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Abstract

Toona sinensis (Juss.) M.Roem., is an economically important seasonable vegetable tree with a wide range of nutritional,
medicinal, and industrial values. The existing breeding methods can no longer sustainably meet the growing and annual
production demands for 7. sinensis buds. An efficient and cost-effective in vitro large-scale micropropagation procedure for
T. sinensis was developed from shoot stems with axillary or terminal buds through the processes of callus elimination, mul-
tiple shoot induction and hydroponic acclimation of the regenerated plantlets. Plant growth regulators, explant type, explant
age and activated charcoal (AC) play an important role in multiple shoot induction and callus reduction. The highest shoot
induction frequency (97.8%) with a mean number of shoots equal to 7.6 and a relatively smaller callus (0.3 cm in diameter)
was obtained from the in vitro culture of 75-day-old shoot stems with axillary buds in Murashige and Skoog (MS) medium
augmented with 1.0 mg 17! N6-benzyladenine (6-BA) and 0.2 mg 17! indole-3-acetic acid (IAA). In addition, a complete
plantlet with strong roots and mature leaves could be obtained directly by culturing the shoot stem segment on medium
containing at least 0.5 g 17! AC, which reveals a new direction for the industrialized propagation of 7. sinensis. Among the
PGRs tested, a low concentration (0.5 mg 17" of zeatin (ZT) was found to be the most conducive to shoot elongation. We
also found that low concentrations of auxin, activated carbon, sucrose and a low macronutrient strength are more beneficial
for in vitro adventitious root formation. The highest rooting response (100%) with 5.7 roots produced per shoot was achieved
in 1/4 MS medium with the addition of 0.5 mg 1=! potassium salt of indole butyric acid (K-IBA), 0.5 g17! AC, and 10.0 g17!
sucrose. In addition, the major challenge of the low transplanting survival rate of regenerated T. sinensis plants was solved
by adopting an ex-vitro hydroponic domestication strategy in a mini-incubator. The plants were successfully hardened in a
transplanting mixture of garden soil, perlite, vermiculite and Pindstrup substrate (3:1:1:3), and the transplanting survival rate
was 95.3%. Inter simple sequence repeat (ISSR) assessment revealed no difference between the regenerated plants and the
mother plants. The micropropagation protocol established in this study will lay the foundation for germplasm conservation
of T. sinensis and its sustainable utilization in food.

Key message
An efficient and genetically stable in vitro large-scale micropropagation procedure forToona sinensis was developed from
shoot stem with through multiple shoot inductionand hydroponic domestication.
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Abbreviations

AC Activated charcoal

ANOVA Analysis of variance

MS medium Murashige and Skoog medium
6-BA N6-benzyladenine

GA; Gibberellic acid

IBA Indole-3-butyric acid

IAA Indole-3-acetic acid

ISSR Inter-simple sequence repeat
K-IBA Potassium salt of indole butyric acid

KT Kinetin

NAA A-naphthaleneacetic acid
PGRs Plant growth regulators

CRD Completely randomized design
TDZ Thidiazuron

7T Zeatin

Introduction

Toona sinensis Roem. (Cedrela sinensis), also known as
Chinese toon, belongs to the family Meliaceae and is an
economically important vegetable tree with great nutritional
and medicinal value (Qin et al. 2006). This fast-growing
perennial tree is native to East Asia and Southeast Asia (Liao
et al. 2009; Sun et al. 2016b) and is widely cultivated in
China, India, Korea, Taiwan, and Malaysia (Chih-Yao et al.
2012; Yu et al. 2012). This plant species have been culti-
vated for more than 2300 years (Chen et al. 2008) and serves
as an important source of seasonal vegetables and traditional
Chinese medicine in China (Liao et al. 2007). Fresh tender
sprouts of T. sinensis are very popular as a nutritious vegeta-
ble in the Chinese diet due to their unique aromatic flavor,
therapeutic value, and abundant contents of vitamins, miner-
als and antioxidants (Wang et al. 2021; Zhang et al. 2014).
In recent years, 7. sinensis has once again attracted the atten-
tion of the world for its high edible value mentioned above.

In addition to its edible function, 7. sinensis is famous
for its traditional medicinal value in China, and almost all
of its organs can be used for medicine (Chen et al. 2017,
Luo et al. 2000). Its leaves are employed to treat gastric
ulcers, rheumatoid arthritis, and itchiness (Kakumu et al.
2014; Yang et al. 2020). Its seeds are used for the treat-
ment of gastritis, duodenal ulcer, and headache (Dong et al.
2013), and its bark is used for the treatment of blood and
skin diseases. Further phytochemical investigations of 7. sin-
ensis have shown that the active components of the extract
were mainly terpenoids, flavonoids, polyphenols, alkaloids,
saponin steroids, polysaccharides, and volatile oil (Kakumu
et al. 2014; Mu et al. 2007; Shi et al. 2017). The extract of T.
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sinensis has a variety of pharmacological activities, such as
anticancer (Wei et al. 2014; Yang et al. 2020), antioxidation
(Chen et al. 2013; Jiang et al. 2019), anti-aging (Li et al.
2017) and anti-inflammation (Hsiang et al. 2013; Kuo et al.
2020) activities. Moreover, due to the high density and dark
color of its wood, the trunk of 7. sinensis is considered a
good source of hardwood that can be used in furniture mak-
ing (Yousheng and Sziklai 1985).

Given the abovementioned industrial characteristics
and the potential global economic importance of T. sinen-
sis, the interest in this plant species has been growing in
recent years. At present, the research on 7. sinensis mainly
focuses on its effective ingredients (Cao et al. 2019), phar-
macological values (Su et al. 2020), composition of odorants
(Ren et al. 2021; Yang et al. 2019), and postharvest quality
(Lin et al. 2019). Recently, the large-scale cultivation of T.
sinensis has been increasingly encouraged by the Chinese
government. However, although 7. sinensis has a long his-
tory of cultivation in China, it remains in a “wild” state.
This species is usually planted sporadically in the front and
back of houses, and there is a lack of systematic research on
breeding technology. In addition, great differences in taste,
active components, and other agronomic traits of 7. sinensis
are found among different lines in different regions, which
would affect its long-term domestication and extensive cul-
tivation (Su et al. 2020). Therefore, the selection of excel-
lent 7. sinensis lines with regional characteristics as plant-
ing materials for raising commercial plantations can ensure
higher economic and social benefits.

Conventionally, T sinensis is propagated mainly through
seeds. However, the low germination rate caused by low seed
vigor is the primary factor hampering the natural propaga-
tion of this tree (Li et al. 2011). In addition, the seedlings
obtained by seed propagation exhibit high heterozygosity,
which cannot maintain the agronomic characteristics of
the selected genotypes. Moreover, 7. sinensis can also be
propagated by cuttings, but the limitations of the industri-
alized application of this technology lie in the availability
of materials, the limitation of season, and the difficulty
of adventitious root induction (Bingkun et al. 2002). In
addition, another important problem in the production of
T. sinensis seedlings by the natural reproduction method
is that as a seasonal vegetable, the tender sprouts grow in
early spring, and the supply period is only approximately
three weeks. The leaves then become older and fibrous, the
aroma intensity decreases, and the toxicologically relevant
compounds (nitrites) increase, which makes the species no
longer suitable for consumption (Yang et al. 2019). To a cer-
tain extent, this phenomenon severely reduces the commer-
cial and nutritional values of Chinese toon buds. Therefore,
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the traditional breeding methods mentioned above can no
longer meet the growing demand of 7. sinensis seedlings
in the nutraceutical, food, and pharmaceutical industries.
As modern biotechnology, plant tissue culture technology
has been widely applied in the commercial propagation of
many important tree species because of its advantages of
high regeneration efficiency and no restriction of season and
materials, but its application to T. sinensis is very limited.
In recent years, researchers have tried to establish a regen-
eration system for 7. sinensis by using leaves (Ligiong and
Bingkun 2007) and nodal stems (Qin et al. 2006) as explants.
However, for leaf regeneration, shoots are obtained through
direct shoot organogenesis, which is not ideal for the produc-
tion of genetically selected plantlets (Ligiong and Bingkun
2007). For nodal stem regeneration, the proliferation coef-
ficient, rooting frequency, and survival rate remain very low
(Qin et al. 2006). In addition, during the whole regenera-
tion process, many calli are inevitably formed at the base of
explants on different culture media, and the shoots obtained
were seriously vitrified (Kang et al. 2002; Qin et al. 2006).
Tissue culture-mediated in vitro micropropagation technol-
ogy can be applied on a large scale only under the prem-
ise of a low cost, and the cost-effectiveness depends on the
propagation efficiency and the survival rate of acclimatized
regenerated plants. The survival of regenerated plantlets is
affected by many environmental conditions, and it is very
important to ensure proper domestication before transplant-
ing into the field. Different domestication methods affect the
survival rate of regenerated plants, and among those proto-
cols, hydroponic acclimation system is a promising method
for improving the survival rate of regenerated plants of many
plant species. For example, the hydroponic acclimation
could greatly improve the survival rate of regenerated apple
plants (Xie et al. 2015) and grape plants (Cai et al. 2019).
However, to our knowledge, the domestication of regener-
ated plantlets of T. sinensis using hydroponic technology
has never been reported. In addition, the major constraint of
the tissue culture technique is that it is impossible to com-
pletely exclude the possibility of in vitro regenerated plant
variation (Kaeppler et al. 2000). Although these variations
may contribute to the improvement of plant lines, they are
undesirable for the preservation of selected superior geno-
types (Oh et al. 2007). In the developed genetic stability
detection techniques, inter simple sequence repeat (ISSR)
is highly praised for its simple operation, strong universal-
ity, and stable amplification products. Hence, considering
the abovementioned problems in the commercial cultiva-
tion and production of T. sinensis, the purpose of the pre-
sent study was to develop an efficient, stable, and repeatable
micropropagation scheme for 7. sinensis through direct shoot
organogenesis, hydroponic domestication and ISSR genetic
stability analysis, which would be of great significance for

the germplasm conservation and commercial utilization of
this important plant species without any seasonal constraint.

Materials and methods

Material collection, sterilization, and shoot
initiation

Fresh shoot segments were collected from a mature (8-year-
old) and healthy 7. sinensis tree (known as heiyouchun in
China) growing in Taihe City (N33°16’, E115°62’), Anhui
Province, China in April 2019 (Fig. 1A). After removing
the leaves, the excised nodal segments were continuously
rinsed under running tap water for 30 min to wash out the
adhesive materials. Then, the nodal stems were placed into
a sterile container and sterilized in 75% (v/v) ethanol solu-
tion for 30 s in a clean cabinet (Suzhou Fuqiang Purifica-
tion Engineering Co. Ltd., China). The explants were trans-
ferred into 0.1% (w/v) HgCl, solution for disinfection, and
the disinfection time was 3 min. Lastly, the explants were
washed with sterile distilled water 6 times. The ends of the
sterilized stems that were damaged by the disinfectant were
cut off, and the remaining nodal stem segments (approxi-
mately 2 cm in length) were used as initial explants. The
explants were cultured vertically in Murashige and Skoog
(MS) (1962) medium augmented with 0.5 mg 1! 6-benzyl
adenine (6-BA), 30.0 g 1! sucrose, and 6.5 g 17! agar for
shoot initiation and germination.

Explant growth conditions

Unless otherwise specified, all media used in the present
study were MS medium (1962) supplemented with 30.0 g 17!
sucrose and 6.5 g 17! agar, and the pH value was fixed to 5.8
before autoclaving. Gibberellin (GA3), indole-3-acetic acid
(TIAA), and zeatin (ZT) were sterilized by a filter membrane
(0.22 um) before being added to the cooled autoclaved media
(approximately 50 °C), and other plant growth regulators
(PGRs) were added before autoclaving. All explants were
cultured in a constant temperature culture room with a tem-
perature of 25 +2 °C, a photoperiod of 14 h light/10 h dark,
and a light intensity of 50 pmol s™' m~2.

Shoot induction and callus removal

For shoot induction, the in vitro 30-day-old stem segments
with axillary buds or terminal buds that regenerated from
in vivo shoot stems of T. sinensis were vertically cultivated
in MS medium supplemented with 0.2-5.0 mg 17! kine-
tin (KT), thidiazuron (TDZ), ZT, and 6-BA, respectively.
Medium devoid of PGRs were served as control. To induce
multiple shoots effectively, the in vitro 30-day-old nodal
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Fig. 1 In vitro shoot initia-

tion from in vivo nodal stems
of T. sinensis. A Fresh shoot
segments were collected from a
mature (8-year-old) and healthy
T. sinensis tree in April. B

The surface-sterilized in vivo
shoot stems with axillary buds
in the induction medium. C
Shoot induction from in vivo
shoot stems with axillary buds
on the MS basal medium with
0.5 mg 17! 6-BA for 4 weeks. D
The germinated shoot buds were
excised and cultured on the MS
basal medium with 0.5 mg 17!
6-BA to acquire enough materi-
als. E Adventitious shoots
regenerated from the germi-
nated shoots after 4 weeks of
culture and the shoot stems with
axillary buds or apical buds
from these regenerated shoots
were used as in vitro explants
for the further micropropagation
of T. sinensis (Bars=1.0 cm)

stems were also transferred into medium supplemented with
various concentrations of 6-BA (0.5, 1.0, or 3.0 mg 17!) in
combination with low concentrations (0.1-0.5 mg 17!) of
indole-3-butyric acid (IBA), 1-naphthalene acetic acid
(NAA), or IAA. In addition, to reduce the callus that induced
at the base of shoot stems during shoot induction, the effects
of explant age (30, 45, 60, 75, and 90 d) and activated char-
coal (AC) content (0.0, 0.1, 0.25, 0.5, 1.0,and 1.5 g 1‘1)
on shoot induction were also examined. After 4 weeks of
cultivation, the induction responses of shoots and calli were
recorded.

Proliferation and elongation of shoots

To further realize the proliferation of shoots, the shoot
clusters were transferred into fresh optimum shoot induc-
tion medium for 3 weeks. Single shoots (approximately
1.1 cm in height) were then isolated from the proliferated
shoot clusters and cultured in elongation medium containing
0.2-1.0 mg 17! ZT or different combinations of GA; (0.2
and 0.5 mg 17!) and 6-BA (0.0, 0.5 and 1.0 mg 17}). Three
weeks later, the average shoot length was measured, and the
elongated shoots were used for further shoot propagation
and rooting.

In vitro rooting

To induce rooting effectively, elongated shoots with at least
two expanded compound leaves were cut off at the shoot
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base (approximately 0.5 cm) and cultivated in 1/2 MS
medium fortified with 0.0-2.0 mg 1"V IBA, NAA, IAA, or
potassium salt of indole-3-butyric acid (K-IBA). To reduce
the rooting cost, the effects of the sucrose content (0.0, 5.0,
10.0, 15.0, 20.0, 25.0, and 30.0 g 1_1) and the macronutrient
strength of MS medium (1, 1/2, 1/4, 1/8, 1/16, and 0 MS)
on rooting of T sinensis were studied. Four weeks later, the
rooting responses were calculated.

Domestication and transplanting of the regenerated
plantlets

For further domestication of the rooted plantlets of 7. sin-
ensis, the culture vessels that contained regenerated plant-
lets were transferred to a conventional greenhouse for one
week. The relative humidity of the greenhouse was 80% and
the temperature was 20-28 °C. During this period, the rela-
tive humidity in the culture vessels was slowly reduced by
loosening the caps of culture vessels. Then, the well-rooted
plantlets with actively growing shoots were taken out from
the vessels and rinsed thoroughly. To examine the effect of
the composition and ratio of the planting substratum on the
survival of the plantlets, the washed plants were transplanted
into seedling bags containing various types of nutrient
matrix viz. garden soil, perlite, vermiculite, and Pindstrup
substrate at variable proportions. Before transplantation, the
planting substratum was premoistened with tap water and
sterilized with 0.3% (w/v) KMnO, solution. The in vitro
regenerated plants in the seedling bags were covered with
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shading nets and placed in the abovementioned conventional
greenhouse for further acclimatization and growth. The
plantlets were observed regularly and watered at four-day
intervals. In addition, to increase the survival chance of the
transplanted plantlets, the transplanted plants were microirri-
gated with 1/4 MS macronutrients (approximately 0.2 1 m~2)
every 2 weeks. The experiments were implemented in three
replications and each experiment included at least 300
plantlets. Four weeks after transplantation, the sun-shading
net was removed, and the survival rate was calculated after
2 weeks of continuous domestication.

To further improve the survival rate of 7. sinensis, the
effects of three domestication methods on the transplantation
of in vitro regenerated plants were examined. Domestica-
tion method I: The washed plants were transplanted to seed-
ling bags filled with the abovementioned optimal nutrient
matrix, and the other steps of domestication were the same
as above. The survival rate was recorded after 6 weeks of
domestication. Domestication method II: The washed plants
were transplanted into plastic seedling trays filled with the
same nutrient matrix used in domestication method I. The
trays were covered with transparent plastic lids for initial
domestication in a culture room (approximately 80% rel-
ative humidity) at 22-25 °C. The transparent plastic lids
were progressively opened and removed 2 weeks later. The
plantlets were then transplanted into nursery bags and cul-
tured in the conventional greenhouse used in domestication
method I. The survival rate was recorded after 4 weeks of
continuous domestication. Domestication method III: The
washed plantlets were fixed with a sponge and placed in the
small holes of the foam board in the hydroponic trays, which
contained half-strength Hoagland nutrient solution (Griffin
et al. 1976). In the process of transplantation, the root sys-
tem of the plantlet should be fully extended in the nutrient
solution and be placed in directly contact with the nutrient
solution to promote the absorption of nutrients. The hydro-
ponic trays were covered with transparent plastic covers for
initial domestication in the culture room used in domestica-
tion method II. The nutrient solution was supplemented once
a week to maintain adequate nutrition and the transparent
plastic cover was progressively opened and removed after
2 weeks of domestication. The plants were then transplanted
into seedling bags and cultured in the conventional green-
house used in domestication method I. The survival rate was
recorded after 4 weeks of continuous domestication. The
experiments were implemented in three replications and
each experiment included at least 300 plantlets.

DNA isolation and genetic fidelity analysis
The genetic uniformity of regenerated plantlets was detected

by ISSR molecular markers. Total genomic DNA was
extracted from young leaves of 10 regenerated plantlets and

mother plants using an HP Total Plant DNA Kit (Omega,
Shanghai, China). Using the DNA of the mother plant as the
template, 40 ISSR primers were preliminarily screened from
the 100 ISSR primer sequences designed by the University
of British Columbia in Canada. Among these screened
primers, 8 primers with clear amplification bands and good
polymorphism were selected and used for the final genetic
stability analysis.

Touch-down PCR amplification was used for sequence
amplification, and the program was set as follows: preheat-
ing at 94 °C for 5 min for one cycle; 24 cycles of amplifica-
tion at 94 °C for 45 s, an annealing step at an initial tem-
perature of 58 °C that was progressively lowered by — 0.5
°C /cycle and 72 °C for 60 s. This step was followed by 72
°C for 2 min, and finally stored in the 4 °C. PCR amplifica-
tions were performed in 20 pl reaction mixtures comprising
2.0 ul of 10x Taq Buffer, 1.0 ul of DNA (20 ng), 2 pl of
MgCl,, 1.5 ul of Primer, 1.6 pl of ANTP, 11.6 pl of ddH,0O
and 0.3 ul of EasyTag® DNA polymerase in a thermocy-
cler. The amplified products were separated with 2.0% (w/v)
agarose gels using 1X TAE (Tris—acetate EDTA) buffer at
120 V for 60 min. The molecular weights of the amplified
products were estimated according to a DNA molecular
marker (TransGen Biotech, Trans2K® DNA Marker), and
the gel images were analyzed using a gel imaging system
(Bio-Rad, USA). Under the same PCR conditions, at least
three reactions were completed to confirm the reliability of
the polymorphism results.

Statistical analysis

All treatments in this study were performed in a completely
randomized design (CRD) and implemented in three rep-
licate experiments with at least 30 shoots per experiment.
Unless mentioned otherwise, each replication included at
least 30 explants. Origin 8.5 software (Origin Lab, USA) was
used to analyze the data by analysis of variance (ANOVA)
with Tukey’s test. The statistical differences among the
means value were distinguished at P <0.05.

Results and discussion
Shoot initiation

The literature on 7. sinensis indicates that abnormal phe-
nomena, such as serious callus formation at the base of
explants and vitrification of regenerated plants, eventu-
ally lead to low regeneration and survival rates (Kang
et al. 2002; Ligiong and Bingkun 2007). The selection
of an effective explant type is the basic requirement of
any plant regeneration scheme. In many woody plant spe-
cies, micropropagation from different parts of in vitro
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regenerated plantlets has received great attention. It is
well known that shoot stems with bud primordia are
the preferred material for successful micropropagation
because their pre-existing meristem can easily develop
into new buds and maintain the genetic stability of the
donor plant. In this study, in vitro shoot stems with axil-
lary buds or terminal buds that regenerated from in vivo
nodal stems were used as explants for the micropropaga-
tion of T. sinensis.

For shoot initiation, the in vivo sterilized nodal stems
were used as primary explants and inoculated in MS
medium supplemented with 0.5 mg 1-! 6-BA (Fig. 1B).
Two weeks later, the axillary buds germinated, and shoots
with dark green leaves were obtained after 4 weeks of cul-
tivation (Fig. 1C). Due to the limited number of explants
available for shoot initiation, the germinated shoot buds
were excised and subcultured to acquire enough materials
for further shoot induction and multiplication (Fig. 1D).
After 4 weeks of cultivation, the shoot stems with axillary
buds or apical buds from these regenerated shoots were
used as in vitro explants for the further micropropagation
of T. sinensis (Fig. 1E).

In vitro morphogenesis of shoot stems
Multiple shoot induction

Cytokinin is the main hormone involved in the initiation of
shoot stem cells and the establishment of shoot apical mer-
istem (SAM) (Pernisova et al. 2018; Wybouw and De Rybel
2019), and exogenous cytokinin has been used to induce
multiple shoots from shoot stems of many woody plant spe-
cies. The optimal type and concentration of cytokinin that
promote shoot regeneration and multiplication vary among
plant species. To effectively induce shoot regeneration, the
in vitro stem segments with axillary buds were cultivated
in medium containing different cytokinins (Table 1). The
results revealed that the cytokinin in the medium had an
important effect on multiple shoot induction, but the effects
of different kinds and concentrations of cytokinin varied
(Table 1). For the explants cultivated in medium with a low
concentration (< 1.0 mg 17") of KT, the axillary buds of
the explants germinated, and almost no multiple shoots or
calli were induced after 4 weeks of cultivation. The results
were consistent with the medium devoid of PGRs (Fig. 2A).
The difference was that the low concentration of KT could
shorten the germination time of the existing bud primordia
and improve the germination efficiency (Fig. 2B), and a few

Table 1 Effect of types and

. - PGRs (mg 171 Frequency of shoot ~ No. of shoots/explant Frequency of callus  Diameter of
concentrations of Cyto_km%n on induction (%) induction (%) callus (cm)
shoot induction from in vitro
shoot stems with axillary buds KT 0.0 46.7+1.92° 1.0+0.00¢ 0.0+0.00° 0.0+0.00"
glfﬂfl'l‘r‘e’”en““ after 4 weeks of 0.2 911+ 1.11° 1.0+0.008 0.0+0.00° 0.0+0.00"

0.5 100.0+0.00° 1.0+£0.018 0.0+0.00¢ 0.0+0.00"
1.0 98.9+1.11° 1.0+£0.018 0.0+0.00¢ 0.0+0.00"
3.0 95.6+2.94 1.2+0.078 84.4+2.94° 0.4+0.058
5.0 84.4+2.94° 1.4+0.05 fg 97.8+1.11° 0.7 +0.08
TDZ 0.2 37.8+2.94 1.0+£0.028 91.1+£2.22% 0.6+0.08'
0.5 33.3+3.85% 1.0+£0.02¢ 100.0+0.00? 0.9+0.03°
1.0 23.3+1.92¢ 1.0+0.008 100.0 +0.00° 1.4+0.10¢
3.0 12.2+2.20f 1.0+0.008 100.0+0.00° 1.9+0.08¢
5.0 0.0+0.008 0.0+0.00" 100.0+0.00° 2.1+0.04°
ZT 0.2 100.0+0.00° 1.0+0.02¢ 95.6+ 1.11% 0.5+0.06"
0.5 100.0+0.00? 1.0+0.01¢ 100.0+0.00? 0.7 +0.08¢
1.0 100.0+0.00° 1.5+0.05° 100.0+0.00? 1.7+0.07¢
3.0 96.7 +1.92° 1.8+0.14°f 100.0+0.00? 2.1+0.05°
5.0 88.9+2.94° 1.0+0.008 100.0+0.00? 2.6+0.08"
6-BA 0.2 100.0+0.00* 2.0+0.10% 100.0+0.00a 0.5+0.04%
0.5 100.0+0.00* 2.5+0.12¢ 100.0+0.00* 0.7 +0.04°f
1.0 100.0+0.00* 32+0.18° 100.0+0.00* 1.4+0.08¢
3.0 100.0+0.00° 4.9+0.15 100.0 +0.00° 1.8+0.11¢
5.0 92.2+2.22° 2.7+0.06* 100.0 +0.00° 2.2+0.09°

Values are mean + SE of three independent experiments, each experiment contains at least 30 explants. Val-
ues followed by different letters in the same column represent significance at P <0.05 by Tukey test
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Fig.2 Shoot organogenesis from in vitro shoot stems of T. sinensis.
A, B Shoot induction from in vitro 30-day-old shoot stem with axil-
lary bud on MS medium A without PGRs or B with 0.5 mg 17! KT
after 4 weeks of culture. C, D Multiple shoot induction from in vitro
30-day-old shoot stem with C axillary bud or D terminal bud on MS
medium containing 3.0 mg 17! 6-BA after 4 weeks of culture. E-I
Multiple shoot induction from in vitro E 30-day-old, F 45-day-old,
G 60-day-old, H 75-day-old and I 90-day-old shoot stem with axil-
lary bud on medium fortified with 1.0 mg 17! 6-BA and 0.2 mg 1~
IAA after 4 weeks of culture, respectively. J Completed plantlets
were directly obtained from a 30-day-old shoot stem with axillary

bud on the MS medium containing 1.0 mg 1=! 6-BA, 0.2 mg 17!
IAA and 0.5 g 17! AC after 4 weeks of culture. K Shoot multiplica-
tion on medium supplemented with 1.0 mg 1=! 6-BA and 0.2 mg 17!
IAA after 3 weeks of culture. L Elongated shoots were obtained on
MS medium containing 0.5 mg 17! ZT after 3 weeks of culture. M—N
In vitro rooting of the elongated shoot on 1/4 MS medium containing
0.5 mg 1I"! K-IBA and 1.0% sucrose without (M) or with (N) 0.5 g 17!
AC. O The regenerated plantlet was domesticated by the hydroponic
system for 2 weeks before transplanting into the nursery bag. P
The regenerated plantlets grown in the greenhouse after 6 weeks of
domestication (Bars=1.0 cm)
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explants induced adventitious roots at the base. When the
explants were inoculated in medium containing TDZ, the
results showed that TDZ could inhibit the germination of the
existing bud primordia and the induction of multiple shoots
(Table 1). A higher concentration (above 0.5 mg 1" of TDZ
led to abnormal swelling of the explants (Table 1). The inhi-
bition of axillary bud germination and multiple shoot forma-
tion by TDZ may be mainly due to the dual effects of auxin
and cytokinin (Singh et al. 2003). In contrast, a low concen-
tration of ZT in the medium could promote the germination
and elongation of the existing bud primordia, but could not
promote the formation of multiple shoots (Table 1). A high
concentration (not less than 1.0 mg 17!) of ZT promoted the
formation of many green calli at the base of explants, and
this effect was accompanied by germination of the exist-
ing bud primordia, but these buds were vitrified seriously
(Table 1). Of the four types of cytokinin examined, 6-BA
was proven to be more beneficial for bud germination and
shoot regeneration (Tables 1 and 2). The superiority of 6-BA
over other cytokinins in shoot induction from nodal explants
also has also been observed in several other woody plants,
including Citrus jambhiri Lush (Savita et al. 2012), Sapium
sebiferum Roxb (Hou et al. 2020), and Bauhinia racemose
Lam (Sharma et al. 2017). In addition, the formation of cal-
lus at the base of shoot stems was also observed in medium
supplemented with 6-BA, and the callus diameter was posi-
tively correlated with the concentration of 6-BA (Tables 1
and 2).

During the process of shoot induction of 7. sinensis, we
also found that the explant type affected shoot regeneration.
The shoot stems with terminal buds produced more shoots
than those with axillary buds on the same medium under
the same culture conditions (Tables 1 and 2). In medium
containing 3.0 mg 1-! 6-BA, the shoot induction effect of
the two explants was the best, and the shoot induction rate
was 100%. The average number of shoots produced per stem
segment with axillary buds was 4.9, and the average number
of shoots per stem segment with terminal buds was 5.7, but
those shoots exhibited slight vitrification (Tables 1 and 2,
Fig. 2C, D). Severely vitrified dwarf shoots were induced

from two types of shoot stems cultured in medium contain-
ing a concentration of 6-BA (5.0 mg 17!) higher than the
optimum level. Similar findings were also been observed in
the propagation of Lucas aspera Spreng by Vijendra et al.
(2017). Vitrification is a common physiological obstacle in
the process of in vitro vegetative propagation, which seri-
ously limits the growth and survival of regenerated plantlets.
We speculate that the imbalance of endogenous cytokinins
caused by the oversupply of exogenous cytokinins may be
the cause of this phenomenon in the process of micropro-
pagation of T. sinensis. In the present study, we found that
6-BA was a crucial growth regulator in the regulation of
bud primordium germination and multiple shoot induction
from shoot stems of 7. sinensis. This result is consistent with
that obtained for cytokinin in overcoming apical dominance,
stimulating dormant meristems to release multiple buds, and
promoting shoot formation (Mali and Chavan 2016; Sharma
et al. 2017).

It has been reported that in the process of multiple shoot
induction, the combination of auxin and cytokinin at an
appropriate proportion can better induce the shoot regen-
eration than cytokinin alone (Su et al. 2011). To improve the
number and quality of multiple shoots, we further studied
the effects of the combinations of 6-BA and auxins (NAA,
IBA, and TAA) on multiple shoot induction from in vitro
stems with axillary buds of 7. sinensis. The results revealed
that the combination of 6-BA and a lower concentration of
auxin could promote shoot regeneration, whereas the com-
bination of 6-BA and a higher concentration of auxin could
lead to excessive callus formation and inhibit the formation
of multiple shoots. Among the combinations tested, 6-BA
in combination with TAA was found to be more effective
for multiple shoot induction than 6-BA in combination with
NAA or IBA. The best result was obtained in the medium
with 1.0 mg 17! 6-BA and 0.2 mg 1! IAA, and the high-
est frequency of shoot induction (100%) with the maximum
average number of shoots (5.4) was acquired in this medium
(Table 3, Fig. 2E). Based on the degree of explant callusing
and the shoot induction response, the medium fortified with
1.0 mg 1! 6-BA and 0.2 mg 1! TAA was more suitable for

Table 2 Effect of concentrations

) . 6-BA (mg 17" Frequency of shoot ~ No. of shoots/explant Frequency of callus  Diameter of
of 6'BA on shoot mductlon. induction (%) induction (%) callus (cm)
from in vitro shoot stems with
terminal buds of 7. sinensis 0.0 100.0 +0.00* 1.0£0.00° 0.0+£0.00° 0.0+£0.00°
after 4 weeks of culture 0.2 100.0+0.00° 2.4+0.09¢ 100.0+0.00° 0.840.08¢

0.5 100.0+0.00* 3.2+0.06° 100.0+0.00* 1.0+0.08¢
1.0 100.0 +0.00? 4.2+0.06° 100.0+0.00* 1.6+0.12°
3.0 100.0+0.00° 5.7+0.16* 100.0+0.00* 2.1+0.09°
5.0 100.0+0.00* 3.2+0.18° 100.0+0.00* 2.5+0.06*

Values are mean + SE of three independent experiments, each experiment contains at least 30 explants. Val-
ues followed by different letters in the same column represent significance at P <0.05 by Tukey test
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Table 3 Effect of the combination of 6-BA and auxins on shoot induction from in vitro shoot stems with axillary buds of 7. sinensis after

4 weeks of culture

PGRs (mg 17" Frequency of shoot ~ No. of shoots/explant Frequency of callus ~ Diameter of callus (cm)
induction (%) induction (%)
6-BA NAA IBA T1AA
0.5 0.1 - - 100.0+0.00* 2.7+0.16% 100.0+0.00* 1.1+0.07°%
0.5 - 0.1 - 100.0+0.00* 3.1+0.08¢ 100.0+0.00* 1.0+0.06%
0.5 - - 0.1 100.0+0.00* 33+0.11¢ 100.0+0.00* 0.8+0.09°
1.0 0.2 - - 100.0+0.00* 3.4+0.15% 100.0+0.00* 1.6+0.05%
1.0 - -0.2 - 100.0+0.00* 4.2+0.05° 100.0+0.00* 1.4+0.12bd
1.0 - - 0.2 100.0+0.00* 5.4+0.20* 100.0+0.00* 1.3+0.16%d
1.0 0.5 - - 84.4+4.01° 2.2+0.08° 100.0+0.00* 1.6+£0.12%
1.0 - 0.5 - 95.6+2.22* 3.2+0.08¢ 100.0+0.00° 1.6+0.07%
1.0 - - 0.5 100.0+0.00* 3.8+0.12% 100.0 +0.00? 1.5+£0.07%
3.0 - - 0.2 100.0+0.00* 5.1+0.05* 100.0+0.00* 2.0+0.07%
3.0 - - 0.5 100.0+0.00* 53+0.21% 100.0+0.00* 1.9+0.07

Values are mean + SE of three independent experiments, each experiment contains at least 30 explants. Values followed by different letters in the

same column represent significance at P <0.05 by Tukey test

multiple shoot induction from shoot stems of 7. sinensis and
should be used in subsequent research.

Effect of the explant age and AC on callus reduction
and the shoot response

The above findings revealed that the shoot stems of 7.
sinensis were apt to induce calli at the base of explants
when they were cultivated on shoot induction medium.
To a certain extent the formation of calli at the base of
explants is not what we expected, because it would affect
the growth of shoots by limiting the absorption of nutri-
ents. In addition, the callus will reduce the quality of
regenerated shoots, increase the cost of treatment and pro-
duction, and even lead to variation among shoots. It is well
reported that the physiological state of explants directly
affects the in vitro morphogenesis to a certain extent. To
examine the effect of explant age on callus reduction and
shoot induction, the nodal stems from the in vitro regen-
erated plantlets at different ages were cultured in medium
supplemented with 1.0 mg 17! 6-BA and 0.2 mg 17! TAA.

The results showed that the explant age had an important
influence on the regeneration ability of explants (Table 4,
Fig. 2E-I). The callus induction rate and callus diameter
were inversely proportional to the age of the explants
(Table 4). When the 90-day-old shoot stems were cultured
on the medium, there was no callus induction. In contrast,
the average number of shoots was positively correlated
with the age until it reached 75-day-old, but there was
almost no difference in the frequency of shoot induction
was observed (Table 4, Fig. 2E-I). The results showed that
older explants have lower capacities for both shoot and
callus regeneration than younger explants of 7. sinensis.
It has been shown that the difference in the shoot stem
regeneration ability under different physiological condi-
tions might be due to their different responses to PGRs in
the induction medium (Zhang et al. 2015). For T. sinensis,
this finding may be due to the lower cytokinin response
of older explants, which is responsible for reducing shoot
regeneration and callus induction. Combining the results
of shoot induction and callus induction, the shoot stems
of 75 day-old were the most suitable explants for multiple

Table 4 Effect of explant age

No. of shoots/explant  Frequency of cal-

lus induction (%)

Diameter of callus (cm)

N N oo Explant age  Frequency of
on shoot 1nduc.t10n from in vitro shoot induction
shoot stems with axillary buds (%)
of T. sinensis after 4 weeks of
culture 30-day-old  100.0+0.00?

45-day-old 100.0+0.00*
60-day-old 100.0+0.00*
75-day-old 97.8+1.11%
90-day-old 83.3+3.33°

5.4+0.20% 100.0 +0.00 1.3+0.16
6.2+0.21% 100.0+0.00 1.0+£0.04%®
6.9+0.13% 91.1+2.22° 0.7+0.08*
7.6+0.40° 13.3+1.92° 0.3+0.04°
49+0.17° 0.0+0.00¢ 0.0+0.0

Values are mean + SE of three independent experiments, each experiment contains at least 30 explants. Val-
ues followed by different letters in the same column represent significance at P <0.05 by Tukey test
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shoot induction. The shoot induction frequency was 97.8%,
and each explant produced an average of 7.6 shoots.

As an effective adsorbent, AC is widely used in the pro-
cess of micropropagation to promote the growth and devel-
opment of different plant species due to its unique ability to
reduce harmful substances in the culture medium (Thomas
2008). In this study, to test the effect of AC on callus reduc-
tion and the shoot regeneration response, the in vitro 30-day-
old shoot stems of 7. sinensis were cultivated in medium
fortified with various contents of AC, 1.0 mg 1! 6-BA and
0.2 mg I-' TAA. The results showed that AC in the medium
had a significant effect on the regeneration capacity and
morphogenesis of the explants (Table 5). For the explants
inoculated in the medium supplemented with AC, AC could
markedly suppress callus formation, and the callus induction
rate and the callus diameter were inversely proportional to
the content of AC. The explants cultured in medium sup-
plemented with at least 0.5 g I-! AC exhibited no callus
induction (Table 5). Similar results were found for the callus
induction of rice (Chutipaijit and Sutjaritvorakul, 2018). In
addition, we found that the addition of AC was not beneficial
for the formation of multiple shoots, and the mean number of
shoots decreased with increases in the AC content (Table 5).
However, AC in the medium could promote the growth and
maturation of shoots. Seedlings with strong white roots
could be directly formed in one step when the stems are
cultivated on medium supplemented with at least 0.5 g 17!
AC for 4 weeks (Fig. 2J). To a certain extent, this finding can
identify a new dirction for the industrial micropropagation
of T. sinensis. The addition of AC in cultures has induced
different morphogenetic responses in many plant species,
such as promoting bud proliferation and seedling growth of
foxtail millet (Rathinapriya et al. 2019), improving primary
culture survival rates of oil palm (Susanthi et al. 2019), and
promoting the adventitious root formation of wheat (Dong
et al. 2020). Thus far, the underlying mechanism through
which AC stimulates plant development is unclear. A rel-
evant study in wheat showed that AC stimulates plant growth
by regulating the expression of genes related to cell differ-
entiation (Dong et al. 2020).

Regenerated shoot multiplication and elongation

After 3 weeks of subculture, the shoots proliferated
on fresh shoot induction medium supplemented with
1.0 mg 17! 6-BA and 0.2 mg "' IAA (Fig. 2 K). The shoots
were then isolated separately and subjected to elongation
culture. Among the PGRs tested, a low concentration of
ZT was more beneficial to shoot elongation and growth,
and the shoots treated with a low concentration of ZT
were longer than those treated with GA;. The promoting
effect of ZT on shoot elongation of kiwiberry (Abdullah
et al. 2021) and olive (Bayraktar et al. 2020) has also been
reported. In addition, we also found that the combination
of 6-BA and GA; at low concentrations could also signifi-
cantly improve shoot length. According to the shoot length
and shoot growth, MS medium containing 0.5 mg 1-! ZT
was more suitable for the elongation of shoots of 7. sinen-
sis, and the average shoot length was approximately 3.8 cm
(Table 6, Fig. 2L).

Table 6 Effect of ZT, GA; and 6-BA on shoot elongation of 7. sinen-
sis after 3 weeks of culture

PGRs (mg 171 Mean shoot length (cm)
ZT GA; 6-BA

0.0 0.0 0.0 1.3+0.05°

0.2 - - 2.8+0.13

0.5 - - 3.8+0.12°

1.0 - - 2.0+0.11¢

- 0.2 - 2.2+0.14%

- 0.5 - 2.6+0.17%

- 0.2 0.5 3.2+0.10

- 0.5 1.0 2.9+0.07°

Values are mean =+ SE of three independent experiments, each experi-
ment contains at least 30 explants. Values followed by different letters
in the same column represent significance at P <0.05 by Tukey test

Table 5 Effect of active
charcoal on shoot induction

Active charcoal

Frequency of shoot

No. of shoots/explant Frequency of callus ~ Diameter of

T . content (g) induction (%) induction (%) callus (cm)
from in vitro shoot stems with

axillary buds of T. sinensis after ¢ o 100.0+0.00 5.4+0.20° 100.0+0.00° 1.3+0.16*

4 weeks of culture 0.1 100.0 +0.00? 2.7+0.18° 100.0 +0.00? 0.7+0.04°

0.25 100.0+0.00* 1.8+0.14° 78.9+2.93° 0.3+0.02°

0.5 100.0 £0.00° 1.2+0.07¢ 0.0 +0.00° 0.0+0.00¢

1.0 100.0+0.00° 1.0+0.02¢ 0.0+0.00° 0.0+0.00¢

1.5 100.0+0.00* 1.0+0.00¢ 0.0+0.00° 0.0+0.001

Values are mean + SE of three independent experiments, each experiment contains at least 30 explants. Val-
ues followed by different letters in the same column represent significance at P <0.05 by Tukey test
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In vitro rooting of T. sinensis

Effect of auxins on rooting As an important organ for water
and inorganic salt absorption, the formation of adventitious
roots is the key to the success of in vitro micropropaga-
tion (Steffens and Rasmussen, 2016; Vidoz et al. 2010).
In addition, a healthy and strong root system is helpful to
maximize the biomass of regenerated plants. However, for
many woody species, the formation of adventitious roots is
a limiting factor for in vitro propagation. Therefore, how to
make plants produce many strong roots under in vitro con-
ditions is of great significance to the successful establish-
ment of regeneration systems. The formation of adventitious
roots is very complex and is strictly regulated by the inter-
nal development process of shoots, environmental input,
and hormone signals (Gonin et al. 2019). Auxin plays an
important role in the initiation of adventitious roots (Shu
et al. 2019), and the optimal type and concentration of auxin
for adventitious root induction vary with plant species. In
this study, elongated shoots were transferred into 1/2 MS
medium containing various types of auxins for rooting, and
the results are presented in Table 7. For all types of auxins
tested in this study, especially for IAA and NAA, we found
that low concentrations of these auxins were more beneficial
for adventitious root induction (Table 7). The shoots cul-

tured in medium supplemented with a high concentration
(> 1.0 mg 171) of IAA, IBA, or K-IBA produced only short
and thickened roots, and compact callus formed at the root
base, which led to retardation of the shoots. In medium con-
taining a high concentration (>0.5 mg 17!) of NAA, most
explants produced only a large number of calli in the base
without adventitious root formation. In the medium fortified
with 0.5 mg 17! K-IBA, the root induction rate was the high-
est (88.9%), each explant produced 3.6 roots, and the aver-
age length of the roots was 2.8 cm (Table 7). In adventitious
root induction practice, IBA is usually the most commonly
used rooting PGR because of its stability and effectiveness in
promoting adventitious roots formation (Lakehal and Bell-
ini, 2019; Pacurar et al. 2014). In the present study, K-IBA
showed the best root induction response for 7. sinensis, and
the superiority of K-IBA in adventitious root induction may
be attributed to several factors, including that it increases
the solubility of IBA salts, which are more beneficial for
transport, absorption, and metabolism to potential rooting
origin sites with shoot stems (Stevens and Pijut, 2017).

Table 7 Effect of different types

and concentrations of atxin in PGRs (mg 171 Rooting percentage (%) Number of roots  Root length (cm)

half-strength MS medium on IBA NAA IAA  KIBA per shoot

in vitro rooting of elongated

shoots of 7. sinensis after 0.0 0.0 0.0 0.0 122+1.11 k 1.3+ 0.0@ 2.7+ 0.15dc

4 weeks of culture 0.1 - - - 57.8+2.93" 2.2+0.11M 3.1+0.13%4
0.2 - - - 72.2 +4.01°%f 3.1+0.119fe 3.7+0.29%
0.5 - - - 83.3+1.92:%¢ 3,8+0.172d 2.9+0.16%%
1.0 - - - 78.9 +2.22%¢d 4.040.23%¢ 1.9+0.12f
20 - - - 62.2+1.11%" 3,640.27% 114007
- 0.1 - - 60.0+1.92" 2.5+0.262" 3.3+0.23%
- 0.2 - - 77.8+1.11% 3.1+0.09%fe 3.7+0.26%®
- 0.5 - - 46.7+1.92' 2.7+0.20%" 1.1+0.16%"
- 1.0 - - 156+1.11 1.8+0.231 0.7 +0.09"
- 2.0 - - 0.0+0.00" 0.0+£0.00% 0.0+0.00!
- - 0.1 - 68.9 +2.20dfeh 2.8+0.17¢f%h 3.3+0.18>4
- - 0.2 - 84.4+2.94%¢ 3.3+0.23¢f 3.7+0.21%®
- - 0.5 - 81.1+1.11%% 42+0.19% 2.8+0.20%
- - 1.0 - 73.3 +3.850cdef 3.9+0.092d 22+0.11¢
- - 2.0 - 61.1+2.228" 2.7+0.21%" 1.8+0.131
- - - 0.1 65.6+1.11°%" 2.8+0.3]¢°fkh 3.5+0.20%¢
- - - 0.2 78.9 +2.222bcd 3.440.20%%F  404+0.32
- - - 0.5 88.9+1.11° 3.6+0.26%  28+0.26%
- - - 1.0 82.2+2.943b¢ 43+0.17* 224017
- - - 2.0 75.6 +4.01°d 3.1+0.18%f 1.8+0.142"

Values are mean + SE of three independent experiments, each experiment contains at least 30 explants. Val-
ues followed by different letters in the same column represent significance at P <0.05 by Tukey test
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Effect of sucrose, macronutrient strength, and AC
on rooting

Sucrose, as the source of energy and a signaling molecule,
can coordinate with auxins to regulate the formation of
adventitious roots (Cheng et al. 2020). In addition, in the
in vitro rooting process, the macronutrients in the culture
medium not only provide sufficient nutrition for rooting, but
also affect the development of adventitious roots as a func-
tional penetrant. In our present study, to reduce the produc-
tion cost, the effects of the sucrose content, the macronutri-
ent strength of the culture media, and AC on the rooting of
T. sinensis were further examined. The results showed that
the rooting response was directly proportional to the sucrose
content in the medium until the sucrose content increased
to 10.0 g I™'. In the medium supplemented with 10.0 g 17!
sucrose and 0.5 mg I™' K-IBA, the rooting rate was as high
as 95.6%, each shoot produced an average number of 4.5
roots, and the root length was as long as 3.8 cm (Table 8).
In contrast, in the medium without sucrose, only 37.8% of
shoots produced thin and short roots, and the plantlets ulti-
mately turned yellow. The results suggested that leaf photo-
synthesis alone could not provide enough energy for rooting,
and the addition of a low concentration of sucrose to the
rooting medium could not only promote the formation of
adventitious roots but also stimulate root elongation. Similar
results were found for the adventitious root formation of S.
sebiferum (Hou et al. 2020).

The analysis of the shoots cultivated in rooting
medium containing different macronutrient strengths and
0.5 mg 17! K-IBA revealed that a relatively low strength
of macronutrients was more conducive to rooting than a
high strength of macronutrients (Table 9). With decreases
in the strength of macronutrients in the medium, the rooting
response increased gradually until the strength decreased
to 1/4-fold (Table 9). The rooting rate and the mean roots

Table 8 Effect of sucrose in half-strength MS medium with 0.5
mgl~! K-IBA on in vitro rooting of T. sinensis after 4 weeks of culture

Content of  Rooting percentage Number of  Root length (cm)
sucrose (g (%) roots per

) shoot

0.0 37.8+1.11¢ 25+026%  1.7+0.16°

5.0 80.0+1.92° 3.0+024%  2.6+0.24

10.0 95.6+2.22° 45+029*  3.8+0.26

15.0 93.3+1.92° 43+0.12°  3.6+0.29%

20.0 922+1.11° 40+031*  3.3+0.19%

25.0 90.0+1.92° 3.840.19%®°  3.1+0.08%

30.0 88.9+1.11* 3.6+0.26%  2.8+0.26%

Values are mean + SE of three independent experiments, each experi-
ment contains at least 30 explants. Values followed by different letters
in the same column represent significance at P <0.05 by Tukey test

@ Springer

Table9 Effect of macronutrient-strength in MS basal medium on
in vitro adventitious root induction of 7. sinensis after 4 weeks of cul-
ture

Micronutri- Rooting percentage ~ Number of ~ Root length (cm)
ent strength (%) roots per
shoot
1 MS 88.9+2.93¢ 3.140.15°  2.94+0.12¢
1/2 MS 95.6+£2.22%¢ 454029  3.8+0.26°
1/4 MS 100.0+0.00° 574026  4.4+0.212
1/8 MS 100.0+0.00* 49+0.07"°  4.0+0.13®
1/16 MS 98.9+1.11% 41+0.13*  3240.18"
0MS 92.2+1.11% 34+028°  23+0.14¢

Values are mean+ SE of three independent experiments, each experi-
ment contains at least 30 explants. Values followed by different letters
in the same column represent significance at P <0.05 by Tukey test

produced per explant observed in medium with a macro-
nutrient strength less than 1/4-fold were higher than those
found in medium containing macronutrients at full or half-
strength, however, the shoots on the former medium suf-
fered from leaf chlorosis, and some leaves remained yellow
after domestication. The best rooting response and plant
growth were observed in 1/4 MS medium supplemented
with 0.5 mg 17! K-IBA and 10.0 g 17! sucrose (Table 9,
Fig. 2M). The adventitious root induction rate was 100%,
each explant produced 5.7 roots, and the average root length
was 4.4 cm. In other woody plants, such as cherry trees (Sun
et al. 2018) and apple trees (Sun et al. 2016a), the medium
with low strength of macronutrients was more favorable for
in vitro rooting. The reason may be that the concentration
of macronutrients required for rooting is much lower than
that required for shoot induction and growth. In addition,
the osmotic pressure of the medium with low macronutrient
strength was low, which not only promotes the absorption of
nutrients but also stimulates the formation of root primordia.
We further found that when the elongated shoots
were transferred to 1/4 MS medium supplemented with
0.5 mg 1! K-IBA, 10 g I"! sucrose, and 0.5 g I-! AC, the
plantlets grew vigorously with longer and developed roots
than those cultured on the medium without AC (Fig. 2N).
The results indicated that supplementation of the culture
media with AC could significantly improve the growth and
maturation of shoots and the development of roots. Similar
studies on the effects of AC in promoting plant regeneration
and root growth have been performed in many plants (Dong
et al. 2020; Navarro et al. 2021; Rathinapriya et al. 2019).

Domestication and transplantation
The success of the regeneration technology ultimately

depends on whether the regenerated plantlets can be trans-
planted from rooting medium with a high frequency of
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survival to the seedling substrate, and then transferred to
the field. During the process of transplantation, the transi-
tion period from culture room to field conditions is critical.
It is well documented that in the process of domestication
or hardening of the in vitro regenerated plantlets, relatively
low humidity and high light intensity under greenhouse or
field conditions will create an adverse/stressful environ-
ment for the directly exposed regenerated plantlets, which
will limit the survival rate of plants to a certain extent. In
addition, the transplanting matrix also plays a key role in
the acclimatization of the regenerated plantlets (Mali and
Chavan 2016). Previous studies have indicated that one of
the main obstacles to the large-scale propagation of T. sinen-
sis using plant tissue culture technology is the high mortality
rate of plantlets during domestication (Kang et al. 2002).
Therefore, to obtain a higher survival percentage, the effects
of the composition and ratio of the nutrient matrix as well
as the acclimation methods on the survival of regenerated
plantlets were examined. The results showed that the types
and proportions of transplanting nutrient substrates exerted
important effects on the survival of regenerated plantlets
of T. sinensis. The plantlets transplanted in the nutrient
matrix with Pindstrup substrate presented a higher survival
rate and better vigor than those acclimatized in the matrix
without Pindstrup substrate (Fig. 3). Among the different
types and proportions of transplanting substrates tested,
the perlite:vermiculite:Pindstrup substrate (1:1:1) mixture
was found to be more suitable for the acclimatization of
the regenerated plantlets of 7. sinensis. After 6 weeks of
acclimatization, the highest survival rate (84.7%) and better
vigor of the plantlets were obtained on this transplanting

100.0 4 GS: Garden soil; P: Perlite; V: Vermiculite; PS: Pindstrup substrate

90.0 -
800 ! I 0
700 I 5
600 1
500 <

4040-_ L

Survival rate (%)

30.0 4
20.0 4

10.0

0.0 T T T T T T T T T 1

N N- N N N
SR N S G C
REPE U

3
e
F F &

Fig.3 Influence of planting substratum on the survival of in vitro
regenerated plantlets of 7. sinensis. Bars represent standard errors.
Data represent mean values +standard error (SE) of three independ-
ent experiments, each experiment contains at least 300 explants

substrate. However, considering the transplanting cost, the
garden soil:perlite:vermiculite:pindstrup substrate (3:1:1:3)
mixture was used in the following large-scale transplanta-
tion experiment. The survival rate was as high as 81.7%,
and no significant difference was found between the plant-
lets grown on this nutrient matrix and those grown on the
perlite:vermiculite:Pindstrup substrate (1:1:1) mixture.

To further improve the transplanting survival rate of
T. sinensis, the effects of domestication methods on the
transplantation of in vitro regenerated plantlets were stud-
ied. After 6 weeks of domestication, the three methods
mentioned above succeeded in plantlet acclimatization,
but the survival rate differed (Table 10). The survival rate
of the regenerated plants acclimatized by method II and
method III was relatively higher than that obtained with
domestication method I (Table 10). We speculated that the
higher survival rate obtained with methods II and III could
be attributed to the plant status during the domestication
period, in which the plants grew well in the plastic tray
or hydroponic tray, and each plantlet had a strong root
system before transplantation into the nursery bag. The
results showed that the combination of mini-incubators
and a greenhouse was suitable for the acclimatization of
the regenerated plantlets of T. sinensis. The advantage
of the domestication method II or III used in this study
was that they could reduce the transplanting pressure of
the regenerated plants because the growth environment
of the transplanted plants was similar to that during the
rooting period of tissue culture. The plantlets grew vigor-
ously and the highest frequency of survival (95.3%) was
obtained when the plantlets were initially acclimatized
by the hydroponic system for 2 weeks before transplan-
tation into the nursery bag (domestication method III).
Most importantly, plantlets domesticated by hydroponics
grew faster, had longer and stronger adventitious roots, and
formed more fibrous roots (Fig. 20). Some evidence dem-
onstrates that regenerated plantlets transplanted directly
usually have tender roots and lack root hairs, which affects
the survival rate of large-scale transplantation. In contrast,
the plantlets domesticated by hydroponics developed roots
and a strong plant morphology, which are more conducive

Table 10 Effect of domestication method on the survival rate of
in vitro regenerated plantlets of 7. sinensis after 6 weeks of culture

Domestication method Survival rate (%)

Domestication I 81.7+2.96°
Domestication II 89.3+1.86%
Domestication III 95.3+1.20°

Values are mean =+ SE of three independent experiments, each experi-
ment contains at least 300 plantlets. Values followed by different let-
ters in the same column represent significance at P <0.05 by Tukey
test
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to their survival under transplantation conditions. Hence,
the application of a hydroponic system in the domestica-
tion of the plantlets of 7. sinensis could reduce the prob-
lems caused by poor root architecture. One month after
transplantation, the regenerated plantlets grew healthily
and had the same appearance as the wild plants (Fig. 2P).
Three months later, the domesticated plants were success-
fully cultivated in the field.

Genetic stability assessment

The genetic integrity of regenerated plantlets is one of the
basic requisites for the implementation of any regenera-
tion scheme. In our study, the genetic stability of regener-
ants of T. sinensis was evaluated by ISSR markers. During
the ISSR analysis, 40 primers were screened and only 8
primers yielded clear and reproducible bands. The band
numbers ranged from 5 (UBC-840 and UBC-879) to 9
(UBC-815), and the band sizes ranged from approximately
150 bp to 2000 b (Table 11). Among the 8 primers tested,
UBC-826 and UBC-879 amplified 6 and 5 monomorphic
bands, respectively, and they are shown in Fig. 4A and B.
The amplification bands of all the regenerants and mother
plants were the same and monomorphic, which confirmed
the genetic stability of the regenerated plants of 7. sinensis
(Fig. 4). In recent years, many researchers have used ISSR
markers to detect the homogeneity of many economically
important woody plants regenerated from in vitro culture
and to confirm whether these plantlets are identical to the
mother plant, such as Pterocarpus marsupium (Ahmad
et al. 2021), Eucalyptus nitens (Ayala et al. 2019) and
Moringa peregrina (Al Khateeb et al. 2013).

Table 11 ISSR primers used to evaluate the genetic stability of the
in vitro regenerated plantlets of 7. sinensis

Primer code Primer sequence (5'-3") Number of  Size range
scorable of bands
bands (bp)
UBC-815 CTCTCTCTCTCT 9 300-1600
CTCTG

UBC-824 TCTCTCTCTCTC 8 400-2000
TCTCG

UBC-826 ACACACACACAC 6 350-1400
ACACC

UBC-835 AGAGAGAGAGAGAGA 8 250-1100
GYC

UBC-840 GAGAGAGAGAGAGAG 5 200-750
AYT

UBC-852 TCTCTCTCTCTCTCT 7 150-1500
CRA

UBC-876 GATAGATAGACAGACA 8 300-1000

UBC-879 CTTCACTTCACTTCA 5 300-800
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Fig.4 Genetic fidelity assessment of the mother plant and in vitro
regenerated plantlets of 7. sinensis by ISSR molecular markers. A
Profiles produced by primer UBC-826. B Profiles produced by primer
UBC-879. Lane MP: Mother plant. Lanes 1-10: Randomly selected
regenerated plantlets. Lane M: Molecular ruler (2 kb DNA ladder)

Conclusions

In conclusion, the present study established a highly effi-
cient, repeatable, and cost-effective micropropagation pro-
cedure for T. sinensis via direct shoot organogenesis using
shoot stems with axillary buds or terminal buds as explants.
The highest shoot induction frequency (97.8%) with smaller
calli was obtained when the explants were cultured in MS
medium containing 1.0 mg 1-! 6-BA and 0.2 mg 17! TAA. In
addition, 0.5 mg 1-! ZT was proven to be more conducive to
shoot elongation. When the elongated shoots were cultured
in 1/4 MS medium supplemented with 0.5 mg 1-! K-IBA,
0.5 g 17! AC, and 10.0 g I"! sucrose, the highest rooting
response (100%) was achieved. In addition, the present study
proposes an effective hydroponic domestication method that
could significantly improve the survival rate of 7. sinensis.
The highest transplanting survival rate (95.3%) was obtained
in the mixture of garden soil, perlite, vermiculite and Pin-
dstrup substrate (3:1:1:3). Furthermore, the results from
the evaluation of ISSR molecular markers showed that the
heredity of the regenerated plantlets was consistent with that
of the donor plants, and the in vitro regenerated plantlets
were “true to type”. The regeneration scheme established in
this study has great application potential and can continu-
ously provide plantlets of 7. sinensis within a short time. The
method is thus of great significance to germplasm preserva-
tion of T sinensis and its sustainable industrialized utiliza-
tion in food.
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