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ABSTRACT

To establish an efficient regeneration method for the rare and endangered plant Mussaenda anomala to address

problems regarding its reproductive obstacles and scarce populations. In this study, the terminal buds, axillary

buds, stem segments with two axillary buds, stem segments with two axillary buds and one terminal bud, and

leaves of M. anomala were used as explants. The effects of different explants and disinfection methods, plant

growth regulators and substrates on plant regeneration were explored. The following results were obtained:

(1) The terminal bud was a suitable explant for M. anomala tissue culture, and the disinfection method utilized

was treatment with 0.2% HgCl2 for 8 min. (2) Initiate medium: MS basic medium supplemented with 0.5 mg/L

6-BA and 0.2 mg/L IBA for the high germination rate (100%) and the maximum bud height (1.70 cm) of the

terminal bud. (3) Proliferation medium: MS basic medium supplemented with 3.0 mg/L 6-BA and 0.2 mg/L

IBA for a high proliferation rate (96%) and proliferation time (6.0) of terminal buds. (4) Proliferation medium

supplemented with 0.7 mg/L GA3 significantly increased the bud heights of multiple buds. (5) Rooting medium:

MS basic medium supplemented with 0.5 mg/L IBA and 0.5 mg/L IAA for a high rooting rate (88%), root number

(12.0) and root length (5.07 cm). (6) The optimal substrate for seedling acclimation and transplanting was perlite:

vermiculite (1:1), which resulted in the highest survival rate (97%) and plant height (5.89 cm), as well as better

growth potential for seedlings. The surfaces of M. anomala explants are densely covered with trichome, which

increased the difficulty of disinfection; the plant growth regulators directly affected the growth and development

in the regeneration process of M. anomala, and the substrate significantly affected the survival rate and height

growth for seedling acclimation.
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1 Introduction

Mussaenda anomala, an evergreen trailing shrub of the family Rubiaceae and genus Mussaenda, is

only distributed in the Dayao Mountains of Guangxi Province and Southeastern Guizhou Province in

China and is a rare and endangered plant classified for national I key protection [1]. The population is
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extremely small in number and has a narrow distribution. There are 5 sepals on the inflorescence, which grow

to resemble leaves in shape. Its flowers are clustered at the tops of the branches, and the flower colour and

shape are extremely beautiful, with high ornamental value and broad horticultural prospects [1]. Mussaenda

pubescens, a member of the same genus, contains some medicinal ingredients, such as triterpenoid saponins,

cycloartane saponin and flavonoids, which have the effects of relieving heat, cooling the blood and

detoxifying toxins and have been utilized in a variety of medicinal agents [2,3]. However, the study of

the medicinal ingredients of M. anomala is still lacking, mainly due to the scarcity of its population,

which has hindered further exploration. Its elongated calyx tube with densely covered with trichome and

a short, concealed pistil hinder pollination, and the seeds are difficult to obtain in the wild. M. anomala is

a minimal population plant in Guizhou Province and is an important feature of the phytogeography in

this region, an irreplaceable basal source of the regional flora and its biodiversity components, and a

germplasm resource with extensive use and ecological value. Therefore, there is an urgent need to

conserve, rescue and propagate M. anomala at the present time. A previous study obtained a small

number of regenerated plants through cuttings [4]. However, the tissue culture technique has the

advantages of using less material, causing less damage to the mother plant, and featuring a high

reproduction coefficient and a shorter cultivation cycle for M. anomala propagation, with its scarcity of

germplasm resources. However, the establishment of the system is influenced by both internal and

external factors.

The surfaces of young stem segments and leaves of M. anomala are densely covered with elongated

trichomes, which increase the disinfection difficulty, making it challenging to choose a disinfectant type

and concentration. Among them, alcohol, NaClO and HgCl2 are widely used in disinfection processes for

plant tissue culture explants; however, alcohol and NaClO are more damaging to young explants [5]. In

addition, cytokinin and auxin are crucial for the dedifferentiation and redifferentiation of explants [6,7].

Gibberellin promoted internode elongation and the high growth of plant buds [8] and had a significant

effect on bud height growth in tissue cultures of Zenia insignis [9], Camellia sinensis [10], Pyrus spp.

[11] and Dendrobium officinale [12]. Zhang et al. [13] initially investigated a rapid propagation system

using young stem segments as explants for M. anomala, but the proliferation time was only 2; thus,

attempts to establish large-scale and industrialized applications in gardening and forestry have not been

successful. To date, there have also been no reports on the establishment of a mature propagation and

breeding system for M. anomala.

Therefore, on the basis of previous studies, this paper evaluated the effects of different explant types,

disinfection methods, and plant growth regulators on plant regeneration of M. anomala and screened for

the optimal substrate for seedling acclimation, aiming to provide technical support for the establishment

of an efficient and stable regeneration system for M. anomala. The results are of great significance for the

promotion of M. anomala tissue culture technology, propagation, germplasm conservation, potential value

development, and subsequent basic research.

2 Materials and Methods

2.1 Plant Materials

The plant materials were taken from the nursery of Qiandongnan Institute of Forestry in May 2022,

and one-year-old well-grown, disease-free and pest-free branches of M. anomala were collected and

brought back to the laboratory for pretreatment at Guizhou Normal University in Guiyang, Guizhou

Province, China (longitude 106°38′15″, latitude 26°23′19″, altitude 1139 m), which is a subtropical

plateau monsoon humid climate zone with an annual average temperature of 15.8°C and precipitation of

1100 mm.
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2.2 Explants and Disinfection

After pruning the branches, they were transferred to a container filled with 0.01% Tween-80 (Tianjin

Kemiou Chemical Reagent Co., Ltd., Tianjin, China), and the stem segments and leaves were brushed

with a brush and rinsed under tap water for 2 h. Five kinds of explants (Fig. 1), including terminal buds

(a), axillary buds (b), stem segments with two axillary buds (c), stem segments with two axillary buds

and one terminal bud (d), and 1 cm ×1 cm leaves (e), were sterilized with 0.1%–0.2% HgCl2 containing

0.01% Tween-80 for 6, 8, and 10 min, respectively, followed by five rinses in sterile distilled water, and

inoculated into MS medium without plant growth regulators and then placed in an incubator at 25 ± 2°C

with a light intensity of 1200 lux for 16 h/d. The pH value of the medium was adjusted to 5.90 ±

0.1 before sterilization (121°C, 20 min). Thirty explants were inoculated in each treatment, and each

experiment was replicated three times. After 30 days of inoculation, the pollution rate, survival rate and

growth were counted (the same below). The leaf calluses were stained with haematoxylin and observed

and photographed under a DM-3000 microscope (Leica, Germany).

2.3 Initiate Culture in Terminal Buds

The terminal buds of young stem segments ofM. anomalawere used as explants and inoculated into MS

medium containing 30 g/L sucrose, 6 g/L agar, and 0.2 g/L PVP (Chengdu Jinshan Chemical Reagent Co.,

Ltd., Chengdu, China). The effects of 6-BA, KT (0.5, 1.0, 2.0, and 4.0 mg/L), or TDZ (0.1, 0.3, 0.5, 0.7 and

1.0 mg/L) combined with IBA or NAA (0.05, 0.1, 0.2 and 0.4 mg/L) (Shanghai aladdin Biochemical

Technology Co., Ltd., Shanghai, China) on the growth and germination of the terminal buds were

investigated. Each treatment was inoculated with 30 explants, and the experiment was repeated three

times, with plants incubated at 25 ± 2°C, 1200 lux, 16 h/d for 30 d. The growth and germination of

terminal buds were recorded.

2.4 Proliferation Culture in Terminal Buds

The germinated terminal buds as explants were inoculated into MS basic medium supplemented with

different PGRs: 6-BA, KT or TDZ (1.0, 2.0, 3.0, and 4.0 mg/L) in combination with IBA (0.05, 0.1,

0.2 and 0.4 mg/L) for proliferation induction. Each treatment was inoculated with 30 explants, the

experiment was repeated three times, and the growth and germination of terminal buds were recorded at

25 ± 2°C, 1200 lux, and 14 h/d for 45.

2.5 Effect of GA3 on the Height Growth of Multiple Buds

After terminal bud proliferation, the height growth rate was slow, which was not conducive to

further rooting induction. Multiple buds from the experiments described above were cut into single buds

and inoculated into MS basic medium supplemented with 30 g/L sucrose, 6 g/L agar, 0.2 g/L PVP,

3.0 mg/L 6-BA and 0.2 mg/L IBA. The effects of different concentrations of GA3 (0.0, 0.5, 0.7, and

1.0 mg/L) on bud proliferation and height growth were investigated (GA3 was added to the medium by the

filtration sterilization method). Each treatment was inoculated with 30 explants, and the experiment was

Figure 1: Different explant types of M. anomala
Notes: a. Terminal bud; b. Axillary buds; c. Stem segment with two axillary buds; d. Stem segment with two axillary buds and one

terminal bud; e. Young leaf. Bars = 1.0 cm.
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repeated three times. Bud proliferation and height growth were recorded at 25 ± 2°C, 1200 lux, and 14 h/d

for 45 d.

2.6 Rooting Induction

Multiple buds with strong growth and more than 2 cm in height were divided into single buds and

inoculated into 1/2 MS basic medium supplemented with 30 g/L sucrose, 6 g/L agar, 0.2 g/L PVP, and

medium supplemented with different PGRs: IBA (0.0, 0.1, 0.5, 1.0 and 1.5 mg/L) in combination with

IAA (0.0, 0.1, 0.5, 1.0 and 1.5 mg/L) for rooting induction. 30 explants were inoculated in each

treatment, the experiment was repeated three times, and the rooting rate and growth of the buds were

recorded in the incubation at 25 ± 2°C, 1200 lux, 14 h/d for 30 d. The root indicators of the plantlets

were scanned using a root scanner (SCAN-GXY-A, Beijing, China).

2.7 Acclimation

The plantlets were acclimatized for adaptation to the external environment by opening the bottle caps in

the culture room for 7 d, the medium on the roots was cleaned off, and the plantlets were subsequently

transplanted into different substrates (s1: vermiculite; s2: perlite; s3: vermiculite: perlite (1:1, v/v); s4:

vermiculite: perlite: peat (1:1:1, v/v/v)), and there were sterilised with 800X solution of carbendazim for

30 min. 30 plantlets were transplanted for each treatment, and the experiment was repeated three times.

The plants were placed in a greenhouse for insulation and moisturizing management at 18°C–35°C and

55%–80% air humidity. The survival rate and growth of the plants were observed and counted after

transplanting for 60 days.

2.8 Statistics and Analysis of Data

Experimental data were processed using SPSS 25.0 software to determine significant differences by

Tukey’s test (p ≤ 0.05). Graphs were created using the software Origin 19.0 and Photoshop 2018.

Contamination Rate (%) = (Number of contaminated explants/Number of inoculations) × 100%

Proliferation Rate (%) = (Number of proliferative colonies/Number of inoculations) × 100%

Proliferation Times = (Number of proliferative colonies – Number of inoculations)/Number of

inoculations.

3 Results and Analysis

3.1 Explants and Sterilization Methods

The surfaces of the five types of explants in M. anomala were densely covered with trichomes, which

made the sterilization process extremely difficult (Fig. 1). There was a significant difference (p < 0.05) in the

contamination and mortality rates of different explants according to the disinfectants (Table 1); the

contamination and mortality rates of I and II explants were low, V explants were higher, III and IV

explants had a contamination rate of more than 80%; and the mortality rate of II explants was

significantly higher than those of I, III, IV and V (11.50, 14.43, 7.76 and 3.02 times, respectively).

Therefore, the terminal buds were suitable explants for M. anomala tissue culture. In addition, the

contamination rate of the explants showed a decreasing trend with increasing HgCl2 concentration and

time, while the mortality rate showed an increasing trend. Therefore, it was determined that the

appropriate disinfection method was to treat the terminal buds with 0.2% HgCl2 for 8 min and the leaves

with 0.1% HgCl2 for 10 min (Table S1). The calluses were induced by the leaves, which were yellow–

white, loosely arranged, and had prominent nodular structures on their surfaces (Fig. 2). Staining of the

calluses revealed deep obvious nuclei and a tight intercellular arrangement by haematoxylin staining,

exhibiting embryonic callus characteristics (Fig. 2). However, the calluses failed to yield regenerated

plants after a large number of differentiation experiments.
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3.2 Effects of Different PGRs on Terminal Bud Initiate Induction in M. anomala

Treatments of 6-BAwith NAA, KTwith IBA, and TDZ with IBA resulted in relatively poor growth on

terminal buds (Table S2), especially medium supplemented with NAA at different concentrations. A large

number of calluses were induced at the base of the terminal bud, though terminal bud growth deteriorated

with the cultivation process (Fig. 3b,c). There were no significant differences between 6-BA and IBA in

terms of the terminal bud germination rate and leaf length (p > 0.05), though there was a significant

difference in bud height in 16 treatments (p < 0.05) (Table 2). Groups a3 and a5 had the highest bud

heights, and a3 had a longer leaf length, showing strong growth potential and green leaves (Fig. 3a). In

medium supplemented with a high concentration of 6-BA, the terminal bud leaves were yellowish white

and curled easily. Therefore, the medium supplemented with 0.5 mg/L 6-BA and 0.2 mg/L IBA (a3) was

suitable for initiate culture in M. anomala terminal buds.

Table 1: Disinfection effects of the different explant types

No. Explant type Contamination rate/% Mortality rate/%

I Terminal bud 1.97 ± 0.23c 1.97 ± 0.23bc

II Axillary bud 3.33 ± 0.25c 22.65 ± 0.86a

III Stem segment with two axillary buds 86.63 ± 0.89a 1.57 ± 0.28c

IV Stem segment with two axillary buds and one terminal bud 82.48 ± 1.09b 2.92 ± 0.18b

V Blade 48.84 ± 1.10bc 5.06 ± 0.63b
Note: Different letters after the same column of data in the table indicate a significant correlation at the p < 0.05 level, as below.

Figure 2: Cultivation processes of M. anomala explants
Notes: a. Inflorescence in M. anomala; b. Fungal contamination of stem segments with two axillary buds and one terminal bud;

c. Uncontaminated stem segment with two axillary buds and one terminal bud; d. A nodular callus induced from a leaf; e. Micro-

scopic observation of embryonic calluses. Bars = 1.0 cm.

Figure 3: Initiate culture and proliferation induction of M. anomala terminal buds
Notes: a. Terminal bud growth in a 3 medium for 15 d; b. Terminal bud cultured in MS medium supplemented with 1.0 mg/L 6-BA

and 0.05 mg/L NAA for 15 d, which induced a small number of calluses at the base; c. Terminal bud cultured in MS medium

supplemented with 1.0 mg/L 6-BA and 0.2 mg/L NAA for 15 d, which induced a large number of calluses at the base and petiole;

d. Growth of germinating terminal buds in proliferation medium (b11) for 45 d. Bars = 1.0 cm.
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3.3 Effects of the Combination of 6-BA and IBA on the Proliferation Induction of Terminal Buds

There were significant differences between 6-BA and IBA on the proliferation rate and proliferation

times of terminal buds in 16 treatments (p < 0.05). The proliferation rates and proliferation times of b1–

b4 and b5–b8 and the proliferation rates of b9–b12 first increased and then decreased with increasing

IBA concentration, while the proliferation rates of b9–b12 and the proliferation rate and proliferation

times of b13–b16 gradually increased with increasing IBA concentration (Table 3). The proliferation rate

was the highest in b12, followed by b11 and b10, which were higher than 90%; the proliferation times

were the highest in b10 (6.62), followed by b11 (6.0), which were significantly higher than those of b1–

b8 and b12–b16, and the lowest proliferation time was in b8 (1.50). Moreover, the proliferation effects of

terminal buds were extremely good in b9–b12 when the 6-BA concentration was 3.0 mg/L, the leaves

were green, and the buds were vigorous (Fig. 3d). The growth of terminal buds was poor when the 6-BA

concentration was 4.0 mg/L. Therefore, MS medium supplemented with 3.0 mg/L 6-BA and 0.2 mg/L

IBA (b11) was suitable for the proliferation induction of M. anomala terminal buds.

Table 2: Effects of the combinations of 6-BA and IBA at different concentrations on the initiate culture of

terminal buds

No. 6-BA+IBA (mg/L) Bud height/cm Leaf length/cm Germination rate/%

a1 0.5 + 0.05 0.40 ± 0.10g 2.53 ± 0.35a 100a

a2 0.5 + 0.1 0.53 ± 0.06fg 1.87 ± 0.25a 100a

a3 0.5 + 0.2 1.70 ± 0.10a 2.17 ± 0.38a 100a

a4 0.5 + 0.4 1.57 ± 0.25a 2.20 ± 0.35a 100a

a5 1.0 + 0.05 1.70 ± 0.10a 1.97 ± 0.15a 100a

a6 1.0 + 0.1 0.67 ± 0.06efg 1.97 ± 0.31a 100a

a7 1.0 + 0.2 1.00 ± 0.10cde 2.53 ± 0.15a 100a

a8 1.0 + 0.4 0.37 ± 0.06g 1.97 ± 0.21a 100a

a9 2.0 + 0.05 1.50 ± 0.10ab 2.37 ± 0.06a 100a

a10 2.0 + 0.1 0.7 ± 0.00defg 2.47 ± 0.25a 100a

a11 2.0 + 0.2 1.03 ± 0.12cd 2.33 ± 0.15a 100a

a12 2.0 + 0.4 1.17 ± 0.15bc 2.00 ± 0.36a 100a

a13 4.0 + 0.05 0.47 ± 0.06g 2.07 ± 0.31a 100a

a14 4.0 + 0.1 0.87 ± 0.15cdef 1.90 ± 0.10a 100a

a15 4.0 + 0.2 1.13 ± 0.15c 1.80 ± 0.20a 100a

a16 4.0 + 0.4 0.60 ± 0.10fg 1.90 ± 0.26a 100a

Table 3: Effects of different PGRs on the proliferation induction of M. anomala terminal buds

No. 6-BA+IBA (mg/L) Proliferation rate/% Proliferation times

b1 1.0 + 0.05 76.873 ± 1.342a 1.79 ± 0.18c

b2 1.0 + 0.1 88.684 ± 1.583c 2.94 ± 0.33b

b3 1.0 + 0.2 85.672 ± 1.574a 4.12 ± 0.23a

b4 1.0 + 0.4 78.161 ± 1.833a 2.58 ± 0.27c

(Continued)
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3.4 Effects of GA3 on the Proliferation and Height Growth of Terminal Buds

When terminal buds proliferate, their height growth is slow, and they need to stay in the strong seedling

stage for a longer time, thus delaying the rooting culture process and prolonging the culture time. Compared

with the control (b11), medium supplemented with GA3 could significantly increase the bud height, but there

was no significant difference in the proliferation rate (Fig. 4); the bud height first increased and then

decreased with increasing GA3 concentration and was highest in b11-2, which was 1.54 times that of b11

(Fig. 5). Therefore, medium supplemented with 3.0 mg/L 6-BA, 0.2 mg/L IBA, and 0.7 mg/L GA3 was

suitable for the height growth induction of M. anomala terminal buds.

Table 3 (continued)

No. 6-BA+IBA (mg/L) Proliferation rate/% Proliferation times

b5 2.0 + 0.05 52.904 ± 2.522d 1.61 ± 0.31c

b6 2.0 + 0.1 60.592 ± 1.965c 3.33 ± 0.58b

b7 2.0 + 0.2 64.104 ± 1.225c 1.87 ± 0.15c

b8 2.0 + 0.4 25.980 ± 1.741e 1.50 ± 0.20c

b9 3.0 + 0.05 87.779 ± 1.574b 5.71 ± 0.26a

b10 3.0 + 0.1 94.209 ± 1.400a 6.62 ± 0.54a

b11 3.0 + 0.2 96.389 ± 0.482a 6.00 ± 1.00a

b12 3.0 + 0.4 97.429 ± 1.499a 3.81 ± 0.24b

b13 4.0 + 0.05 82.352 ± 1.645b 2.23 ± 0.20c

b14 4.0 + 0.1 78.473 ± 1.902b 2.61 ± 0.30a

b15 4.0 + 0.2 83.226 ± 1.860d 2.60 ± 0.21a

b16 4.0 + 0.4 85.187 ± 1.815a 2.83 ± 0.19c

Figure 4: Effects of different concentrations of GA3 on the height growth of terminal buds

Phyton, 2024, vol.93, no.10 2603



3.5 Rooting Induction in Proliferating Seedlings

The rooting rate, root number and root length were significantly different (p < 0.05) in the 25 treatments

(Table 4). Compared with the control (c0), the rooting rate and root number of c1–c24 were higher than those

of c0. The rooting rate was the highest in c8, followed by c12 and c9 (>80%), which were 71.91%, 71.35%,

and 66.35% higher than that of c0, respectively. The root number was the highest at c12, followed by c7, c11,

and c20 (>11), which were 5.15, 5.04, 4.94, and 4.86 times higher than that of c0, respectively. In contrast,

the root length was the highest in c0 and significantly higher than those in c1–c24, while c12, c10, c6, and

c13 had longer root lengths, and the root lengths of c15–c24 were shorter at relatively high concentrations of

auxin. These results indicated that medium supplemented with IBA and IAA promoted the rooting rate and

root number in multiple buds, and high auxin concentrations were unfavourable to root elongation. It is worth

noting that the adventitious roots extended out of the medium against root geotropism and grew upwards

with prolonged culture time during rooting induction (Fig. 6). A comprehensive analysis revealed that

medium supplemented with 0.5 mg/L IBA and 0.5 mg/L IAA (c12) was suitable for rooting induction of

M. anomala multiple buds.

Figure 5: Effects of different concentrations of GA3 on the high growth of terminal buds during

proliferation. Bars = 2.0 cm

Table 4: Effects of IBA and IAA combinations on rooting of M. anomala multiple buds

No. IBA+IAA (mg/L) Rooting rate/% Root number Root length/cm

c0 0.0 + 0.0 16.98 ± 2.87g 2.33 ± 0.29k 7.07 ± 1.01a

c1 0.0 + 0.1 63.68 ± 8.52abcd 6.33 ± 0.58efghij 4.07 ± 0.73bcd

c2 0.0 + 0.5 65.74 ± 9.76abcd 6.58 ± 0.51efghi 4.18 ± 0.52bcd

c3 0.0 + 1.0 28.54 ± 4.31fg 3.50 ± 0.50ijk 3.13 ± 0.60def

c4 0.0 + 1.5 31.94 ± 6.36efg 3.63 ± 0.48ijk 4.18 ± 0.66bcd

c5 0.1 + 0.0 60.04 ± 5.86bcde 3.30 ± 0.61jk 3.38 ± 0.62cdef

c6 0.1 + 0.1 65.83 ± 8.04abcd 5.00 ± 1.00ghijk 4.93 ± 0.85b

c7 0.1 + 0.5 70.75 ± 4.17abcd 11.33 ± 1.53ab 3.70 ± 0.69bcde

c8 0.1 + 1.0 88.89 ± 9.07a 7.00 ± 1.00defgh 4.62 ± 0.39bc

c9 0.1 + 1.5 83.33 ± 5.56abc 9.33 ± 1.53abcde 3.00 ± 0.54def

c10 0.5 + 0.0 70.37 ± 11.56abcd 6.09 ± 0.94fghij 5.01 ± 0.86b

c11 0.5 + 0.1 78.86 ± 12.83abcd 11.60 ± 1.82a 3.13 ± 0.35def

c12 0.5 + 0.5 88.33 ± 12.58ab 12.00 ± 2.24a 5.01 ± 0.89b

c13 0.5 + 1.0 77.78 ± 11.11abcd 10.00 ± 0.58abcd 4.88 ± 0.82b

c14 0.5 + 1.5 58.89 ± 8.39cde 8.00 ± 0.89cdefg 2.87 ± 0.36defg

(Continued)
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3.6 Acclimatization

There were significant differences in the survival rates and plant heights of the seedlings in the 4 types of

transplantation substrates (p < 0.05) (Table 5). Among them, the survival rate and plant height were the

highest in s3, and the survival rate of s3 was significantly higher than those of s1 and s4, while the plant

height of s3 was significantly higher than those of s1, s3 and s4, and s3 and s4 seedlings had better

growth potentials and green leaves (Fig. 7). Therefore, it can be concluded that perlite: vermiculite (1:1,

v/v) was a suitable mixed substrate for seedling acclimatization and transplanting.

Table 4 (continued)

No. IBA+IAA (mg/L) Rooting rate/% Root number Root length/cm

c15 1.0 + 0.0 57.45 ± 3.23cde 2.60 ± 0.49k 1.40 ± 0.10h

c16 1.0 + 0.1 64.14 ± 7.75abcd 3.70 ± 0.67ijk 2.58 ± 0.36efgh

c17 1.0 + 0.5 59.72 ± 8.67cde 6.40 ± 1.26efghi 1.47 ± 0.25h

c18 1.0 + 1.0 63.89 ± 12.73abcd 10.86 ± 1.07abc 1.32 ± 0.10h

c19 1.0 + 1.5 65.83 ± 10.37abcd 5.85 ± 0.99fghij 2.12 ± 0.39fgh

c20 1.5 + 0.0 77.12 ± 11.26abcd 11.50 ± 1.93ab 2.18 ± 0.35fgh

c21 1.5 + 0.1 71.79 ± 9.27abcd 4.80 ± 0.91hijk 2.15 ± 0.29fgh

c22 1.5 + 0.5 76.47 ± 12.71abcd 6.33 ± 0.61efghij 1.45 ± 0.21h

c23 1.5 + 1.0 62.13 ± 8.21abcd 10.63 ± 1.21abc 2.03 ± 0.35fgh

c24 1.5 + 1.5 52.25 ± 6.94def 8.50 ± 1.08bcdef 1.53 ± 0.25gh

Figure 6: Rooting induction processes of M. anomala multiple buds
Notes: a. Multiple buds were incubated in c12 for 13 d; b. Multiple buds were incubated in c12 for 21 d; c. Multiple buds were

incubated in c12 for 48 d; d. Root system analysis of regenerated plants. Bars = 1.0 cm.

Table 5: Influence of different substrates on seedling acclimatization and transplantation

No. Transplantation substrate Survival rate/% Plant height/cm

s1 Vermiculite 87.47 ± 0.79b 3.40 ± 0.65c

s2 Perlite 93.31 ± 0.45a 2.83 ± 0.52c

s3 Perlite: vermiculite (1:1, v/v) 97.17 ± 2.78a 5.89 ± 0.71a

s4 Perlite: vermiculite: peat (1:1:1, v/v/v) 87.79 ± 2.43b 4.91 ± 0.43b
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4 Discussion

4.1 Explants and Sterilization

The types and disinfection methods of explants are the main factors influencing the success of plant

tissue culture technology and are of great significance for the establishment of a tissue culture system to

select disinfection methods for difficult explants [14,15]. The surfaces of stem segments, leaves and buds

for M. anomala are densely covered with trichomes, and a large number of small air bubbles adhere to

the explant surface when they are sterilized in disinfectant solutions, which makes it extremely difficult to

sterilize the explants due to the small surface tension of these bubbles, as the disinfectant solutions cannot

saturate the area. To solve this problem, the disinfectant solutions contained different concentrations of

antifoaming agent for explant disinfection; however, the solutions failed to reduce the contamination rate,

and further mixing the explants and the disinfectant solution in different intensities of ultrasonic treatment

resulted in the death of most of the explants. It was found that tender explants were successfully

disinfected with 75% alcohol or 2% NaClO, though the surfaces of the explants gradually turned brown

and deepened after inoculation for 2 h, and the mortality rate was higher. The disinfection effect of HgCl2
alone was better, and the terminal buds were disinfected with 0.2% HgCl2 for 8 min, showing a higher

germination rate and lower contamination. Similar results were found in Mussaenda erythrophylla [16],

Juglans regia [17] and Platycladus orientalis [18], while the treatment of leaves with 0.1% HgCl2 for

10 min was a suitable disinfection method, but the embryonic calluses induced by the leaves failed to

differentiate in differentiation medium, a finding that should be further investigated. However, Das et al.

[19] verified somatic embryogenesis and development into whole plants, in callus originating from

internodes of M. erythrophylla.

4.2 Effects of Different PGRs on Initial Culture

In the initial culture stage, cytokinin and auxin play important roles in explant growth and development

[6,7]. In this study, we found that a large number of calluses could be induced by terminal bud inoculation in

medium supplemented with NAA, indicating that the callus induction of M. anomala is extremely sensitive

to NAA. In fact, NAA has been proven to be effective in the induction of callus formation in a variety of

plants, such as Eucalyptus robusta [20], Moringa oleifera [21], Paeonia suffruticosa [22], Paeonia

lactiflora [23] and Asparagus officinalis [24], because the application of exogenous PGRs alters the levels

of other endogenous hormones and influences plant developmental processes [25]. Fehér [26] reported

that NAA has a dual role in the initiation of calluses and somatic embryos, one related to auxin signal

transduction and the other related to the stress response, which can alter the endogenous auxin content.

However, the addition of NAA to the culture medium reduced the number of shoots [27]. The germinated

terminal buds had poor growth, and the leaves curled significantly with continued culture. In contrast, the

combination of 6-BA and IBA had a better effect on top bud germination than the other combinations.

Figure 7: Acclimatization and transplantation process of M. anomala seedlings
Notes: a. The seedlings were transplanted into perlite: vermiculite (1:1, v/v) for 1 d; b. The seedlings were transplanted into perlite:

vermiculite (1:1, v/v) for 32 d; c. The seedlings were repotted 45 d after transplantation; d. The 60th day after the seedlings were

repotted. Bars = 2.5 cm.
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One possible mechanism for these results is the regulatory input of the auxin precursor indole-3-butyrate

(IBA) into the active auxin IAA library, which regulates plant cell division and cell proliferation. One of

the mechanisms may involve the regulated input of the auxin precursor indole-3-butyric acid (IBA) to the

active auxin IAA pool, which regulates plant cell division and proliferation [28].

4.3 Effects of Different PGRs on Adventitious Buds Proliferation

In the proliferation stage, 6-BA promoted the differentiation of adventitious buds, and the terminal bud

proliferation rates and times increased continuously with increasing cytokinin concentration and were

highest in medium supplemented with 3.0 mg/L 6-BA and 0.2 mg/L IBA. Aygun et al. [29] reported that

the bud proliferation rates of Pyrus ussuriensis were the highest (>80%) in medium supplemented with

9.0 µM BA and 0.5 µM IBA. Similarly, the buds of Garcinia mangostana formed a large number of

multiple buds on MS medium supplemented with 5.0 µM 6-BAP and 1.0 µM IBA [30]. Maximum shoot

proliferation rates were achieved on medium containing 1.5–2.0 mg/L BA, 50 mg/L ADS, and 0.25 mg/L

IAA in the culture of Mussaenda [31]. However, the height growth of multiple buds was slow during M.

anomala proliferation, which was not conducive to rooting induction and hindered the rapid propagation

process. Gibberellins, which were discovered in the 1930s, promote cell proliferation and division and are

important PGRs in the process of plant growth and development. They are synthesized via the terpene

route from geranylgeranyl diphosphate and feature a basic structure formed by an ent-gibberellane

tetracyclic skeleton. To date, more than 130 types of gibberellins have been identified [32]; among them,

only four have biological activity (GA1, GA3, GA4, and GA7), and GA3 acts as a natural PGR,

regulating stem elongation, seed germination, and increased fruit size [33]. In this study, the heights of

multiple buds first increased and then decreased with increasing GA3 concentration and were highest at

0.7 mg/L GA3 (>3.5 cm). Similarly, the bud elongation rate of Glycine max was affected by different

GA3 concentrations, and bud elongation rates of 34% and 26% were achieved when using the

combination of 1.0 mg/L GA3 and 0.1 mg/L IAA for Jack Purple and Tianlong 1, respectively [34].

Regenerated buds of Zenia insignis elongated successfully in medium containing 1.20 μM GA3 [9]. This

is related to the fact that GA3 induces the upregulated expression of the NAC and MYB transcription

factors CESA, PAL, and GA oxidase, which are related to secondary wall biosynthesis [8], and increases

the activity of cell wall-transforming enzymes [35], which trigger plant lignification and stem elongation.

In contrast, GA3 negatively affected the number and length of buds and generally caused the generation

of red leaves in Pyrus boissieriana. [11], which may be related to the differences in sensitivity to GA3 in

different tree species.

4.4 Effects of Different PGRs on Adventitious Buds Rooting

In the rooting stage, the addition of exogenous auxin can effectively promote the induction of

adventitious rooting and improve the rooting quality of seedlings [36]. However, there are significant

differences in the types and concentrations of auxin for rooting induction in different plants. In this study,

it was found that the combination of 0.5 mg/L IBA and 0.5 mg/L IAA had a better effect on inducing

adventitious rooting than IBA or IAA alone and was a suitable medium for adventitious rooting induction

in M. anomala. Similar findings have been reported in Monochasma savatieri [37]. A possible

mechanism explaining this effect is that exogenous auxin affects the endogenous auxin content [38],

while IAA is a predominant form of active auxin in plants. In addition to de novo biosynthesis and

release from its conjugate forms, IAA can be converted from its precursor IBA [39]. IBA, as an

endogenous storage auxin, is essential for maintaining appropriate IAA levels, thereby influencing

primary root elongation and lateral root development [40]. Medium supplemented with high

concentrations of auxin inhibited the root elongation of multiple buds, which may be related to auxin-

stimulated ethylene production, and its synergistic effect reduced the cell length in the epidermal layer

and thus inhibited root elongation [41]. In addition, we found that a large number of adventitious roots
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could break through the medium and grow upwards against geotropism during the rooting process, which

may be related to conditions in the culture environment, such as humidity, light intensity, and medium

composition. This phenomenon needs to be further investigated.

4.5 Acclimatization

Acclimatization and transplantation are the keys to obtaining viable regenerated plants, and substrates

that are loose and breathable, with water retention and fertilizer preservation properties are the basis for

cultivating high-quality seedlings and play important roles in strengthening, preserving and promoting the

roots of seedlings [42]. The physical properties of different substrates are different: nutrient soil has high

organic matter content, rich mineral elements, and reasonable soil structure but with more microbial

species; perlite has good aeration and drainage capacity, but its water retention capacity is average;

vermiculite is light and porous, with good aeration, water absorption, and water-holding capacity, as well

as containing Mg2+ and K+ that can be absorbed and utilized by plants [43,44]. Therefore, each substrate

can be mixed in certain proportions according to plant needs so that it has good physical properties (i.e.,

less dense, appropriate porosity and permeability) and suitable chemical properties (i.e., suitable nutrients

and an acid-base environment) to promote the growth and development of plants [42,45]. This study

showed that the survival rate and plant height of plantlets were the highest and that the growth was better

using a mixed substrate of perlite: vermiculite (1:1, v/v). Similar results were reported in Ribes nigrum

[46], while regenerated seedlings of Pseudocydonia inensis [47], Vernicia fordii [48] and Pongamia pinna

[49] had higher survival rates in different proportions of nutrient soil, vermiculite and perlite. The results

indicated that different plants had different substrate requirements.

5 Conclusion

Terminal buds were used as suitable explants for an efficient regeneration system for M. anomala. The

surfaces of explants were densely covered with trichomes, which increased the disinfection difficulty, and the

best disinfection treatment for the terminal buds was 0.2% HgCl2 for 8 min. Plant growth regulators directly

affected growth and development in the regeneration process of M. anomala. In initiate medium: MS basic

medium supplemented with 0.5 mg/L 6-BA and 0.2 mg/L IBA for the high germination rate (100%) and the

maximum bud height (1.70 cm) of the terminal bud. In proliferation medium: MS basic medium

supplemented with 3.0 mg/L 6-BA and 0.2 mg/L IBA for a high proliferation rate (96%) and

proliferation time (6.0) of terminal buds. Proliferation medium supplemented with 0.7 mg/L GA3

significantly increased the bud heights of multiple buds. In Rooting medium: MS basic medium

supplemented with 0.5 mg/L IBA and 0.5 mg/L IAA for a high rooting rate (88%), root number (12.0)

and root length (5.07 cm). The optimal substrate for seedling acclimation and transplanting was perlite:

vermiculite (1:1), which resulted in the highest survival rate (97%) and plant height (5.89 cm). The

results are of great significance for the promotion of M. anomala tissue culture technology, propagation,

germplasm conservation, potential value development, and subsequent basic research.
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