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Abstract This work describe an efficient method for the 

shoot induction and plant regeneration of seedling-derived 

apical bud explants of Tilia mandshurica Rupr. & Maxim. 

The highest rate of shoot induction (82.2%) was obtained 

when apical bud explants from juvenile seedlings (5 months 

old) were cultured on Murashige and Skoog (MS) medium 

containing 1.0 mg/L 6-benzylaminopurine (BAP). However, 

apical bud explants obtained from mature trees (12 years old) 

did not produce any shoots, even with BAP supplementation. 

Among the three cytokinins tested for shoot multiplication 

(BAP, zeatin, and kinetin), BAP was the most effective; the 

highest number of shoots per explant (2.1) was observed on 

MS medium supplemented with 1.0 mg/L BAP. In contrast, 

the longest average shoot length (3.0 cm) was observed after 

growth on MS medium with 2.0 mg/L zeatin. No multi-

plication occurred when apical bud explants were cultured 

with kinetin-supplemented media. During rooting of in 

vitro-elongated shoots, the highest rooting rate (100%) was 

observed in half-strength MS medium supplemented with 

0.5 ~ 1.0 mg/L indole-3-butyric acid (IBA) or 3.0 mg/L 

1-naphthaleneacetic acid (NAA). During the acclimatization 

process, plantlets that were rooted on the IBA (0.5 mg/L)- 

supplemented medium had the highest survival rate (100%) 

and maximum root length (18.5 cm). These findings suggest 

that a low concentration (0.5 mg/L) of IBA is appropriate for 

the rooting and acclimatization of T. mandshurica. Plants 

were successfully transferred to the greenhouse with a 100% 

survival rate. This protocol will be useful for the large-scale 

propagation of Tilia species.

Keywords Tilia mandshurica, apical bud culture, shoot 
induction, root induction, BAP, IBA

Introduction

Tilia is a genus of about 30 species of trees or bushes, 
sometimes referred to as lime bushes, that is native across 
many temperate regions of the Northern Hemisphere. Tilia 
species are mostly large, deciduous trees that typically 
reach a height of 20 to 40 m and have oblique-cordate 
leaves 6 to 20 cm across. The tree produces fragrant, 
nectar-producing flowers, as well as lime blossoms, which 
are used as a medicinal herb. Tilia is an important honey 
plant for beekeepers, producing a very pale, but richly 
flavored, monofloral honey. The flowers are also used for 
herbal teas and tinctures, which are particularly popular in 
Europe and in North American herbal medicine practices. 
Tilia species have taken hold as a crop of interest for both 
the honey and timber industries, underscoring a need for 
the development of efficient methods for large-scale 
propagation (Yoon et al. 2005; Yang et al. 2011; Panchev 
2019; Yang et al. 2020).
  In Tilia species such as T. mandshurica, propagation 
through seeds is difficult because of a low germination 
rate (approximately 10 ~ 16%) and an extremely hard seed 
coating that can delay germination for up to two years. 
Further, cutting propagation is not efficient due to the 
resulting poor development of root systems (Lee and Suh 
1989; Morsink and Smith 1974, 1975).
  To overcome these difficulties, in vitro culture techniques 
for plant regeneration have become attractive methods for 
the propagation of plants. Generally, plant regeneration 
systems based on apical and axillary bud culture are the 
most effective method of in vitro propagation. Indeed, 
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micropropagation protocols through axillary bud culture of 
T. cordata and T. amurensis have previously been reported 
(Youn and Ohba 1990; Youn et al. 1998). A procedure for 
plant regeneration from zygotic embryos via somatic 
embryogenesis has been also developed in T. cordata, T. 

platyphyllos, T. mandshurica, and T. amurensis (Chalupa 
1990; Kim et al. 1988; Moon and Youn 1996; Üçler and 
Mollamehmetoğlu 2001; Kim et al. 2006, 2007). However, 
plant regeneration through somatic embryogenesis of T. 

mandshurica is not an efficient solution for large-scale 
propagation because the germination rate of somatic embryos 
is rather low (10%) (Moon and Youn 1996). Other than 
these few reports, there have been no publications describing 
tissue culture-based micropropagation of T. mandshurica.
  The aim of the current study was to optimize a protocol 
for efficient shoot induction and plant regeneration from 
seedling-derived apical bud explants of T. mandshurica, 
with a goal of developing an efficient propagation strategy 
suitable for industrial application.

Materials and Methods

Plant materials

Apical bud explants were excised from mature 12-year-old 
trees growing in the nursery of the National Institute of 
Forest Science and from juvenile 5-month-old seedlings 
obtained from the National Forest Seed and Variety Center, 
Korea. Shoot tip segments (1.0 ~ 1.5 cm long), each con-
taining an apical bud, were disinfected in 70% ethanol for 
1 min and then disinfected in 1% sodium hypochlorite 
solution for 1 min. After that, they were rinsed with sterile 
water five times.

Effect of BAP on shoot induction from juvenile and mature 

sources

During the juvenile phase, shoot tip segments (approximately 
1.0 cm and containing one apical bud) were taken from 
seedlings that were maintained in a culture room. During 
the mature phase, shoot tip segments (approximately 1.5 cm 
containing one apical bud) were excised from recent branches 
of trees grown in the nursery. Mature and juvenile explants 
were both inoculated in MS (Murashige and Skoog, 1962) 
medium supplemented with various concentrations (0.0, 
0.5, 1.0, and 2.0 mg/L) of 6-Benzylaminopurine (BAP). 
Media were solidified with 0.3% Gelrite™ powder and 
adjusted to pH 5.8 before autoclaving for 15 min at 121°C. 

After inoculation, cultures were incubated at 25 ± 2°C under 
a 16-h photoperiod with a light intensity of 2,000 lux from 
white fluorescent tubes.

Effect of cytokinins (BAP, zeatin, or kinetin) on shoot 

multiplication

The apical portion of the shoot obtained from juvenile 
apical bud cultures was used for multiple shoot induction. 
Excised shoot tip explants were placed on MS medium 
that was supplemented with various concentrations (0.0, 
0.5, 1.0, and 2.0 mg/L) of BAP, zeatin or kinetin. Ten 
explants were established for each treatment group. Each 
experiment was replicated three times, for a total of 30 
explants per treatment condition. After 8 weeks of culture, 
the number of shoots per explant was recorded.

Effect of auxins (IBA or NAA) on in vitro rooting

For rooting, shoots approximately 2 cm in length were 
excised and placed vertically on half-strength MS medium 
supplemented with various concentrations (0.0, 0.5, 1.0, 
2.0, and 3.0 mg/L) of IBA (indole-3-butyric acid) or NAA 
(1-naphthaleneacetic acid). Ten explants were established 
for each treatment group. Each treatment was replicated 
three times. After 3 weeks of culture, the rooting percentage, 
mean number of roots, and mean root length were recorded.

Acclimatization of plantlets rooted on auxin (IBA or NAA)- 

supplemented media

Plantlets that had been rooted on auxin (IBA or NAA)- 
supplemented and auxin-free media were transferred into 
plastic containers (54×28×6.5 cm) containing artificial soil 
mixture [perlite, vermiculite, peat moss 1:1:1 (v/v)] and 
were acclimated for 4 weeks at a high relative humidity 
(80-90%). After 4 weeks, the survival rate and root length 
of plantlets were measured. Twenty plantlets were planted 
in soil in plastic pots and transferred to the greenhouse, 
and each experiment was performed three times.

Statistical analysis

Statistical analysis was performed using the SAS software 
package (SAS Enterprise Guide 7.1). Means and standard 
errors were used throughout and the statistical significance 
of mean values was assessed using ANOVA or Duncan’s 
multiple range tests at P < 0.05.
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Fig. 1 The induction of shoots from apical buds of Tilia man-

dshurica on Murashige and Skoog (MS) medium supplemented 

with 1.0 mg/L 6-benzylaminopurine (BAP) after 6 weeks of culture. 

Apical bud explants were taken from 5-month-old seedlings (A) 

and 12-year-old trees (B)

Table 1 Effect of different concentrations of 6-benzylaminopurine (BAP) on shoot induction in apical bud explants from juvenile 

seedlings (5 months old) and mature trees (12 years old) after 6 weeks of culture

Explant source
Concentration of BAP

(mg/L)

Shoot induction

(%)

5-month-old seedling

0.0 16.4 ± 1.0d

0.5 51.0 ± 1.4c

1.0 82.2 ± 1.1a

2.0 65.6 ± 1.2b

12-year-old tree

0.0 -

0.5 -

1.0 -

2.0 -

Mean separation within columns by Duncan’s multiple range test at the 5% level.

Results and Discussion

Shoot induction from juvenile and mature sources

To induce shoots from apical buds, apical bud explants 
that had been excised from juvenile seedlings and mature 
trees were cultured on MS medium supplemented with dif-
ferent concentrations of BAP (0.0, 0.5, 1.0, and 2.0 mg/L). 
As shown in Table 1, the highest rate of shoot induction 
(82.2%) was obtained when apical bud explants from 
juvenile seedlings were cultured on the medium containing 
1.0 mg/L BAP. The lowest concentration of BAP (0.5 
mg/L) had the lowest induction rate of shoots (51.0%). 
The control medium without BAP resulted in relatively 
poor shoot induction (16.4%). None of the apical bud 
explants taken from the mature tree developed shoots 
when cultured on MS medium with or without BAP.
  After 6 weeks of culture, apical bud sprouts and shoot 
growth were observed in apical bud explants taken from 
the juvenile seedlings. The bud sprouting process started 
after 3 weeks of culture, and the apical buds subsequently 
grew actively and developed into shoots by 6 weeks of 
culture (Fig. 1A). However, apical bud explants from the 
mature tree did not develop shoots; they turned into brown 
in colour and died within the culture period (Fig. 1B).
In the past, studies suggested that the organogenic potential 
of mature plant material is lower than that of juvenile 
plants (Basto ea al. 2012). Indeed, Moon et al. (2002) pre-
viously reported that juvenile explants (1-year-old seedlings) 
produced better shoot proliferation and growth from axillary 
bud explants of Corylopsis coreana than explants from 
mature, 10-year-old trees. Srinidhi et al. (2008) reported 
that nodal explants excised from the juvenile seedlings 
(1.5-year-old) of Azadirachta indica were more effective 

for shoot induction and rooting than the explants excised 
from the mature trees (15-year-old). Further, Basto et al. 
(2012) observed the highest organogenic potential in nodes 
from juvenile (7-18 month-old) trees and found that material 
from mature trees (10 ~ 20 year-old) had limited organogenesis. 
Similarly, Tawfik et al. (2020) reported axillary shoot 
induction from nodal explants excised from in vitro-grown 
juvenile seedlings (5-week-old) of Koelreuteria bipinnata, 
however the nodal explants from mature trees (20-year-old) 
did not develop any axillary shoots. The results from the 
present study are in good agreement with these prior 
works, showing that shoot induction from apical bud 
explants of T. mandshurica was observed only in those 
explants excised from juvenile seedlings (5-month-old). In 
contrast, none of the apical bud explants obtained from 
mature trees (12-year-old) produced any shoots. These 
results indicate that the apical buds of juvenile seedlings 
(5-month-old) are the best explant source for the in vitro 
shoot proliferation of T. mandshurica.
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Table 2 Effect of cytokinin type and concentration on shoot multiplication in Tilia mandshurica after 6 weeks of culture

Cytokinin

(mg/L)

Average number of shoots

per explant

Length of shoots

(cm)

Control 1.0 ± 0.0d 1.3 ± 0.1e

BAP

0.5 2.0 ± 0.2b 1.9 ± 0.1d

1.0 2.5 ± 0.2a 2.6 ± 0.1b

2.0 1.6 ± 0.2c 2.1 ± 0.2cd

Zeatin

0.5 1.3 ± 0.1cd 2.4 ± 0.1bc

1.0 1.4 ± 0.1cd 2.9 ± 0.2a

2.0 1.6 ± 0.1c 3.0 ± 0.3a

Kinetin

0.5 1.0 ± 0.0d 1.3 ± 0.1e

1.0 1.0 ± 0.0d 1.4 ± 0.1e

2.0 1.0 ± 0.0d 1.3 ± 0.1e

Mean separation within columns by Duncan’s multiple range test at the 5% level.

Shoot multiplication

To study the impact of medium supplementation on multiple 
shoot induction, shoot tip explants were cultured on MS 
medium with varying concentrations of BAP, zeatin, or 
kinetin (0.0, 0.5, 1.0 and 2.0 mg/L). After 6 weeks of 
culture, there were significant differences both between 
cytokinin types and cytokinin concentrations in terms of 
the mean number of shoots per explant and the mean 
shoot length (Table 2). The highest number of shoots per 
explant (2.5) was obtained on MS medium containing 1.0 
mg/L BAP, and the highest average maximum shoot 
length (3.0 cm) was obtained on MS medium containing 
2.0 mg/L zeatin. The addition of kinetin to the medium 
did not induce multiple shoot formation. Overall, BAP 
was more effective for multiple shoot induction from 
shoot tip explants relative to the other cytokinins (zeatin 
and kinetin). Thus, BAP appears to have a significant 
beneficial effect on multiple shoot induction of T. mandshurica, 
with an optimal concentration of 1.0 mg/L.
  The stimulatory effect of cytokinins on shoot multi-
plication from shoot tip and axillary bud explants in vitro 
have been described for decades and are a core element 
of propagation research. However, the response of explants 
from different plants varies depending on the type and 
concentration of cyokinin. In a comparison of BAP and 
kinetin in Cucumis sativus, BAP (1.0 mg/L) was more 
effective at increasing the number of shoots developed 
from shoot tip explants. However, lower concentrations of 
BAP and kinetin (below 0.5 mg/L) did not promote shoot 
induction (Vasudevan et al. 2002). In Chlorophytum bori-

vilianum, BAP (2.0 ~ 6.0 mg/L) leads to a significant 
increase in shoot multiplication, and kinetin (2.0 ~ 6.0 mg/L) 

significantly increases shoot elongation (Ashraf et al. 2014). 
In Ficus carica, BAP is more effective for multiple shoot 
induction from shoot tip explants as compared to zeatin 
and its optimum concentration was 2 mg/L (Ling et al. 2018). 
In Scutellaria alpine, a comparison of BAP, kinetin, 
zeatin, and TDZ, found that BAP (0.5 ~ 1.0 mg/L) was the 
most effective for multiple shoot induction from shoot tip 
explants (Grzegorczyk-Karolak et al. 2015). In Betula 

lenta, BAP (1.0 mg/L) is more effective for shoot multi-
plication from shoot tip segments than 2-iP and TDZ 
(Rathwell et al. 2016). In the present study, among the 
cytokinins tested, BAP (1.0 mg/L) was most effective at 
inducing multiple shoots from shoot tip explants, but 
zeatin (2.0 mg/L) was most effective when compared on 
the basis of shoot elongation. However, treatment with 
kinetin did not promote shoot multiplication. These results 
indicate that BAP significantly improves multiple shoot 
induction from shoot tip explants, however the ideal con-
centration may vary depending on the plant species.

In vitro rooting and ex vitro acclimatization

To investigate the effect of auxin type and concentration 
on rooting of T. mandshurica, in vitro-elongated shoots 
were cultured on half MS medium supplemented with 
different concentrations of IBA or NAA (0.5, 1.0, 2.0, and 
3.0 mg/L). As shown in Table 3 and Figure 2, there were 
significant differences in rooting percentage, number of 
roots per explant, and root length among the different 
auxin treatment groups. The optimum concentration was 
different in each auxin treatment. The highest rooting 
percentages (100%) were obtained in 1/2 MS medium 
containing 0.5 ~ 1.0 mg/L IBA or 3.0 mg/L NAA after 3 
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Table 3 Effect of auxin type and concentration on rooting in in vitro-elongated shoots after 3 weeks of culture

Auxin concentration

(mg/L)

Rooting

(%)

Number. of roots 

per explant

Length of root

(cm)

Control  53.3 ± 0.7f  1.3 ± 0.2e 3.7 ± 0.3a

IBA

0.5 100.0 ± 0.0a  6.8 ± 0.8bcd 2.6 ± 0.1b

1.0 100.0 ± 0.0a 10.4 ± 1.1b 1.7 ± 0.1d

2.0  93.3 ± 0.6b 16.1 ± 2.2ab 1.0 ± 0.1e

3.0  86.7 ± 0.7c 19.6 ± 3.2a 0.8 ± 0.1e

NAA

0.5  66.7 ± 0.5e  2.7 ± 0.4de 2.2 ± 0.2c

1.0  83.3 ± 0.7d  4.2 ± 0.5cde 2.4 ± 0.2bc

2.0  91.7 ± 0.6b  5.8 ± 0.5bcde 1.7 ± 0.1d

3.0 100.0 ± 0.0a  8.9 ± 0.9bc 1.6 ± 0.1d

Mean separation within columns by Duncan’s multiple range test at the 5% level.

Fig. 2 The rooting of Tilia mandshurica shoots in vitro that were cultured in half-strength Murashige and Skoog (MS) medium 

supplemented with various concentrations of indole-3-butyric acid (IBA) or 1-naphthaleneacetic acid (NAA) after 3 weeks of culture

weeks of culture. The control medium without any auxin 
supply led to the lowest rooting percentage (53.3%). The 
medium with 3.0 mg/L IBA induced the highest number 
of roots per explant (19.6) but affected the root growth 
negatively. Interestingly, the highest root length (4.7 cm) 
was achieved in the control medium lacking auxins (IBA 
or NAA). Considering these data, the lower concentrations 
(0.5 ~ 1.0 mg/L) of IBA and highest concentration (3.0 
mg/L) of NAA were more effective for rooting shoots of 
T. mandshurica in vitro.
  During acclimatization, we sought to determine the 
extent of growth of plantlets (Fig. 2) that had been rooted 
on auxin (IBA or NAA)-supplemented vs. auxin-free 
medium after transplantation to plastic containers containing 
an artificial soil mixture (Fig. 3A-3C). As shown in Table 
3 and Fig. 3C. the highest survival rate (100%) was seen 
in plantlets that were rooted in media with 0.5 ~ 1.0 mg/L 

IBA or NAA. However, plantlets rooted in media with 
higher concentrations (up to 3.0 mg/L) of IBA or NAA 
resulted in a lower survival rate (86.7% or 87.7%, re-
spectively). The greatest root length (18.5 cm) was obtained 
in plantlets rooted in medium with 0.5 mg/L IBA. These 
results suggest that IBA is a good root-inducing agent for 
the establishment of T. mandshurica plantlets in the soil, 
and low concentrations of IBA (0.5 ~ 1.0 mg/L) are 
sufficient for both in vitro rooting and acclimatization.
  Plant rooting is one of the most important stages of 
micropropagation and is a prerequisite to proper acclima-
tization in soil. Auxins like IBA, IAA, and NAA play a 
critical role in inducing adventitious rooting in many 
plants. However, the effects of auxin type and concentration 
on root formation vary considerably across plant species. 
In the olive cultivar ‘Moraiolo,’ in a comparison of IBA 
and NAA, IBA at a concentration of 1.5 mg/L was superior 
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Fig. 3 The acclimatization of Tilia mandshurica plantlets that were rooted on half-strength Murashige and Skoog (MS) medium 

supplemented with or without auxin (IBA or NAA). (A) Plantlets transplanted in plastic containers with soil. (B) Plants acclimatized 

in plastic containers with soil for 5 weeks. (C) Comparison of the growth of plantlets rooted on auxin (IBA or NAA)-supplemented 

and auxin-free media after 5 weeks of acclimatization. Scale bar = 5 cm. (D) Cultivation of potted plants in the greenhouse

Table 4 Growth characteristics of Tilia mandshurica plantlets that were rooted in half-strength Murashige and Skoog (MS) medium 

supplemented with auxin (IBA or NAA) after 6 weeks of acclimatization

Auxin concentration

(mg/L)

Survival

(%)

Length of root

(cm)

Control 100.0 ± 0.0a 16.4 ± 0.9abc

IBA

0.5 100.0 ± 0.0a 18.5 ± 0.8a

1.0 100.0 ± 0.0a 17.6 ± 1.5ab

2.0  93.3 ± 0.5b 16.9 ± 0.9abc

3.0  86.7 ± 0.6d 13.5 ± 0.8bcde

NAA

0.5 100.0 ± 0.0a 14.8 ± 2.1abcd

1.0 100.0 ± 0.0a 12.6 ± 1.4cde

2.0  88.5 ± 0.9c 11.4 ± 2.3de

3.0   87.5 ± 0.5cd 10.0 ± 1.8d

Mean separation within columns by Duncan’s multiple range test at the 5% level.

for rooting. Moreover, the roots produced on IBA were 
longer, with better quality shoots, and NAA led to a poor 
response with necrotic leaves and leaf abscission (Ali et 
al. 2009). In Paulownia elongata, IBA was more effective 
for in vitro rooting than other auxins (IAA and NAA) in 
terms of well-developed roots, and its optimum concentration 
was 0.5 mg/L (Zayova et al. 2014). In Chrysanthemum 

morifolium Ramat, 1 mg/L IBA induced the highest number 
(5.7) of roots per explant among three auxin types that 
were tested (IBA, IAA, and NAA). The greatest root length 
(36.2 mm) was achieved in medium with 1 mg/L IAA, and 

NAA was associated with fewer and shorter roots (Chae 
2016). In Crocosmia × crocosmiiflora ‘Lucifer,’ IBA at a 
concentration of 1.0 mg/L increased root number and length 
relative to growth with IAA or NAA (Krupa-Małkiewicz 
and Żurawik 2017). In Amelanchier alnifolia, NAA was 
superior for rooting compared to IBA and IAA, and it’s 
proper concentration was 1.0 mg/L (Júlia and Alena 2019). 
In studies of in vitro adventitious root formation of 
Bienertia sinuspersici cuttings, medium containing 5.0 mg/L 
NAA led to the highest number of roots, but medium 
supplemented with 1.0 mg/L IBA produced the longest 
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roots (Northmore et al. 2015). In the present study, auxin 
type (IBA or NAA) and concentrations (0.5 ~ 3.0 mg/L) 
both had significant effects on in vitro rooting and accli-
matization of T. mandshurica. Maximum rooting (100%) 
was observed when shoots were cultured in half-strength 
MS medium supplemented with 0.5 ~ 1.0 mg/L IBA or 3.0 
mg/L NAA. During acclimatization, plantlets that had 
been rooted on 0.5 mg/L IBA-supplemented medium had 
the longest roots (18.5 cm) as well as the highest rate of 
survival (100%). These results indicate that IBA is effective 
for the rooting and acclimatization of T. mandshurica in 
terms of root growth and plantlet survival.
  In conclusion, these studies sought to identify which 
growth conditions would most strongly support the devel-
opment of shoots. In our experiments comparing the effect 
of different concentrations of BAP (0 ~ 2.0 mg/L) on the 
extent of shoot induction from juvenile or mature stock 
plants, we found that BAP at a concentration of 1.0 mg/L 
was ideal for the stimulation of shoot induction from apical 
bud explants obtained from juvenile seedlings (5-month-old), 
but had no effect on explants from mature plants. Further 
analysis of the efficacy of three cytokinins for improving 
multiple shoot induction from shoot tip explants found that 
BAP at 1.0 mg/L provided the best results. During plant 
regeneration and soil acclimatization, half-strength MS me-
dium supplemented with 0.5 mg/L IBA resulted in optimal 
initiation and growth of plantlet roots. Plantlets that were 
rooted on the medium with 0.5 mg/L IBA were successfully 
acclimatized on artificial soil with a survival rate of 100%. 
This system for rapid T. mandshurica shoot multiplication 
and regeneration system may find uses in large-scale prop-
agation in support of the honey and timber industries.
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