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ABSTRACT

Tilia amurensis is an economically valuable broadleaf tree species in Northeast China. The production of high-
quality T. amurensis varieties at commercial scales has been greatly limited by the low germination rates. There
is thus a pressing need to develop an organogenesis protocol for in vitro propagation of T. amurensis to alleviate a
shortage of high-quality T. amurensis seedlings. Here, we established a rapid in vitro propagation system for
T. amurensis from mature zygotic embryos and analyzed the effects of plant growth regulators and culture media
in different stages. We found that Woody plant medium (WPM) was the optimal primary culture medium for
mature zygotic embryos. The highest callus induction percentage (68.76%) and number of axillary buds induced
(3.2) were obtained in WPM + 0.89 umol/L 6-benzyladenine (6-BA) + 0.46 pmol/L kinetin (KT) + 0.25 pmol/L
indole-3-butryic acid (IBA) + 1.44 umol/L gibberellin A3 (GA;). The multiple shoot bud development achieved
the highest percentage (83.32%) in the Murashige and Skoog (MS) + 2.22 umol/L 6-BA + 0.25 pmol/L IBA +
1.44 umol/L GA;. The rooting percentage (96.70%) was highest in 1/2 MS medium + 1.48 umol/L IBA. The
survival percentage of transplanting plantlets was 82.22% in soil:vermiculite:perlite (5:3:1). Our study is the first
to establish an effective organogenesis protocol for T. amurensis using mature zygotic embryos.
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1 Introduction

The rapid in vitro propagation of plants can be used to produce plants on commercial scales; the ability
for maternal genetic characteristics to be maintained and plantlets to be produced at any site and in any season
are some of the main advantages of rapid in vitro propagation systems [1-3]. Rapid in vitro propagation
systems are critically important for the preservation of high-quality linden tree germplasm; generally,
these systems are considered useful tools for enhancing the quality of the germplasm of forest trees and
alleviating shortages of high-quality germplasm.
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Tilia amurensis Rupr. is one of the most economically valuable broadleaf tree species in Northeast
China, as well as an important wild nectar source [4,5]; it is classified as a second-grade national
protected tree species in China. 7. amurensis is also used for ornamental purposes in cities and gardens
for its aesthetic features, including its shape and pleasing fragrance. Wild germplasm resources of
T. amurensis are in decline because its seeds show deep dormancy, which affects the maintenance of its
natural populations [4,6]. This, coupled with its low reproductive efficiency and uneven seedling
emergence, poses further challenges to the maintenance of germplasm resources [7]. Given the current
shortage of T. amurensis seedlings, there is an urgent need to develop a rapid in vitro propagation system
for T amurensis to both address this shortage in the short term as well as preserve existing high-quality
resources [6,8].

Linden calli have been induced in different tissues of 7ilia americana L. by Barker as early as 1969 [9];
Chalupa [10] obtained differentiated buds from the axillary buds of Tilia cordata Mill. for the first time in
1987. Adventitious buds were obtained from axillary buds in young branches of 15-year-old 7. cordata
Mill. trees, and these were used to obtain regenerated plants in 1988 [11]. Rapid in vitro propagation has
been used to obtain regenerated plants in several species to date, including 7. cordata Mill., Tilia
platyphyllos Scop., Tilia japonica Simonk., and Tilia miqueliana [11-15]. Few studies have attempted to
establish rapid in vitro propagation systems for 7. amurensis. Differentiated buds have been obtained
from the axillary buds of 2-year-old 7. amurensis plantlets, but regenerated plants could not be obtained
[8]. In addition, Preece et al. [16] and Ren et al. [17] proposed that the formation of callus at the base of
the explant is beneficial for the development of axillary shoots. By contrast, Steephen et al. [18] and
Hristova et al. [19] concluded that the large formation of callus at the base of the explant inhibits the
formation of axillary shoots. The effect of callus formation at the base of the explants on the development
of the axillary shoots on 7. amurensis has not yet been clarified. The establishment of a rapid in vitro
propagation system is one of the major challenges for alleviating the current shortage of T. amurensis
seedlings. The development of an effective tissue culture system for 7. amurensis is essential for
preserving high-quality germplasm and for producing plantlets on a large scale.

Compared to other types of explants, the zygotic embryos are the most desirable source of explants
because they are characterized by abundant availability and convenience of transportation and they are
notably faster and more responsive to in vitro culture [20,21]. Our study aimed to characterize the effects
of different plant growth regulators, including indole-3-butryic acid (IBA), 6-benzyladenine (6-BA),
kinetin (KT), and gibberellin A3 (GA3), and culture media on the formation of callus at the basal cut
ends of shoots, axillary bud formation of shoots, multiple shoot bud induction, and rooting when zygotic
embryos excised from mature seeds were used as explants. Next, we characterized the effects of a
nutrient soil:vermiculite: perlite (5:3:1) mixture on the survival of plantlets. The rapid in vitro propagation
system established in this study could be used for the large-scale propagation of high-quality 7. amurensis
varieties.

2 Materials and Methods

2.1 Materials

Mature 7. amurensis seeds were collected in Jiaohe City, Jilin Province, China in October 2019. After
selecting several mother trees, they were dried in a cool place sheltered from the wind for one week and then
stored at 4°C after the seed coat was removed.

2.2 Effects of Five Basic Media on the Primary Culture of Zygotic Embryos

The peeled 7. amurensis seeds were washed with running water for 2 d, treated with 75% (v/v) alcohol
for 1 min in a laminar flow hood (HDL-APPARATUS, Beijing, China), and then washed three to five times
with sterile water. The washed seeds were disinfected by soaking in 10% (m/v) calcium hypochlorite solution
for 20 min followed by rinsing three to five times with sterile water.
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The disinfected seeds were placed on sterile filter paper to absorb water, the endosperm was removed,
and the zygotic embryo was inoculated on five basic media: Woody plant medium (WPM) [22], Murashige
and Skoog (MS) medium [23], 1/2 MS medium, Schenk and Hildebrandt (SH) medium [24], and Driver and
Kuniyuki (DKW) medium [25]. The zygotic embryo was placed into a 25 ml flask filled with 15 mL of
medium, with one embryo per flask. There were a total of 30 embryos per treatment, and three
replications were performed for each treatment. Measurements of the survival percentage, plantlet height,
root length, number of lateral roots, leaf color, and main stem roughness of plantlets were taken after
28 d of culture.

2.3 Effects of Different Plant Growth Regulators on the Callus Induction and Axillary Bud Formation of

Shoots

Following 28 d of primary culture, the shoots from aseptic 7. amurensis plantlets were cut into pieces of
1.5 to 2.0 cm in length and grown vertically on medium as explants (Fig. 2A). First, WPM was used as the
base medium, followed by 6-BA (0.89, 2.22, or 4.44 umol/L) and IBA (0.05, 0.25, or 0.49 pumol/L) to
identify the optimal preliminary medium for axillary bud induction using a completely randomized block
design with nine treatments. Next, using the identified preliminary optimal medium (WPM + 0.89 pmol/L
6-BA + 0.25 umol/L IBA) as the basic medium, KT (0.23, 0.46, or 0.93 umol/L) and GA; (0.58, 1.44, or
2.89 umol/L)(6-BA, IBA, KT, GA;)(PhytoTechnology, Lenexa, Kansas, United States) were further
added to culture the shoots from the beginning and further identify the optimal axillary bud induction
medium. The explants were cultured in a 240 ml flask filled with 50 mL of medium; each treatment had
50 explants, and three replications were performed. After 50 d, measurements of the basal callus
formation percentage, axillary bud induction percentage, number of adventitious buds, adventitious bud
length, and fresh callus weight were taken.

2.4 Effects of Different Plant Growth Regulators on the Proliferation of Adventitious Buds with Calli

Adventitious buds with calli obtained from the above were used for proliferation culture. The
basal culture media were WPM and MS supplemented with 6-BA (0.89, 2.22, or 4.44 pumol/L), IBA
(0.25 umol/L), and GA5 (0.29, 1.44, or 2.89 umol/L). The explants were cultured in a 240 ml flask filled
with 60 mL of medium; each treatment had 35 explants, with three replications. Measurements of the
multiple shoot bud development percentage [26], number of adventitious shoots, and length of
adventitious shoots were taken for 40 d.

2.5 Effects of Culture Media and Plant Growth Regulator Concentration on Shoot Rooting

Shoots approximately 3 to 4 cm in length from the proliferation culture were inoculated on WPM and
1/2 MS medium supplemented with IBA (0, 0.49, 1.48, 2.46, or 3.94 umol/L). The shoots were cultured in a
240 ml flask filled with 50 mL of medium; each treatment had 30 shoots per treatment, with three
replications. Measurements of the rooting percentage, number of roots, and root length were taken
following 45 d of culture.

2.6 Culture Conditions

The materials obtained above were placed on a medium supplemented with 30 g/L sucrose and 6 g/L.
agar (Jiafeng Gardening Supplies Co., Ltd., Shanghai, China). Before autoclaving (105 Pa at 120°C,
20 min), the pH of the medium was adjusted to 5.8. The temperature of the culture room was 23°C +
2°C; the light intensity was approximately 35 pmol'm >:s '; and all plant materials were subjected to a
16 h/8 h light/dark photoperiod.
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2.7 Acclimation and Transplantation of Regenerated Plants

Following 45 d of rooting, tissue-cultured plantlets were acclimatized to the external environment. First,
multiple small holes were made in a plastic film along the tissue culture flask, and the flask was subjected to a
relative humidity of 65%—75% and temperature of 25°C—28°C for 3 d. The plastic film was removed, and the
rooted plantlets were washed with tap water to remove the remaining medium and transplanted to a soil:
vermiculite: perlite (5:3:1) mixture. The relative humidity of the microenvironment at the beginning of
the transplantation experiment was maintained between 75% and 85%. There were a total of 30 plants
transplanted, and three replicates were performed. Following 30 d of growth, the survival percentage was
calculated.

2.8 Data Analysis

One-way analysis of variance was conducted using SPSS 19.0 software (IBM, New York, NY), and the
statistical significance of differences between groups was determined using Duncan’s multiple range test (p <
0.05).

3 Results

3.1 Effects of Five Basic Media on the Primary Culture of Zygotic Embryos

The leaves of plantlets cultured on WPM were wide and dark green or green, and the main stem of these
plantlets was strong (Fig. 1A). Plantlets that had been grown on the other four media had green or light-green
leaves, relatively thin stems, and few lateral roots (Figs. 1B—1E). The planting percentage was significantly
higher on WPM (70.36%) than on the other four media (p < 0.05) (Table 1). The height and root length of
plantlets (5.31 and 10.37 cm, respectively) were significantly higher on WPM than on the other four media (p
< 0.05). No significant differences in plantlet height were observed among plantlets grown on MS, 1/2 MS,
DKW, and SH medium (p > 0.05). The number of lateral roots of plantlets was significantly higher when they
were grown on WPM (average of 7.03) than on the other four media (p < 0.05). Thus, WPM was the optimal
medium for the primary culture of 7. amurensis zygotic embryos.

Figure 1: Growth status of aseptic 7. amurensis plantlets in five media following 28 d. (A) WPM,
bar = 2 cm; (B) MS, bar = 2 cm; (C) SH, bar = 2 cm; (D) /2 MS, bar = 2 cm; (E) DKW, bar =2 cm

3.2 Effects of Different Plant Growth Regulators on the Basal Callus Induction and Axillary Bud
Formation of Shoots
The formation of callus at the base of explants has a significant impact on the growth of axillary shoots.
Comparing all nine treatments, the axillary bud induction percentage, the basal callus formation percentage,
and basal callus fresh weight of the shoots of plants were significantly higher (24%, 66%, and 437.69 mg,
respectively) when they were cultured on WPM supplemented with 0.89 umol/L 6-BA and 0.25 umol/L IBA
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than in the other eight treatments (Table 2). The basal calli formed included semi-firm and dense calli
(Fig. 2B), loose calli (Fig. 2C), and firm and dense calli (Fig. 2D). The highest number of sprouted
adventitious buds was 1.25, and the average bud length was 0.78 cm (Fig. 2D). No calli at basal cut ends
of explants and axillary bud were formed when the concentration of IBA added was low (0.05 umol/L).
However, when the concentration of IBA added was high (0.25 umol/L), the basal callus formation
percentage and the fresh weight of calli increased as the concentration of 6-BA applied decreased, and
this resulted in a small number of axillary buds.

Table 1: Effects of five basic media on several characteristics of the zygotic embryos of 7. amurensis following
primary culture

Culture Survival percentage of Average plantlet Average root Number of Leaf Main stem
medium type aseptic plantlets (%)  height (cm) length (cm)  lateral roots  color roughness
WPM 7036 £2.81 a 531+£024a 1037+£0.32a 7.03+£0.21 a +++ +++

15 MS 46.20 £4.05 ¢ 426+0.18b 647+£054c 337+£0.15b ++ ++

MS 56.67 £1.65b 441+0.17b 778 +£028b 257+0.15¢c ++ ++

SH 3846+ 1.68d 450+021b 876+0.78b 240+00c + ++

DKW 38.89+385d 425+032b 551+0.79c¢ 2.10+£0.10d + +

Note: All values are mean + standard deviation. Values with different lowercase letters in the same column are significantly different (p < 0.05)
according to Duncan’s multiple range test. +++, dark green/thick; ++ green/general; + light green/slim.

-
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Figure 2: Induced basal calli and axillary buds in 7. amurensis shoots. (A) Shoot explants obtained
from aseptic T. amurensis plantlets, bar = 2 cm; (B) Semi-firm calli at basal cut ends of explants (WPM +
0.89 umol/L 6-BA + 0.25 umol/L IBA), bar = 1 c¢cm; (C) Loose calli at basal cut ends of explants (WPM
+ 0.89 umol/L 6-BA + 0.25 pmol/L IBA), bar = 1 cm; (D) Firm and dense calli at basal cut ends of
explants (WPM + 0.89 umol/L 6-BA + 0.25 pmol/L IBA), bar = 2 c¢cm; (E, F) Axillary bud induced
(WPM + 0.89 pmol/L 6-BA + 0.25 pmol/L IBA + 0.46 pumol/L KT + 1.44 pmol/L GAj3), bar = 2 cm;
(G) Firm and dense calli at basal cut ends of explants (WPM + 0.89 umol/L 6-BA + 0.25 umol/L IBA +
0.46 umol/L KT + 1.44 pumol/L GA;), bar = 2 cm; (H) Adventitious bud differentiation (WPM +
0.89 pmol/L 6-BA + 0.25 umol/L IBA + 0.46 pmol/L KT + 1.44 pmol/L GAj), bar = 3 cm. Red arrows
indicate adventitious shoots
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Table 2: Effects of combinations of different plant growth regulators on the induction of basal calli and the

formation of axillary buds in 7. amurensis shoots

No. 6-BA/ KT/ IBA/ GAs/ The percentage of The percentage of Number of Adventitious Fresh weight of
(umol/L) (umol/L) (umol/L) (umol/L) basal callus axillary bud adventitious bud length basal callus
formation (%) induction (%) buds/plant (cm) (mg/plant)
1 0.89 - 0.05 - 0+0h 0+0j 0+0i 0+0k 0+0m
2 089 - 0.25 - 66.00 £3.46 a 24.00 +2.00 f 1.25+0.06 fg 0.78 £0.06 ] 437.69+7.46h
3089 - 0.49 - 2133+ 1.15f 0+0j 0+0i 0+0k 328.18 £21.63 j
4 222 - 0.05 - 0+0h 0+0j 0+01 0+0k 0+0m
5 222 - 0.25 - 32.67+231e¢ 12.67+1.15h 1.10£0.09 gh 0.72+0.03j 404.84 £7.381i
6 222 - 0.49 - 933+1.15¢g 6.67+1.151 1.00+0h 0.73+0.03j 171.09 +24.18 k
7 444 - 0.05 - 0+0h 0+0j 0+0i 0+0k 0+0m
8 444 - 0.25 - 8.67+2.00 g 773 £ 1.151 1.19+0.17 fg 0.75+£0.1j 15821 +19.49 kI
9 444 0.49 - 0+0h 0+0j 0+01i 0+0k 0+0m
10 0.89 0.23 0.25 - 48.00 £2.00 d 16.00 £2.00 g 1.33£0.04ef 1.11£0.021 667.75+8.07 f
11 0.89 0.46 0.25 - 66.67 £ 4.16 a 3333+3.06b 1.67+0.12d 1.73+0.04 g 706.80 £ 6.88 ¢
12 0.89 0.93 0.25 - 5419+ 144 ¢ 2774 +099de 144+0.05e¢ 1.57+0.03h 618.75+5.12 ¢
13 0.89 0.23 0.25 0.58 52.98 £1.00 ¢ 2650+ 1.33ef 1.77+0.01d 3.17+0.08e 758.13+4.36d
14 0.89 0.46 0.25 0.58 58.67+1.15b 3533+ 1.15b 228+0.01b 476+0.15¢c 845.18+11.89b
15 0.89 0.93 0.25 0.58 54.67 +3.06 ¢ 2933 +231cd 1.68£0.15d 2.49+0.06f 673.87+14.04 f
16 0.89 0.23 0.25 1.44 59.33 £3.06 b 34.67+231b 2.16 £0.08 bc 4.92+0.09b 849.05+6.34b
17 0.89 0.46 0.25 1.44 68.76 £2.62 a 41.87+1.99a 320+025a 550+0.12a 1170.78 +12.94 a
18 0.89 0.93 0.25 1.44 51.65+1.50 ¢ 3047 +£3.14 ¢ 202+023c¢c 337+0.11d 81029 +8.16 ¢
19 0.89 0.23 0.25 2.89 729+122 ¢ 0.00 +0.00 j 0.00+£0.00i 0.00+0.00 k 152.49 +3.76 ki
20 0.89 0.46 0.25 2.89 6.00 £0.00 g 0.00 £ 0.00 j 0.00 +£0.00i 0.00+0.00 k 158.82 +3.72 kI
21 0.89 0.93 0.25 2.89 595+192 ¢ 0.00 +0.00 j 0.00£0.00i 0.00+0.00k 147.84 +4.041

Note: All values are mean + standard deviation. Values with different lowercase letters in the same column are significantly different (p < 0.05)
according to Duncan’s multiple range test.

When both GA3 and KT were added, the optimal medium was WPM + 0.89 pmol/L 6-BA + 0.25 pmol/L

IBA + 0.46 pmol/L KT + 1.44 umol/L. GA;. The basal callus formation percentage was highest on this
medium (68.76%); the basal calli were mostly firm and dense (Fig. 2G); and the fresh weight of the
callus tissue was 1,170.78 mg/plant, suggesting that the combination of 6-BA, IBA, KT, and GA; can
promote basal callus formation. The highest axillary bud induction percentage, maximum number of
differentiated adventitious buds, and maximum plant height were 41.87%, 3.2, and 5.50 cm, respectively
(Figs. 2E-2H). The plantlets grown on the optimal medium were elongated and robust, and their leaves
were bright green. Thus, the optimal medium for callus induction and axillary bud formation of T
amurensis shoots was WPM + 0.89 pmol/L 6-BA + 0.25 umol/L IBA + 0.46 pmol/L KT + 1.44 pmol/L GAs;.

3.3 Effects of Different Media and Plant Growth Regulator Combinations on the Proliferation of

Adventitious Buds

Adventitious bud proliferation was highest on MS + 2.22 umol/L 6-BA + 0.25 umol/L IBA + 1.44 umol/L
GAj;. The multiple shoot bud development percentage, number of adventitious shoots, and length of
adventitious shoots were highest in this treatment (83.32%, 14.32, and 7.91 cm, respectively), and
differences in these three characteristics between this treatment and all other treatments were significant
(p < 0.05) (Table 3). The buds observed were robust and had dark-green leaves (Figs. 3A, 3B). The second
optimal treatment was MS + 2.22 umol/L 6-BA + 0.25 umol/L IBA + 0.29 umol/L GAj3, and the multiple
shoot bud development percentage, number of adventitious shoots, and length of adventitious shoots were
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74.06%, 11.73, and 5.56 cm, respectively. The third optimal treatment was MS + 0.89 umol/LL 6-BA + 0.25
umol/L. IBA + 1.44 umol/L GAj;, and the multiple shoot bud development percentage, number of
adventitious shoots, and length of adventitious shoots were 73.69%, 10.78, and 5.43 cm, respectively.

Table 3: Effects of different media and plant growth regulator combinations on various characteristics of
T. amurensis adventitious bud under proliferation culture

No. Culture 6-BA/(umol/L) IBA/(umol/L) GAs/(umol/L) Multiple shoot bud Number of Shoot length (cm)
medium type development shoots/plant
percentage (%)

1 WPM 0.89 0.25 0.29 38.68+1.44f 513+£0.16 f 2.53+0.151j
2 WPM 0.89 0.25 1.44 4955+ 1.63 ¢ 636+024e 431+0.17d
3 WPM 0.89 0.25 2.89 932+1.29k 296+027) 1.17+£0.0l m
4 WPM 222 0.25 0.29 56.19 £1.65d 647+0.12¢ 338+0.13 g
5 WPM 222 0.25 1.44 7333 £1.65b 836+0.12d 5.68+0.14Db
6 WPM 222 0.25 2.89 13.08+1.48] 317+£0354 1.65+022k
7  WPM 4.44 0.25 0.29 30.76 £+ 0.59 g 425+0.06g 1.66+0.13k
8 WPM 4.44 0.25 1.44 5133 £2.39e¢ 6.15£0.09¢ 3.04+0.02h
9 WPM 4.44 0.25 2.89 1524 £1.65] 324+£0.081i 1.39+0.041m
10 MS 0.89 0.25 0.29 60.95+3.30¢ 629+0.15e¢ 3.77+£0.07f
11 MS 0.89 0.25 1.44 73.69 = 1.68 b 10.78 £0.62¢c 5.43+£0.08 ¢
12 MS 0.89 0.25 2.89 2190 +£1.65h 3.88£0.26 gh 1.58 +0.05 kl
13 MS 222 0.25 0.29 74.06 =2.31 b 11.73+£037b 5.56+0.10 be
14 MS 222 0.25 1.44 83.32£0.46 a 1432 +£0.56a 791+029a
15 MS 222 0.25 2.89 22.38 £ 1.60 h 3.56 £0.20hi 2.66 +0.10 1
16 MS 4.44 0.25 0.29 4952 £ 1.65¢ 509+0.08f 236+0.10]
17 MS 4.44 0.25 1.44 6259 £2.25¢ 8.66+029d 4.02+022¢
18 MS 4.44 0.25 2.89 18.45+2.261 379+ 0.11 gh 1.61 +0.12 kl

Note: All values are mean + standard deviation. Values with different lowercase letters in the same column are significantly different (p < 0.05)
according to Duncan’s multiple range test.

Figure 3: Proliferation of adventitious buds of 7. amurensis. (A—B) The proliferation of adventitious buds,
bar =3 cm

3.4 Effects of Different Basic Media and IBA Concentrations on the Rooting of T. amurensis Plantlets

The rooting percentage (96.70%) and maximum number of roots (2.80) were significantly higher when
plantlets were grown on 1/2 MS + 1.48 umol/L IBA than in the other treatments (p < 0.05) (Figs. 4A, 4B)
(Table 4); the average root length of plantlets in this treatment was 8.32 cm. The second most optimal
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treatment was 1/2 MS + 2.46 pumol/L IBA, and the rooting percentage, maximum number of roots, and
average root length of plantlets in this treatment were 87.12%, 2.32, and 8.30 cm, respectively. The root
length of plantlets grown on WPM + 1.48 pmol/L IBA was 8.91 cm, but no significant difference was
observed in the root length of plantlets grown on this medium and plantlets grown on 1/2 MS +
1.48 pmol/L IBA and 1/2 MS + 2.46 umol/L IBA (p > 0.05); however, the rooting percentage and
maximum number of roots were significantly lower when plantlets were grown on WPM + 1.48 umol/L
IBA than on 1/2 MS + 1.48 pmol/L IBA and 1/2 MS + 2.46 umol/L IBA (p < 0.05). Thus, the optimal
medium for the rooting of 7. amurensis plantlets was 1/2 MS + 1.48 pmol/L IBA because the rooting
percentage and number of roots of plantlets were highest in this treatment and the root system of the
plantlets in this treatment was healthy.

Figure 4: Rooting status of 7. amurensis plantlets. (A, B) Rooting of tissue culture plantlet at 45 d,
bar =2 cm

Table 4: Effects of basic medium and IBA concentration combinations on the rooting of adventitious buds
of T. amurensis

No. Culture medium type IBA/(umol/L) Rooting rate (%) Root length (cm) Number of roots

CK1 WPM 0 1194+ 1.73 g 3.81 £0.08 ¢ 1.28+£0.05f
S1 WPM 0.49 67.68+0.87cd 682+0.64D 1.46 £ 0.18 ef
S2 WPM 1.48 70.69 £2.37 ¢ 891+0.87a 1.70 £ 0.20 d
S3 WPM 2.46 66.67 £1.80d 8.89 £0.69 a 1.57 £ 0.36 de
S4 WPM 3.94 4346 +353 ¢ 578+ 030c 1.27+0.03 f
CK2 172 MS 0 1826+ 1.41 f 3.64 £0.08 e 1.29 £0.08 £
S5 1/2 MS 0.49 70.69 £2.37 ¢ 4.67+0.16d 1.71 £0.14 d
S6 1/2 MS 1.48 96.70 + 0.06 a 832+£0.09a 2.80 £0.09 a
S7 1/2 MS 2.46 87.12£3.08 b 830+£0.07a 2.32+0.02b
S8 1/2 MS 3.94 8538 +1.90b 358+022 e 2.09£0.05¢

Note: All values are mean + standard deviation. Values with different lowercase letters in the same column are significantly different (p < 0.05)
according to Duncan’s multiple range test.

3.5 Cultivation and Transplantation of Regenerated Plantlets

The survival percentage of transplanted plantlets was 82.22% in the soil:vermiculite: perlite (5:3:1)
mixture (Figs. SA-5E).
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Figure 5: Transplantation of 7. amurensis tissue culture-resulted plantlets. (A, B) Rooting of tissue culture-
resulted plantlets, bar = 3 cm; (C) Tissue culture-resulted plantlets following transplantation for 0 d,
bar = 5 cm; (D) Tissue culture-resulted plantlets following transplantation for 7 d, bar = 5 cm; (E) Tissue
culture-resulted plantlets following transplantation for 3 months, bar = 3 cm

4 Discussion

Different plants have different nutritional demands for growth, which might be the reflection of
differences in nutrient absorption. The growth of different plants must confirm a rationally basic medium.
The compositions of the most commonly used basal media, especially MS, 1/2 MS, DKW (B5), and
WPM (1/4 MS) are used to elicit and support various developmental responses [27]. The study by Li
et al. [28] suggested that 1/2 MS medium has a better effect than MS, 1/4 MS, and WPM medium in
culturing Vernicia fordii. In the cultivation of Rosa canina, researchers suggested Van der Salm (VS) has
a better effect than MS medium [29]. In this study, the survival percentage of aseptic plantlets and the
growth status of plantlets varied among the basic media. The WPM medium has a better culture effect
than MS, 1/2 MS, DKW, and SH medium in culturing aseptic plantlets of 7. amurensis. The aseptic
plantlets on WPM had thick stems with thick, dark-green leaves. The planting percentage, shoot height,
root length, and number of lateral roots of plantlets were highest on WPM. Our findings are similar to the
results of a tissue culture study of Paeonia suffruticosa showing that the most suitable medium for the
primary culture of scale buds of ‘Fengdan NL10* is WPM [30].

Several factors can contribute to morphological changes in plant cells, tissues, and organs, and plant
growth regulators have particularly important effects on plant morphology [31,32]. In this study, fewer
basal compact calli formed, fewer axillary buds were differentiated, and the growth of shoots was weak
when only 6-BA and IBA were added to the medium. However, the basal callus formation percentage,
axillary bud induction percentage, number of adventitious buds differentiated, and shoot height were
highest when 0.89 umol/L 6-BA, 0.25 umol/L IBA, 0.46 umol/L KT, and 1.44 umol/L GA; were added
to the medium, and the calli were also hard and dense. This indicates that the combined application of 6-
BA, IBA, KT, and GAj plays a key role in basal callus formation and axillary bud formation. In addition,
the formation of callus at the base of the shoots significantly increased the axillary bud induction
percentage, and several adventitious buds differentiated. Research on tea plants and silver maple has
shown that the formation of basal callus is beneficial for the growth and development of axillary buds
[16,17], which is consistent with the results of our study. By contrast, the formation of basal callus
inhibited the growth and development of axillary buds, and the results of studies of Artemisia



286 Phyton, 2024, vol.93, no.2

chamaemelifolia and Vitex negundo differed [18,19]. This indicates that the effects of the formation of callus
at the base of explants on the growth of the axillary buds vary among plants.

The success of proliferation culture is essential for the establishment of large-scale in vitro propagation
systems. However, the different basic culture media have different effects on the same variety at the same
culture stage [21]. Thus, The selection of an appropriate base medium and concentrations of plant growth
regulators is essential for ensuring the high proliferation of adventitious buds [33,34]. We found that MS
was superior to WPM for proliferation culture. The application of 6-BA, IBA, and GA; promotes the
proliferation process in plants [35,36]. In our study, the most effective medium for the proliferation
culture of 7. amurensis plantlets was MS + 2.22 umol/L 6-BA + 0.25 umol/L IBA + 1.44 umol/L GA;,
as multiple shoot bud development was highest on this medium. In addition, the buds were strong and
bright green, the number of buds was highest, and the adventitious shoots were longest on this medium.
The application of an excessively high or low 6-BA concentration was not effective for the proliferation
culture of 7. amurensis plantlets; the application of an excessively high or low concentration of GA; was
not effective for the proliferation of adventitious buds. These findings indicate that cytokinin is essential
for multiple shoot bud development and that GAj; is necessary for large-scale shoot bud regeneration and
elongation. The combined application of cytokinin and GA3; promotes shoot bud elongation and increases
the multiple shoot bud development percentage. Similarly, the combined application of GA; and
cytokinin promotes shoot bud elongation and multiple shoot bud development in Gymnema sylvestre and
Isodon wightii [26,37].

Several factors affect the formation of the adventitious roots of plants, including plant growth regulators,
culture medium, and the concentrations of inorganic salts [33,34,38]. In our study, Table 4 shows that
different medium and IBA combinations affected the rooting of 7. amurensis plantlets. The optimal
medium for rooting was 1/2 MS + 1.48 pmol/L IBA. In this treatment, the rooting percentage, root
length, and number of main roots were highest. The concentration of IBA and 1/2 MS medium played an
important role in the rooting of 7. amurensis. Lower concentrations of IBA promoted root formation and
growth, and higher concentrations of IBA inhibited root development. Similarly, the optimal media for
the rooting of T. japonica and T. cordata were 1/2 MS + 2.46 pumol/L IBA + 0.27 pmol/L NAA and
1/2 MS + 4.92 umol/L IBA + 1.61 umol/L NAA, respectively [12,14]. In the rooting research of other
plants, the best medium for rooting of Polygonatum cyrtonema Hua explants was: 1/2 MS + 1.00 mg/L
NAA [39]. These results were similar to the results of this study. In addition, the best medium that affects
the rooting of Dracocephalum rupestre Hance explants was: MS + 0.10 mg/L NAA [40]. In previous
studies, we also found that MS medium has a better rooting effect on plants. In further experiments, the
effect of 1/2 MS and MS medium on the rooting of 7. amurensis explants will be discussed in order to
identify a more suitable tissue culture system.

5 Conclusion

In conclusion, we conducted various experiments using zygotic embryos of mature 7. amurensis seeds
as explants to establish an efficient in vitro micropropagation system for 7. amurensis. Our findings revealed
that WPM was the optimal medium for the growth of 7. amurensis zygotic embryos. The optimal medium
for the formation of basal calli and axillary buds was WPM + 0.89 pmol/L 6-BA + 0.25 pmol/L IBA +
0.46 pmol/L KT + 1.44 umol/L GAj;. The optimal medium for adventitious bud proliferation was
MS + 2.22 umol/L 6-BA + 0.25 umol/L IBA + 1.44 pumol/L. GAs. The optimal rooting medium was
1/2 MS + 1.48 umol/L IBA. The survival percentage of transplanting explants in soil:vermiculite:perlite
(5:3:1) was 82.22%. This study laid a solid foundation for the industrialization of asexual multiplication
of plantlets for T amurensis.
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