In Vitro Cellular & Developmental Biology - Plant (2022) 58:416-426
https://doi.org/10.1007/5s11627-021-10240-x

ORGANOGENESIS q

Check for
updates

Adventitious bud regeneration and Agrobacterium tumefaciens-
mediated genetic transformation of Eucalyptus urophylla x E.
tereticornis interspecific hybrid

Xiaoping Wang'%3 . Ping Luo"?3 . Zhenfei Qiu? - Xiaodan Li? - Bingshan Zeng? - Chunjie Fan'?

Received: 21 August 2021 / Accepted: 12 October 2021/ Published online: 9 November 2021/ Editor: Prakash Lakshmanan
© The Society for In Vitro Biology 2021

Abstract

A high-efficiency regeneration and genetic transformation system is indispensable for generating desirable traits in important
trees such as Eucalyptus. However, lower regeneration efficiency is common for most varieties because of the recalcitrance of
this genus. Here, a stable and highly efficient in vitro organogenesis protocol and Agrobacterium-mediated genetic transforma-
tion system of Eucalyptus were developed, and transgenic plants were obtained. In this protocol, the preferred explants were
the top and middle stem internodes from in vitro micro-shoots of the E. urophylla X E. tereticornis hybrid. Modified Woody
Plant Medium (mWPM) containing 0.025 mg-L'1 thidiazuron (TDZ) and 0.10 mg~L'1 indole-3-butyric acid (IBA) was used
to induce multiple adventitious buds that allowed 85.6% shoot formation. The binary vector pBI121 carrying the neomycin
phosphotransferase Il (nptll) and p-glucuronidase (uidA) genes was applied for transformation. The preferred internodes
were precultured for O to 3 d and infected with A. tumefaciens strain GV3101 grown to a bacterial density of 0.5 (OD600).
Then, they were transferred to a co-culture medium supplemented with 50 pM acetosyringone (AS) and co-cultured for 2
d in the dark. The transgenic adventitious buds formed in regeneration medium, which was replaced by the same medium
with a 2-wk subculture interval through kanamycin selection. Using the aforementioned method, transgenic plantlets can be
obtained within 3 mo with a transformation frequency of 3.8%, which was verified by polymerase chain reaction amplifica-
tion (PCR) and histochemical analysis of GUS activity. The constructed genetic transformation system will lay a foundation
for mining gene functions and further molecular breeding of Eucalyptus.
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Introduction

Eucalyptus originated in Australia and is cultivated world-
wide as a multipurpose woody tree owing to its fast growth,
great adaptability, and high wood quality. The timber from
Eucalyptus is extensively used for pulp, energy, charcoal,
lumber, and furniture. In particular, it is regarded as a com-
mercial hardwood tree for the wood and paper industry.

P< Chunjie Fan
fanchunjie @caf.ac.cn

State Key Laboratory of Tree Genetics and Breeding,
Chinese Academy of Forestry, Beijing 100091, China

Key Laboratory of State Forestry Administration on Tropical
Forestry, Research Institute of Tropical Forestry, Chinese
Academy of Forestry, Guangzhou 510520, China

Nanjing Forestry University, Nanjing 210037, China

However, biotic (such as insect pests) and abiotic (such as
climatic extremes like frost) stress factors cause damage to
field plants leading to major economic losses. Hence, it is of
great interest to cultivate trees with stress resistance.
Transgenic technology provides a way to solve these
problems by transferring genes of interest into the plant to
gain a desirable genotype. Moreover, the development of
gene-editing technology also supplies a method to increase
growth and endow resistance to improve biotic and abiotic
tolerance. These methodologies rely on the construction
of an efficient and stable genetic transformation system. In
addition, Eucalyptus reverse genetic approaches to identify
genes related to fast growth and high-quality wood formation
in Eucalyptus also rely on a genetic transformation system.
An efficient regeneration system is a prerequisite for a
highly efficient and stable genetic transformation system.
Organogenesis is the most common way to obtain regener-
ated plants, which often use leaves (Lainé and David 1994;
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Mendonga et al. 2013), stems (Ouyang et al. 2020), cotyle-
dons (Bandyopadhyay et al. 1999; Shwe and Leung 2020),
and hypocotyls (Li et al. 2015; Oberschelp et al. 2015) as
explants. Somatic embryogenesis has also succeeded in
inducing adventitious buds in E. citriodora (Muralidharan
and Mascarenhas 1987), E. globulus (Andrade et al. 2011),
E. camaldulensis (Prakash and Gurumurthi 2010), and
E. saligna X E. maidenii hybrid (Corredoira et al. 2015).
Furthermore, multiple strategies have been chosen for the
genetic transformation of eucalyptus, including electropora-
tion, biolistics, and Agrobacterium-mediated transformations
(Teulieres et al. 1991; Manders et al. 1992; Rochange et al.
1995; Serrano et al. 1996; Ho et al. 1998; Moralejo et al.
1998; Sartoretto et al. 2002; Aggarwal et al. 2011; Ahad et
al. 2014). Several reports have described genetically modi-
fied (GM) eucalyptus tree with improvement of cellulose
and lignin biosynthesis or modification, salinity and cold
tolerance, herbicide resistance, and biotic factor stress such
as insects and diseases (Harcourt er al. 2000; Valério et al.
2003; Dibax et al. 2010; Navarro et al. 2011; Matsunaga et
al. 2012; Ouyang et al. 2012a, b; Yu et al. 2013; de la Torre
et al. 2014; Garcia et al. 2014; Oguchi et al. 2014). Recently,
a study showed that the overexpression of the FLOWERING
LOCUS T (FT) from Arabidopsis thaliana in an E. grandis
X E. urophylla hybrid (SP7) induced precocious flowering
and normal reproductive development (Klocko et al. 2016).
Although many reports have succeeded in establishing
transformation protocols with different Eucalyptus spe-
cies and obtaining transgenic Eucalyptus plantlets in recent
years, it is still difficult to break through the difficulties of
regeneration for some elite cultivated clones, which seri-
ously hinders the establishment of genetic transformation
systems and further transgenic breeding. In addition, a large
number of protocols have used seedling-derived explants,
which are less attractive than cloned material owing to their
similar genetic background. The shoots originated from
seedling explants showed variations from the mother plant
and other seedlings explants, which was unsuitable for prop-
agation and further genetic transformation (Pena and Seguin
2001). Due to low transformation efficiency and regenera-
tion capacity, the development of transgenic Eucalyptus has
been delayed in comparison with other woody plants. Hence,
it is critical to develop a high-efficiency genetic transforma-
tion protocol in Eucalyptus using clonal materials.
Interspecific hybrid of E. urophylla X E. tereticornis is an
important and economic hardwood timber species for pulp
and has been extensively cultivated in South China. Thus,
there is urgent need to develop effective and efficient genetic
transformation protocol for this hybrid species to acquire
superior traits such as cold resistance, insect resistance,
herbicide resistance, and high wood quantity and quality.
Here, a high-frequency protocol of adventitious bud regen-
eration was established using stem internodes obtained from

micropropagated plantlets as explants. Based on this, a sta-
ble and effective Agrobacterium-mediated genetic transfor-
mation protocol of E. urophylla X E. tereticornis hybrid was
optimized, given the stable genomic T-DNA insertion and
transgene expression. This study will be helpful for analyz-
ing the function of eucalypts genes and the development of
GM E. urophylla X E. tereticornis hybrid plants with supe-
rior traits in the foreseeable future.

Materials and methods

Plant material Tillers of E. urophylla X E. tereticornis clone
YLO2 were cut off and divided into segments, treated with
75% ethanol for 1 min, sterilized with 0.1% mercuric chlo-
ride (HgCl,) for 5 min, rinsed three times with sterile water,
and transferred to a sterile 350-mL culture bottle (Ding-
guo, Beijing, China). The axillary buds were germinated
and maintained on modified Murashige and Skoog (MS;
Murashige and Skoog 1962) medium (mMS) supplemented
with 0.5 mg-L"! 6-benzylaminopurine (BAP) and 0.1 mg-L™!
a-naphthaleneacetic acid (NAA) under a 16-h photoperiod
(100 pmol-m2s!) at 25 + 2°C. Fresh and similar propa-
gation medium was replaced every 20 d. The 2- to 3-cm
buds were selected for transfer to adventitious root-induc-
ing medium (1/2 MS supplemented with 0.1 mg-L"! NAA).
All plant regulators and MS medium were purchased from
Duchefa Biochemie (Haarlem, The Netherlands). Then, the
leaves and stem internodes from shoots cultured for 1 mo
were used as explants. All media contained 30 g-L™! sucrose
and 7 g-L"! agar (Dingguo, Beijing, China), and the pH was
adjusted to 5.8. Then, they were transferred to an autoclave
sterilizer for sterilization for 20 min at 121 °C.

Development of an in vitro regeneration protocol for
clone YLO2 In vitro callus induction and adventitious bud
regeneration

The leaves and internode segments were obtained from
micropropagation plantlets and cultured in 90 X 15 mm
sterile Petri dishes (Dingguo, Beijing, China) with liquid
mWPM to induce adventitious bud regeneration. To opti-
mize the regeneration medium for obtaining a high fre-
quency of adventitious bud induction, the effects of various
concentrations of thidiazuron (TDZ, 0.005, 0.0075, 0.010,
0.025, 0.050, and 0.075 mg-L'l) and indole-3-butyric acid
(IBA, 0.05, 0.10, 0.20, 0.40, and 0.80 mg~L'1) on callus and
adventitious bud induction were investigated. In addition,
the position of internode segments was also checked in this
study. After an incubation of 8 wk, the leaves and internode
segments were transferred to mMS medium supplemented
with 0.5 mg-L"! BAP and 0.1 mg-L"! NAA for shoot elonga-
tion. All plant regulators and WPM medium were purchased
from Duchefa Biochemie (Haarlem, The Netherlands). Each
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treatment involved 180 explants, and each experiment was
performed in at least three replicates. The regeneration rate
of adventitious buds and the number of regenerated buds per
explant were calculated to determine the optimal regenera-
tion medium, while growth parameters were also observed
daily. All plant materials were cultured under a 16-h photo-
period (100 pmol-m2.s') at 25 + 2 °C.

In vitro rooting and acclimatization Individual buds of 3
cm were cut off and transferred to 1/2 MS medium supple-
mented with 0.1 mg-L™! NAA to induce adventitious roots.
Subsequently, shoots with roots were transplanted into pot-
ting soil and maintained in a greenhouse.

Determination of the critical concentration of kanamy-
cin for selection To confirm the critical concentration of
kanamycin in selecting the transformed plant process, the
sensitivity toward kanamycin was tested on shoot and root
organogenesis by cultivation on optimum medium contain-
ing 0, 50, 70, 90, 110, and 130 mg‘L'1 kanamycin (Duchefa
Biochemie). During the adventitious bud induction periods,
fresh and similar media were replaced every 2 wk. After
8 wk, the occurrence frequency of adventitious buds was
recorded. The frequency of adventitious root induction was
statistically analyzed after culture for 4 wk. Each treatment
involved 120 explants, and all experiments were performed
in at least three replicates.

Agrobacterium-mediated genetic transformation Plasmid
and Agrobacterium strains

Three strains of A. tumefaciens (GV3101, LBA4404 and
EHA105), which represent different types of opines such as
nopaline, octopine, and succinamopine, were used to infect
explants. The vector pBI121 containing the selectable marker
nptll gene and reporter uidA gene was applied to construct a
genetic transformation system. Agrobacterium were cultured
in liquid Luria-Bertani (LB, Duchefa Biochemie) medium
with 50 mg-L™! kanamycin and 20 mg-L! rifampicin (Duch-
efa Biochemie) and grown for 48 h at 28 °C and 150 rpm
with agitation in incubator shaker ISRDD?3 (Crystal, Dallas,
TX) until the OD600 was approximately 0.6. The Agrobac-
terium cells were centrifuged for 10 min at 4000 rpm in a
Beckman Allegra X-30R centrifuge (Beckman Coulter, Brea,
CA), and precipitated cells were resuspended in an equal vol-
ume of liquid adventitious bud induction medium.

Optimization of genetic transformation system The top and
medium internode segments were cut from plantlets that were
induced to root for 1 month and were precultured for O to 15
d. Then, the explants were immersed in Agrobacterium sus-
pension for 15 min with different ultrasonic treatment times
(0, 10, 20, 30, 40, and 50 s). After infection, explants were
removed from the bacterial suspension and blotted with sterile

filter paper. Then, different volumes of additive sterile water
(0, 100, 200, 300, 400, and 500 pL) were added to eliminate
the excess bacterial cells and medium. The internode seg-
ments were transferred to optimum adventitious bud-induc-
ing medium with 10, 50, 100, and 200 uM acetosyringone
(AS, Sigma-Aldrich, St. Louis, MO) for co-cultivation for
2 to 4 d at 25 °C in darkness. Then, the infected explants
were transferred to fresh optimum adventitious bud regen-
eration medium containing 200 mg-L™! cefotaxime (Duchefa
Biochemie) and 130 mg-L™! kanamycin (Selection Medium
I, SM I). Fresh SM I was altered every 14 d until the resist-
ant adventitious buds regenerated. They were transferred
to mMS medium supplemented with 0.5 mg-L™' BAP, 0.1
mg-L! NAA, 200 mg-L"! cefotaxime, and 130 mg-L™! kana-
mycin (Selection Medium II, SM II) for shoot elongation.
Adventitious roots were induced when resistant shoots were
transferred to 1/2 MS medium supplemented with 0.1 mg-L !
NAA, 200 mg-L™! cefotaxime, and 110 mg-L"! kanamycin.
The transient transformation efficiency was tested by GUS
histochemical assay when explants were cultured in SM I for 3
d. The frequency of adventitious bud induction was collected
after 8 wk of culture, whereas phenotypic characteristics were
observed and recorded.

GUS histochemical assay Histochemical GUS staining in the
putatively transgenic explants, calluses, and plantlets was
performed as previously described (Jefferson et al. 1987).
The plant materials were immersed at 37 °C for 24 h in a
reagent that contained 2 mM 5-bromo-4-chloro-3-indolyl-
B-D-glucuronide (X-Gluc), 0.5 mM potassium ferrocyanide,
0.5 mM potassium ferricyanide, 0.1 M Na-phosphate buffer
(pH = 7.0), and 0.1% (v/v) Triton X-100. Following incuba-
tion, the GUS assay solution was poured away and replaced
with 70% ethanol to remove chlorophyll.

DNA extraction and polymerase chain reaction (PCR) analy-
ses Genomic DNA was extracted from the control and puta-
tive transgenic plantlets by using the modified CTAB method
and tested by PCR amplification using primers specific to the
nptll gene (F: TTCTCCCAATCAGGCTTG; R: GCTATG
GCTGGAAGGAAA) and uidA gene (F: GTCGCGCAA
GACTGTAACCA; R: CGGCGAAATTCCAT-ACCTG). Q5
High-fidelity DNA polymerase (NEB, Ipswich, MA) was
used to amplify PCR products. The size of uidA products
was 1081 bp, and PCR analysis was performed according
to the following parameters. First, there was 98 °C dena-
turation for 3 min. Second, 35 cycles were followed with
98 °C denaturation for 10 s, 65 °C annealing for 15 s, and
72 °C extension for 20 s. Third, final extension was set at
72 °C for 2 min. The size of nptIl product was 567 bp and
the same analysis was performed except for an annealing
temperature setting at 63 °C. The amplified products were
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electrophoresed on 1.2% agarose gels in 1 X TAE (Tris-ace-
tate-EDTA) buffer.

Statistical analysis All experiments were performed in
at least three replicates, and each treatment involved 120
explants at least. Data were transformed by the following
formula before analyzed using one-way ANOVA followed
by Duncan’s multiple range test. Different letters on graphs
indicate a significant difference between means (P = 0.05).

X = arcsin\/}_(

Results

Establishment of an efficient regeneration protocol of E. uro-
phylla x E. tereticornis Whether leaves or stem internodes
were used as explants, adventitious buds were successfully
induced after culturing in mWPM supplemented with TDZ
for 2 mo. The regeneration rate of adventitious buds was
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Figure 1. Adventitious bud induction rate of Eucalyptus urophylla X
Eucalyptus tereticornis clone YLO2 after 8 wk of culture on regen-
eration medium. (A) Effects of thidiazuron (TDZ) concentration on
adventitious bud induction using stems as explants. (B) Effects of
TDZ concentration on adventitious bud induction using leaves as
explants. (C) Effects of indole-3-butyric acid (IBA) concentration
combined with 0.025 mg-L"! TDZ on adventitious bud induction

highest when TDZ was 0.025 mg-L™! (Fig. 14,B). However,
the regeneration rate of stem internodes was higher than that
of leaves overall. Hence, internode segments were chosen
as explants for the following study. Based on the optimal
TDZ concentration, the effect of different concentrations of
IBA was evaluated in the establishment of the regeneration
system. The results showed that 0.10 mg-L™! IBA combined
with 0.025 mg-L! TDZ was suitable for inducing adventi-
tious buds (Fig. 1C). In our research, we also found that the
condition of internode segments could affect the frequency
of regeneration; therefore, we tested the regeneration capac-
ity of the internode segments of different positions (top,
middle, and bottom). As shown in Fig. 1D, the frequency of
adventitious bud induction reached 85.6% in mWPM sup-
plemented with 0.025 mg-L™! TDZ and 0.10 mg-L"! IBA by
using the upper internode segments as explants.

When stem internodes were cultured on adventitious
bud induction medium, the two ends of internode segments
began to expand and displayed dumbbells after 6 d (Fig. 2A).
Then, dark red and compact calluses were observed after
culture for 15 d (Fig. 2B). By 21 d, the calluses continued
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using stem explants. (D) Effects of the position of stem segments on
adventitious bud induction. Numbers in the bar graph represent the
data as counts. Numbers before “/” represent the number of regen-
erated explants. Numbers after “/” represent the number of total
explants. The means and standard errors were calculated from tripli-
cate repeats. Duncan’s multiple range test was used at P = 0.05, and
the same letters show no significant differences.
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Figure 2. Morphological changes of stem internodes from FEuca-
lyptus urophylla X Eucalyptus tereticornis clone YLO2 cultured on
modified Woody Plant Medium (mWPM) medium containing 0.025

to swell and further developed into fewer and obscure buds
(Fig. 2C). The obscure buds propagated, and a dome-like
regenerating structure appeared after 42 d (Fig. 2D). By 56
d, multiple adventitious buds were visible, and more than
5 adventitious buds regenerated on each explant (Fig. 2E).

The complete regeneration process is shown in Fig. 3.
The upper stem internodes were cut and cultured in mWPM
supplemented with 0.025 mg-L! TDZ and 0.10 mg-L™! IBA
(Fig. 3A). After 2 mo of culturing, multiple adventitious
buds were generated (Fig. 3B). They continued to grow by
elongation when transferred to mMS medium containing 0.5
mg-L! BAP and 0.1 mg-L' NAA (Fig. 3C). Individual buds
began to grow roots in 1/2 MS medium supplemented with
0.1 mg-L"' NAA (Fig. 3D).

Determination of the critical concentration of kanamycin for
selection Cefotaxime sodium is widely used to eliminate
the overgrowth of Agrobacterium after co-culture. The fre-
quency and morphology of the regenerated shoots and roots
remained stable under 250 mg-L™! cefotaxime treatment
(data not shown). Cefotaxime (200 mg-L'l) was applied
in the selection medium to remove the remaining Agro-
bacterium effectively and to lessen the cost. Furthermore,

Figure 3. Regeneration of Eucalyptus urophylla X Eucalyptus ter-
eticornis clone YLO2 from stem internodes. (A) Stem internode seg-
ments from in vitro propagation plantlets. (B) Callus and multiple
adventitious bud induction after 2 mo of culture on modified Woody
Plant Medium (mWPM) containing 0.025 mg~L'1 thidiazuron (TDZ)

mg-L"! thidiazuron (TDZ) and 0.10 mg-L" indole-3-butyric acid
(IBA)forA6d,B15d,C21d,D42d, and E 56 d.

kanamycin was specifically used to select successfully trans-
formed cells with the nptll gene. To determine the appro-
priate concentration of kanamycin for screening transgenic
plants, the inhibitory effects of kanamycin on adventitious
buds and root induction were investigated. We noted that the
effect of kanamycin at low concentrations on shoot organo-
genesis was not obvious (Fig. 44). However, the capacity
of regeneration for explants declined sharply with increas-
ing kanamycin. Almost all internode segments browned and
died when 130 mg-L"! kanamycin was added. Hence, 130
mg-L! kanamycin was determined for screening putative
transgenic plants. Similarly, adventitious root occurrence
was totally inhibited when buds were cultured in root-induc-
ing medium containing 130 mg-L"! kanamycin (Fig. 4B).
However, the difference did not differ statistically from 110
mg-L! kanamycin in adventitious root induction. Thus, 110
mg-L! kanamycin was used for adventitious root induction.

Setup of the genetic transformation protocol The effect
of the A. tumefaciens strain was tested in this study owing
to its essential role in genetic transformation. Our results
showed that a higher frequency of GV3101-infected calluses
yielded GUS activity (39.4%) than LBA4404 (20.3%) and

and 0.10 mg-L'1 indole-3-butyric acid (IBA). (C) Elongation of
adventitious buds on modified Murashige and Skoog (mMS) supple-
mented with 0.5 mg-L™! 6-benzylaminopurine (BAP) and 0.1 mg-L!
a-naphthaleneacetic acid (NAA). (D) Rooting of regenerated plantlets
cultured on 1/2 Murashige and Skoog (MS) with 0.1 mg-L' NAA.
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Figure 4. Effect of kanamycin on adventitious bud and root induc-
tion of Eucalyptus urophylla X Eucalyptus tereticornis clone YLO2.
(A) Regeneration percentage of adventitious buds from stem explants
cultured for 8 wk. (B) Regeneration percentage of adventitious roots

EHA105 (35.2%). GV3101 was selected for further optimi-
zation of transformation efficiency due to its higher repro-
ductive speed, although the difference between GV3101
and EHA105 was not significant (Fig. 5A). Moreover, we
found that additional AS in the co-culture medium signifi-
cantly affected transient GUS activity (Fig. 5B). The maxi-
mum transient GUS activity (50.0%) was obtained when

60

Kanamycin (mg-L™")

from individual buds cultured for 4 wk. The means and standard
errors were calculated from triple repeats. Duncan’s multiple range
test was used at P = 0.05, and the same letters show no significant
differences.

the co-culture medium was supplemented with 50 pM AS.
Prolonging the preculture period did not promote foreign
gene transfer and expression. Explants cultured less than 3
d before inoculation had a higher expression frequency than
explants cultured for a longer time (Fig. 5C). As shown in
Fig. 5D, there was no significant difference in the frequency
of stained GUS between 48, 72, and 96 h of co-culture. The
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Figure 5. Factors that affect the transient transformation efficiency
of Eucalyptus urophylla X Eucalyptus tereticornis clone YLO2. (A)
Agrobacterium strain. (B) Concentration of acetosyringone (AS) sup-
plemented in co-culture medium. (C) Preculture period. (D) Duration

Duration of sonication (s)
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of co-cultivation. (E) Duration of sonication. (F) Volumes of additive
sterile water. The means and standard errors were calculated from
triplicate repeats. Duncan’s multiple range test was used at P = 0.05,
and the same letters show no significant differences.
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duration of co-culture was set as 48 h to remove the remnant
Agrobacterium more easily. Other factors (ultrasonic treat-
ment during infection and additive sterile water after infec-
tion) seemed to be unhelpful in increasing the transformation
efficiency (Fig. 5E,F).

Consequently, an optimal genetic transformation protocol
of YLO2 was established based on GUS-staining analysis.
The upper stem internodes were infected with A. tumefa-
ciens strain GV3101 when the OD600 reached 0.5. Then, the
infected explants were transferred to co-culture medium sup-
plemented with 50 pM AS and cultivated at 25 °C for 48 h.
After co-cultivation, stem internodes were transferred to SM
I and cultured for 4 to 8 wk until kanamycin-resistant cal-
luses formed (Fig. 6A—C). Then, adventitious buds gradually
appeared on selection medium after 12 wk (Fig. 6D), and
resistant shoots gradually elongated when transferred to SM
II. Finally, the elongated shoots were cut and transferred to
root-inducing medium, and putative transgenic plants were
obtained.

Assessment of transgenic plants by GUS staining and PCR
analysis To further verify the insertion of T-DNA from A.
tumefaciens into the genome of putative transgenic plants,
genomic DNA was extracted and amplified specific to the
nptll and uidA genes by using PCR. The results showed that
the uidA and nptll genes were present in the genomes of
several lines (Fig. 7). Moreover, the regenerated calluses and
shoots that showed kanamycin resistance were also analyzed

by GUS staining to describe the expression of the uidA gene.
The kanamycin-resistant calluses and multiple adventitious
buds were stained distinctly blue (Fig. 6E-H), whereas blue
staining was not detected in the control. In total, 23 inde-
pendent kanamycin-resistant plants were obtained (11.0%)
from 210 infected explants, and 8 plants had target genes
with a transformation efficiency of 3.8%.

Discussion

Eucalyptus has become one of the most planted hardwood
trees worldwide and serves as an important source of paper
and wood. The potential of biotechnology in Eucalyptus
development has been recognized, and various research
groups have developed much work in the last two decades.
However, there are only a few reports available focusing
on the production of transgenic Eucalyptus because of the
absence of a desirable genetic transformation protocol. A
stable and efficient genetic transformation system is essential
for molecular breeding and gene function identification in
Eucalyptus. Here, our study described an efficient and repro-
ducible organogenesis and A. fumefacien-mediated transfor-
mation protocol with a 3.8% transformation frequency under
various optimal factors in E. urophylla X E. tereticornis
clone YLO2. An efficient, reproducible, and stable regen-
eration system is a prerequisite for the establishment of a
genetic transformation system in Eucalyptus. Hence, various

Figure 6. Regeneration of Eucalyptus urophylla X Eucalyptus tereti-
cornis transgenic plantlets and GUS activity (blue color) expression
in the presence of 130 mg-L! kanamycin. Kanamycin-resistant cal-

luses and shoots formed when cultured for (A) 2 wk, (B) 4 wk, (C) 8
wk, and (D) 12 wk. (E—F) Histochemical staining for GUS activity
in kanamycin-resistant calluses and buds at the corresponding times.
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Figure 7. PCR amplification of the uidA gene (1.0 kb) and nptil gene
(0.6 kb) in selected Eucalyptus urophylla X Eucalyptus tereticornis
transformed plantlets. Lane M: DNA marker; lane +: positive control,
plasmid pBI121 as template; lane -: negative control, genomic DNA
from a nontransformed plantlet as template; lane W: negative control,
ddH,O as template; and lanes 1-9: genomic DNA from plants of 23
putatively transformed lines carrying the uidA gene and nptll gene.

studies have developed regeneration systems in Eucalyptus
species, such as E. camaldulensis (Mullins et al. 1997), E.
urophylla (Huang et al. 2010; Ouyang et al. 2012a, b; Li et
al. 2015), E. tereticornis (Aggarwal et al. 2011), E. globulus
(Azmi et al. 1997), E. saligna (Silva et al. 2015), and E.
grandis X E. urophylla (de Alcantara et al. 2011). Notably,
most explants were from seedlings or other sexual reproduc-
tive materials, such as cotyledons and hypocotyls, which
showed higher regeneration efficiency than asexual materials
from plants of selected clones. Unfortunately, adventitious
buds induced from seeds or seedlings could produce vari-
ous phenotypes and variations, which could not be used for
further gene function identification and molecular breeding
of Eucalyptus. Adventitious shoots originating from clonal
material have the same genetic background and retain all
the merits of the original elite tree, and the resulting trans-
genic plants could be applied for gene identification or direct
cultivation. Hence, it was necessary to develop an efficient
regeneration system for the selected superior clones of Euca-
lyptus using asexual material. In a previous study, a series
of adventitious bud induction experiments were performed
on 9 clones of E. urophylla X E. tereticornis by using leaves
as explants (Fan ef al. 2015). YLO2 showed a stable and
relatively high regeneration rate, which was suitable for fur-
ther construction of regeneration and transformation sys-
tems. Moreover, a relatively smaller callus was produced in
adventitious bud induction medium, which was appropri-
ate for selecting antibiotic transgenic shoots. In addition, it
was easier to propagate shoots and induce roots and these

could also provide large quantities of explants for developing
regeneration and transformation.

Plant growth regulators are of great importance to plant
development and regeneration. In the process of adventi-
tious bud induction, cytokinins BAP, ZT and other growth
regulators were successfully adopted to construct regenera-
tion systems (Serrano et al. 1996; Mullins ez al. 1997; Ho
et al. 1998; Diwakar et al. 2010; Huang et al. 2014; Silva
et al. 2015). Recently, TDZ was often used as the main
plant growth regulator to induce regeneration in Eucalyptus
(Deepika et al. 2011; Huang et al. 2014; de Franca Betten-
court et al. 2020). In the current study, TDZ showed a sig-
nificant effect on stimulating adventitious shoot initiation
and formation. TDZ (0.025 mg-L™!) induced yellow green
and compact calluses and generated multiple, healthy, strong
shoots, which resulted in the highest percentage of shoot
regeneration. In contrast, 0.25 pM TDZ supplemented with
0.1 pM NAA showed the most shoot induction, with a regen-
eration rate of 43% in the E. grandis X E. urophylla AEC
224 clone (de Oliveira et al. 2017). According to the result, it
could be speculated that different optional concentrations of
TDZ were related to different species owing to their genetic
backgrounds. It was obvious that more TDZ would enlarge
the calluses and produce abnormal shoots with vitrification
and dwarfing. A similar result was obtained in E. micro-
theca, which showed that TDZ in small amounts stimulated
regeneration and that more additions could decrease regener-
ation (Shabannejad Mamaghani et al. 2009). This abnormal
morphogenesis may be relevant to the nondegradable nature
of TDZ, which is a urea-based compound, and there are no
specific oxidase enzymes in cells that distinguish TDZ from
natural phytohormones (Novikova and Zaytseva 2018).

Furthermore, the type of explant also significantly
affected regeneration. The regeneration rate of stems was
higher than that of leaves in the present study, which showed
a difference from E. gunnii, with only an approximately 10%
regeneration rate (Hervé et al. 2001). Interestingly, inter-
nodes proximal to the apical meristem showed a higher
regeneration rate than those distal to the apical meristem
as a result of the higher degree of lignification in the lower
stem segments. A similar result was also found in in vitro
adventitious bud regeneration of beech, which showed that
the morphogenic response varied significantly with the posi-
tion of the internode (Cuenca et al. 2000).

The selection of optimized concentrations of antibiotics
was necessary to construct a stable genetic transformation
and avoid the escape of untransformed plants. In a previous
study, a vast difference was shown in antibiotic tolerance.
Kanamycin (17.5 mg-L!) significantly inhibited adventi-
tious bud induction in E. grandis (Guo et al. 2012), while
50 mg-L"! kanamycin in the selection medium was neces-
sary in E. urophylla (de Francga Bettencourt er al. 2020).
However, 90 mg-L™! kanamycin could completely prevent
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adventitious bud regeneration in E. urophylla X E. cama-
ldulensis clone DH201-2 (Fan et al. 2009). In the present
study, none of the explants regenerated adventitious buds
under 130 mg-L™! kanamycin treatment, while occasional
buds emerged under 110 mg-L™! kanamycin. To avoid kill-
ing more transformed buds, 110 mg-L™! kanamycin was set
as a screening pressure. In addition, optimization of hygro-
mycin showed that 15 mg-L™' and 9 mg-L™! hygromycin
significantly inhibited bud regeneration and root induction,
respectively. Hence, hygromycin as a selection abiotic will
be tested in the future to determine whether it could improve
transformation efficiency.

The achievement of genetic transformation depends on
matching the inoculated explants to the suitable Agrobac-
terium strain (Tzfira and Citovsky 2006). Strain EHA105
showed higher efficiency than other strains in E. fereticornis
(Aggarwal et al. 2011), while EHA101 was considered a
suitable strain in E. globulus (Moralejo et al. 1998). In
contrast, LBA4404 produced higher transformation effi-
ciency in E. grandis X E. urophylla (Wang et al. 2013).
In E. urophylla X E. tereticornis clone YL02, the highest
transformation efficiency was derived from GV3101- and
EHA105-infected explants, which might be due to different
sensitivities to Agrobacterium strains in various species of
Eucalyptus. Exogenous AS could improve transformation
efficiency by enhancing the expression of the vir region of
the Ti plasmid and further promoting the transfer of T-DNA
to plant genomes (Godwin et al. 1991). In Eucalyptus, it was
also found that AS could enhance the efficiency of genetic
transformation (de Alcantara et al. 2011; Silva et al. 2011).
Similar results showed that 50 pM AS in adventitious bud-
inducing medium noticeably improved the frequency of
transformation by 8.8% in this study.

In this study, the optimization of the preculture and co-
cultivation periods was also important in improving trans-
formation efficiency. Two days of preculture enhanced the
expression of the uidA gene compared with explants cultured
for 1 d or without preculture in E. grandis X E. urophylla (de
Alcantara et al. 2011). In contrast, transformation efficiency
showed no significant increases with increasing preculture
time. In the co-culture process, the wounds of the explants
were fully exposed to Agrobacterium so that the foreign
genes had sufficient time to integrate into the genome of
the plants. It was reported that 1-day co-cultivation showed
better results in the genetic transformation of E. camaldu-
lensis (Ahad et al. 2014). For E. tereticornis, the maximum
transient GUS activity occurred when explants were co-cul-
tivated for 2 d (Aggarwal et al. 2011). The longer co-culture
period may increase the GUS staining rate slightly, while
the prolonged co-culture time could result in overgrowth
of bacteria and hardness of sterilization. In our study, the
co-culture period had no obvious effect on transformation
efficiency, and 48 h was sufficient for the transfer of foreign

genes. Based on these results, an Agrobacterium-mediated
genetic transformation system was established, and trans-
genic plants were obtained. To further improve the fre-
quency of transformation for gene function identification and
molecular breeding, it was necessary to delicately optimize
the transformation protocol in Eucalyptus, such as adjusting
selection methods and procedures.

Conclusions

A highly efficient in vitro organogenesis and Agrobacterium-
mediated genetic transformation system of E. urophylla X E.
tereticornis clone YLO2 was developed. The top and mid-
dle stem internodes cultured in mWPM medium contain-
ing 0.025 mg-L™! TDZ and 0.10 mg-L"! IBA showed 85.6%
shoot formation. Several factors were optimized for genetic
transformation of YLO2. Agrobacterium tumefaciens strain
GV3101 and the addition of 50 pM AS to adventitious bud-
inducing medium significantly increased the frequency
of transformation. Three mo later, transgenic plants were
obtained with 130 mg-L™! kanamycin selection, and the
transformation frequency was 3.8%.
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