putative transgenic plants 
confirmed that the GUS gene was integrated into the transgenic 
plant genome (Figure  9). Genomic DNA was digested with 
HindIII (a single site), the number of bands revealed the copy 
number of the probe with the GUS gene coding region, and 
in transgenic lines of the Liriodendron hybrid, lane 3, lane 4 
and lane 5 exhibited single copy insertion. No hybridization 
signal was detected for the non-transformed plants. Southern 
blot hybridization indicated that these plants represented 
transformation events.

These results demonstrated that the GUS gene had successfully 
integrated into the transgenic plant genome and was expressed.

DISCUSSION

Transformation Efficiencies Depend on an 
Efficient in vitro Culture System
Following the genome sequencing of Liriodendron species, 
assessing the function of all the predicted genes has remained 

A B C

D E F

FIGURE 5 | The different developmental stages of transgenic plant regeneration from calli of the Liriodendron hybrid. (A) Geneticin (G418)-resistant embryogenic 
callus was cultured on callus selection medium (CSM). (B) Suspension culture embryogenic calli in liquid CSM. (C) Cotyledonary stage embryos were induced on 
embryo induction medium (EIM). (D) G418-resistant embryo seedlings. (E) Regenerating embryo seedlings were cultured on shoot elongation medium (SEM). 
(F) Regenerating transgenic plantlets growing in the greenhouse. (A,B,D,E,F): scale bar = 2 cm; (C): scale bar = 0.2 mm.
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one of the main challenges, with the primary obstacle being 
the low frequency of transgenic plants. The transformation 
protocols rely on the availability of regenerative explant sources, 
and is a time-consuming process to produce transgenic 
individuals (Song et  al., 2019). Embryogenic calli have been 
demonstrated to be  the best target explants for Agrobacterium-
mediated transformation in some plant species (Dutt and 

Grosser, 2010; Yang et  al., 2010; Sun et  al., 2020). Somatic 
embryogenesis is an ideal tool to be  used in the study of 
genetic transformation. A transformation frequency of 25% 
was obtained with embryogenic material in European chestnut 
(Corredoira et  al., 2004), while a transformation efficiency of 
14.2% was achieved by somatic embryogenesis in Morus alba 
(Agarwal and Kanwar, 2007), and a transformation rate of up 
to 43% was obtained with embryogenic callus cultures as a 
target material in Cyclamen persicum (Ratjens et  al., 2018). 
We  previously established a high-frequency somatic 
embryogenesis system (Li et  al., 2012), which was one of the 
critical factors influencing the success of plant genetic 
transformation in this study.

High-Efficiency Agrobacterium-Mediated 
Transformation of the Liriodendron Hybrid
The high-efficiency genetic transformation of Liriodendron 
species requires the availability of efficient methods for gene 
transfer, plant regeneration, and transgenic plant selection. 
Based on this protocol, we improved the efficiency of transgenic 
transformation from various perspectives, including G418 
concentration, pre-culture, cell density, co-culture conditions, 
and selection regime.

Research has indicated that explant pre-culture is a critical 
parameter in the Agrobacterium-mediated genetic transformation 
of several plant species (Barik et  al., 2005; Xu et  al., 2009; 
Kumar et  al., 2010). In this study, the highest frequency of 
G418-resistant calli was observed when the embryogenic calli 
were pre-cultured for 2 days prior to infection with A. tumefaciens. 
These results indicated that pre-culture enabled the callus to 

A B C
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FIGURE 6 | Histochemical staining for ß-glucuronidase (GUS) activity in the transgenic plants. Histochemical staining for GUS activity in transformed single cells 
(A), callus clumps (B), and plants (C). (D) Histochemical staining for GUS activity in the non-transformed single cells (control). (E) Non-transformed callus clumps 
(control) and (F) plants. (A,D): scale bar = 50 μm; (B,C,E,F) scale bar = 2 mm.

A

B

FIGURE 7 | Polymerase chain reaction (PCR) analysis of the transgenic calli 
and transgenic plants. (A) The PCR analysis of the ß-glucuronidase (GUS) 
gene (707 bp) isolated from transgenic calli and the leaves of the transgenic 
lines and non-transformed plants of the Liriodendron hybrid. (B) PCR 
amplification of the NPT-II gene (740 bp) from the transgenic and non-
transgenic lines. Lines 1–3 are transgenic calli, and lines 4–12 are transgenic 
plants. N, negative control (non-transgenic sample). W, water. P, positive 
control (plasmid). M, DL2000 marker.
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sufficiently withstand bacterial infection and also enhanced 
the frequency of GUS expression.

The Agrobacterium cell density and infection time affect 
the frequency of transformation. However, higher Agrobacterium 
cell density and infection time and prolonged co-culture result 
in Agrobacterium strain overgrowth and embryogenic callus 
necrosis, thereby reducing the transformation frequency in 
plant species (Yang et  al., 2010; Niedbała et  al., 2021). Longer 
periods of co-culture seem to be helpful to achieve the transfer 
of T-DNA into plant cells. When the co-cultivation duration 
exceeded 3 days, the remaining Agrobacterium strains that 

attached onto the surface of the embryogenic calli overgrew 
and were not easily eliminated by 400 mg L−1 cefotaxime during 
subsequent selective culture, resulting in many calli becoming 
dark brown or black in color and ultimately dying. In the 
present study, we  found that transferring the infected calli to 
CCM on filter paper was effective for decreasing bacterial 
growth (data not shown). An increase or decrease in the optical 
density of the Agrobacterium inoculum was not conducive to 
transformation. One reason for this finding may have been 
bacterial overgrowth, while extensive embryogenic callus necrosis 
occurred at optical density values greater than 0.6 (Saini and 
Jaiwal, 2007; Li et  al., 2017).

Selective Pressure Is Important for 
Successful Genetic Transformation
The selection of target plant materials is particularly important 
for successful genetic transformation (Wang et  al., 2005). 
In our previous work, we  found that the embryonic callus 
of the Liriodendron hybrid had strong kanamycin resistance, 
and a kanamycin concentration of 400 mg L−1 could not 
consistently inhibit callus growth (data not shown). The 
process of screening is long and the effects of screening 
are not always obvious. Therefore, in this study G418 was 
used as the selective agent in the genetic transformation 
method instead of kanamycin to explore the G418 sensitivity 
of the embryonic callus and somatic embryogenesis of 
Liriodendron. The result obtained from G418 sensitivity 
testing indicated that embryogenic callus proliferation was 
the least sensitive stage to G418, while somatic embryo 
regeneration was more sensitive. A previous study also 
demonstrated that different developmental stages of plant 
tissue culture revealed various tolerances to the same type 
of selective agent (Wu et  al., 2021). Adjusting the selective 
agent concentration to balance the selection efficiency and 
transgenic plantlet regeneration is critical to obtaining positive 
transformed plantlets (Liu et  al., 2021).

Therefore, this study developed a step-down concentration 
of the selective agent in the selective culture process. A novel 

A B

FIGURE 8 | Polymerase chain reaction (PCR) detection of the ß-glucuronidase (GUS) gene at the RNA level of transgenic lines. (A) Real-time (RT)-PCR detection of 
the GUS gene. (B) Quantitative real-time (qRT)-PCR determined the levels of the GUS gene. N, negative control (non-transgenic sample). Lines 1–5 and T1–T5 
represent transgenic plants. A one-way analysis of variance (ANOVA) test was used for statistical analysis. Values marked with different letters indicate statistical 
significance at p < 0.05 by Tukey test.

FIGURE 9 | Southern hybridization of genomic DNA from non-transformed 
and transgenic plants of the Liriodendron hybrid. Lane M, DNA Molecular-
Weight Marker, DIG-labeled; Lane 1, plasmid DNA (positive control); Lane 2, 
non-transformed plants; Lanes 3–5, transformed plants.
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three-stage transformant selection strategy was applied at different 
developmental stages due to the differences in G418-resistant 
embryonic callus propagation and somatic embryogenesis. G418 
selection began 7 days after co-cultivation with Agrobacterium, 
and the transgenic efficiency improved significantly (Figure 4E). 
Initially, the co-cultivated embryogenic calli were transferred 
to DSM, and after culture for 7 days, the embryogenic calli 
were transferred onto CSM containing 90 mg L−1 G418 and 
200 mg L−1 cefotaxime. Finally, the resistant embryogenic calli 
were suspension-cultured for 2 weeks, and then the suspension 
cells were cultured on EIM supplemented with 15 mg L−1 G418 
and 200 mg L−1 cefotaxime to induce somatic embryos. The 
delayed selection strategy significantly improved the frequency 
of Agrobacterium-mediated transformation in the 
Liriodendron hybrid.

It is possible that delayed selection permits transformed 
callus division, resulting in the formation of multi-cell clusters 
that may be  able to withstand selection pressure better than 
single cells (Yao et al., 1995). In addition, the selection duration 
was delayed to 21–28 days, and with the extension of the 
delayed selection duration, the regeneration rate increased. 
However, beyond a certain time point (21–28 days), many 
non-transformed embryogenic calli were induced. This result 
confirmed that developmental phases differed in their 
G418 sensitivity.

Confirmation of Transgenic Plants
Several PCR-negative plants and the likelihood of regenerating 
chimeras were eliminated by a second round of selection 
pressure applied stringently in callus culture and somatic 
embryogenesis when the somatic embryos were induced on 
the EIM containing 15 mg L−1 G418. Selecting transgenic lines 
is important after transformation, and second-round selection 
can eliminate the PCR-negative transgenic plants. The RT-PCR 
and qRT-PCR analysis indicated that the GUS gene was 
expressed, and reported the levels of expression of the 
transgenes. Southern blot analysis was carried out to confirm 
the GUS gene integration, and indicated that transgenic events 
occurred. Together with the expression of the GUS gene, 
which was confirmed by histochemical GUS assays, the results 
demonstrated that the GUS gene was integrated into the 
Liriodendron hybrid genome.

CONCLUSION

The breeding of almost all woody plants is limited by high 
heterozygosity, a long juvenile period, and self-incompatibility 
(Tang et  al., 2007). A transgenic regeneration system is a 
promising tool for modifying tree species to increase resistance 
to biotic and abiotic stresses and enhance productivity, and 
also provides an opportunity to eliminate the limitations of 
traditional breeding and accelerate germplasm improvement 
(Pérez-Clemente et  al., 2005).

In this study, a reliable and stable A. tumefaciens-mediated 
transformation system was established in the Liriodendron 
hybrid using embryogenic calli. The overall duration of the 

genetic transformation process and plant regeneration through 
the somatic embryogenesis process was very short (5 months). 
Transformed calli could still regenerate transgenic somatic 
embryos after 3 years of culture under G418 selection (data 
not shown). This method would allow researchers to obtain 
enough embryogenic material through embryogenic callus 
suspension culture for future genetic engineering 
improvements within a short time. Moreover, the proposed 
protocol enables target genes to be  transferred into 
Liriodendron species and may be  applicable for the 
transformation of other tree species.

In conclusion, we  have reported an efficient short-term 
transgenic regeneration system for genes introduced into the 
Liriodendron hybrid mediated by optimizing different parameters 
considered crucial for transformation. Delayed selection was 
found to be the most important parameter affecting the efficiency 
of transformation.
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