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Abstract: This study aimed to explore the effects of different concentrations of indole-3-acetic acid
(IAA), indole-3-butyric acid (IBA), and indene-naphthaleneacetic acid (ABT-1) on the rooting and
dynamic changes of the endogenous hormone content of Australian Mulberry (vegetable Mulberry)
and Kirin mulberry (Fruit Mulberry) hardwood cuttings. As exhibited by the results, the rooting
process of both vegetable mulberry and fruit mulberry could be divided into three stages, namely
the initiation stage (1–18 days), the callus formation stage (18–28 days), and the adventitious root
formation and elongation stage (28–48 days). The two treatments with 1000 mg·L−1 ABT-1 and
500 mg·L−1 ABT-1 achieved the highest rooting efficiencies of vegetable mulberry and fruit mulberry,
significantly higher than those of other treatments (p < 0.01), with average rooting rates of 63.3%
and 68.7%, and rooting efficiency indices of 25.3 and 34.3, respectively. During the rooting process,
the contents of endogenous IAA and zeatin riboside (ZR) and the ratios of IAA/ABA and IAA/ZR
presented a trend of decreasing before increasing, while the abscisic acid (ABA) and jasmonic acid (JA)
contents exhibited a trend of increasing before decreasing, and the gibberellin (GA3), strigolactone
(SL), and IBA contents showed a continuous decreasing trend. Hence, ABT-1 was effective in inducing
the synthesis of IAA, IBA, JA, and SL, reducing the contents of ABA, ZR, and GA3, and promoting the
rooting of vegetable mulberry and fruit mulberry cuttings. For fruit mulberry and vegetable mulberry
cuttings, the optimal concentrations of ABT-1 were 500 mg·L−1 and 1000 mg·L−1, respectively,
demonstrating applicability for the efficient propagation of Morus alba L. cuttings.

Keywords: growth hormones; Morus alba L.; hardwood cuttings; endogenous hormones

1. Introduction

As a deciduous tree of the genus Morus in the family Moraceae, Morus alba L. [1]
derives from northern and central China. Characterized by drought resistance, barren
land tolerance„ waterlogging resistance, cold tolerance, and strong adaptability to soil,
Morus alba L. is an excellent timber, as well as environmental protection and economic tree
species [2]. In addition, as a valuable plant, Morus alba L. can be used both medicinally and
as a food source, with its fruit, leaves, branches, and roots being highly prized. Furthermore,
known as the “Chinese holy tree”, Morus alba L. has been listed by the Ministry of Health
as a dual-purpose plant for food and medicine on account of its high development and
utilization value [2]. Following the promotion of scientific and technological innovation in
the sericulture industry, this industry is gradually developing towards a diversified and
multi-purpose direction, including fruit mulberry, vegetable mulberry, medicinal mulberry,
and ecological feed mulberry [3]. In view of the large demand for Morus alba L. seedlings,
it is essential to develop asexual propagation techniques, especially cutting propagation
techniques, thereby ensuring high-quality seedlings [4].

Cutting propagation has many advantages, such as easy access to materials, simple op-
eration, short seedling cycle, and low cost [5]. As discovered by most studies, plant growth
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hormones can greatly promote the rooting rate of cutting propagation [6–10]. Indole-3-
acetic acid (IAA) [9], indole-3-butyric acid (IBA) [11], and indene-naphthaleneacetic acid
(ABT-1) [12] (Table 1) are widely employed in the rooting of plant cuttings. Hormone
treatment has been found to accelerate the rooting of cuttings of various plants such as
camptotheca acuminata [13], Cyclocarya paliurus [14], Picea abies (L.) Karst [15] and Malus
hupehensis [9]. As exhibited by numerous studies, the dynamic balance of endogenous hor-
mones in cuttings is crucial for the formation of adventitious roots [16], and exogenous plant
growth hormones can regulate the balance of endogenous hormones in cuttings [17]. For
instance, during critical periods of adventitious root formation in Sapindus mukorossi [18],
Picea abies [19] and Tamarix taklamakanensis [20], various endogenous hormones show dy-
namic change, thus enhancing rooting of cuttings. Nonetheless, there are few studies on
the dynamic change of endogenous hormone content in Morus alba L. cuttings resulted by
growth hormones, and the mechanism of the correlation between Morus alba L. cuttings
and endogenous hormones is still unclear. Hence, to clarify the inherent mechanism of
Morus alba L. cuttings rooting, we conduct studies on Morus alba L. cuttings and explore the
relationship between growth hormones and endogenous hormones in rooting of cuttings.

Table 1. Introduction to plant growth hormones.

Type of Growth Hormones Name Molecular Formula Molecular Structure Formula

IAA Indole-3-acetic acid C10H9NO2
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Note: Indene-naphthaleneacetic acid (ABT-1) is made from a mixture of plant hormones, so the formula is not
specified. Indene-naphthaleneacetic acid (ABT-1) contains 50% active ingredients, including α-Naphthalene acetic
acid (NAA) 20% and Indole-3-acetic acid (IAA) 30%.

2. Materials and Methods

In this study, a new variety of Australian Mulberry (vegetable Mulberry) introduced
from McLaren Vale in 2016 and a new variety of Kirin mulberry (Fruit Mulberry) intro-
duced from China Agricultural University in 2018 were selected as study objects, and
rooting responses of vegetable mulberry and fruit mulberry hardwood cuttings to different
concentrations of growth hormones and endogenous hormones were explored, thereby
screening for high-efficiency cutting schemes for large-scale and rapid propagation of
vegetable mulberry and fruit mulberry.

2.1. Study Site and Materials

The study was conducted from 24 March to 9 May 2021 at the Morus alba L. cultivation
base in Mawuzhai village, Laiji town, Xinmi city, Henan province (113◦29′ E, 34◦28′ N).
Mawuzhai village is located in an area with a sub-tropical monsoon climate characterized
by distinct seasons, abundant rainfall, humid air, and yellow–brown soil. The 3-year-old
healthy and vigorous vegetable and fruit mulberry trees were chosen as the mother plants
for cuttings. In March of the same year, disease-free, strong, and full-budded 1-year-old
branches were cut from the mother plants. One week before the cuttings, an 800-fold dilution
of a 50% wettable powder of carbendazim (Lanfeng Bio-Chemical Co., Ltd., Xuzhou, China)
was uniformly sprayed on the substrate, followed by drying in the sun.
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2.2. Study Methods
2.2.1. Study of Cuttings

In this study, a randomized complete block design was adopted, and a total of 26 treatment
groups were included, with three replicates per group and 50 cuttings per replicate. A
total of 3900 cuttings were required. The cuttings were uniform in thickness and length,
with a diameter between 0.6–0.8 cm and a length between 12–15 cm. The upper end of the
cutting was trimmed flat, and the lower end was cut at a 45◦ angle. In total, 50 cuttings
were selected for each group, followed by soaking in an 800-fold dilution of a 50% wettable
powder of carbendazim for 1 min at the base and three growth regulators, namely ABT-1
(Abiti Biotechnology Co., Ltd., Beijing, China), IAA, and IBA (Solaibao Technology Co.,
Ltd., Beijing, China) with 99% purity. Furthermore, 100% alcohol was used for dissolving
IAA, IBA, and ABT-1 at 0.2 g, 0.5 g, 1 g and 1.5 g, respectively, and then 1 L of water
was employed to dilute them to concentrations of 200, 500, 1000, and 1500 mg·L−1 [21],
respectively, followed by soaking the base of cuttings for 4 h. The specific study design
is exhibited in Tables 2 and 3. The cuttings were inserted into the substrate to a depth
of approximately 7–8 cm, with a spacing of 10 cm between every two cuttings, and the
cuttings were maintained slanted downwards with the buds facing upwards. Successively,
the soil was compacted and watered, thereby guaranteeing close contact between the
cutting base and the substrate and ensuring adequate water supply. Every 9 days after the
cuttings, carbendazim was sprayed with an 800-fold dilution for disinfection, and field
water management was needed, aiming at keeping the soil moisture at around 50% and
removing weeds manually at proper time.

Table 2. Treatment of three plant growth hormones on vegetable mulberry cuttings.

Treatment Type of Growth Hormones Quality Concentration of Growth
Hormones/(mg·L−1)

CK1 N.A. N.A.

A1 ABT-1 200

A2 500

A3 1000

A4 1500

A5 IAA 200

A6 500

A7 1000

A8 1500

A9 IBA 200

A10 500

A11 1000

A12 1500

Note: CK1: the vegetable mulberry cuttings control group. A1: the treatment group with 200 mg·L−1 ABT-1, A2:
the treatment group with 500 mg·L−1 ABT-1, A3: the treatment group with 1000 mg·L−1 ABT-1, A4: the treatment
group with 1500 mg·L−1 ABT-1, A5: the treatment group with 200 mg·L−1 IAA, A6: the treatment group with
500 mg·L−1 IAA, A7: the treatment group with 1000 mg·L−1 IAA, A8: the treatment group with 1500 mg·L−1

IAA, A9: the treatment group with 200 mg·L−1 IBA, A10: the treatment group with 500 mg·L−1 IBA, A11: the
treatment group with 1000 mg·L−1 IBA, A12: the treatment group with 1500 mg·L−1 IBA.

2.2.2. Observation and Statistical Analysis of Rooting Morphology

The first sampling was performed on the day after the cuttings, and subsequent sam-
plings were conducted every 9 days. After being randomly sampled from each treatment,
5 cuttings were washed with water, and the bark was peeled off within 2 cm of the base.
Afterwards, the samples were stored in a−80 ◦C ultra-low temperature freezer for determin-
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ing the endogenous hormone content. At the sixth sampling, all cuttings were pulled out,
thereby exploring number of rooted cuttings, number of roots per cutting, and root length.

Rooting rate = number of rooted cuttings/total number of cuttings × 100%

Average number of roots = sum of the number of roots/total number of cuttings

Average root length = sum of root length/total number of cuttings

Root system effectiveness index = (rooting rate × average number of roots) × average
root length [22].

Table 3. Treatment of three plant growth hormones on fruit mulberry cuttings.

Treatment Type of Growth Hormones Quality Concentration of Growth
Hormones/(mg·L−1)

CK2 N.A. N.A.

B1 ABT-1 200

B2 500

B3 1000

B4 1500

B5 IAA 200

B6 500

B7 1000

B8 1500

B9 IBA 200

B10 500

B11 1000

B12 1500

Note: CK2: the fruit mulberry cuttings control group. B1: the treatment group with 200 mg·L−1 ABT-1, B2: the
treatment group with 500 mg·L−1 ABT-1, B3: the treatment group with 1000 mg·L−1 ABT-1, B4: the treatment
group with 1500 mg·L−1 ABT-1, B5: the treatment group with 200 mg·L−1 IAA, B6: the treatment group with
500 mg·L−1 IAA, B7: the treatment group with 1000 mg·L−1 IAA, B8: the treatment group with 1500 mg·L−1 IAA,
B9: the treatment group with 200 mg·L−1 IBA, B10: the treatment group with 500 mg·L−1 IBA, B11: the treatment
group with 1000 mg·L−1 IBA, B12: the treatment group with 1500 mg·L−1 IBA.

2.2.3. Determination of Endogenous Hormone Content

High-performance liquid chromatography—mass spectrometry (HPLC—MS) (Aibo
CAISI Analytical Instrument Trading Co., Ltd., Shanghai, China) was employed for the
determination [23] (The column, Waters ACQUITY HPLC HSS T3 C18 (100 mm × 2.1 mm
i.d., 1.8 µm). Methanol and 0.1 mol/L−1 acetic acid were deemed as the mobile phase
for gradient elution, and the contents of IAA, abscisic acid (ABA), zeatin riboside (ZR),
gibberellin (GA3), jasmonic acid (JA), strigolactone (SL), and IBA were determined at
254 nm for the vegetable mulberry cuttings control group (CK1), the vegetable mulberry
cuttings treatment groups with 200 mg·L−1 ABT-1 (A1), 500 mg·L−1 ABT-1 (A2) and
1000 mg·L−1 ABT-1 (A3), and the fruit mulberry cuttings control group (CK2), the fruit
mulberry cuttings treatment groups with 200 mg·L−1 ABT-1 (B1), 500 mg·L−1 ABT-1 (B2)
and 1000 mg·L−1 ABT-1 (B3) on days 1, 28, and 48, respectively. The study was repeated
three times.

2.3. Data Processing

Statistical analysis and organization were applied to the study data using Microsoft
Excel 2016, and SPSS 25.0 software was also employed for statistical analysis. Origin
2021 was adopted for drawing. The least significant difference (LSD) method was used
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for multiple comparisons, and two-way analysis of variance was performed for different
concentrations and types of plant growth hormones.

3. Results
3.1. Observation of Rooting Progress of Vegetable Mulberry and Fruit Mulberry

As revealed by observation, for the treatment groups of both vegetable mulberry
(Figure 1) and fruit mulberry (Figure 2), the incision at the base began to swell and crack
to produce callus tissue at 18 days after the cuttings, and adventitious roots started to
form and emerge from the bark between 18–28 days after the cuttings. From 28 to 48 days
after the cuttings, numerous adventitious roots were generated and continued to elongate.
Compared with the treatment group, the control group of vegetable mulberry and fruit
mulberry cuttings exhibited later rooting progress. The rooting process of vegetable mul-
berry and fruit mulberry cuttings could be divided into three stages, namely the initiation
stage (1–18 days), the callus tissue generation stage (18–28 days), and the adventitious root
generation and elongation stage (28–48 days).

Figure 1. Rooting process of vegetable mulberry cuttings. (A): 1-day morphology of vegetable mulberry
cuttings; (B): 18-day morphology of vegetable mulberry cuttings; (C): 18–28-day morphology of
vegetable mulberry cuttings; (D): 28–48-day morphology of vegetable mulberry cuttings.

Figure 2. Rooting process of fruit mulberry. (a): 1-day morphology of fruit mulberry cuttings; (b):
18-day morphology of fruit mulberry cuttings; (c): 18–28-day morphology of fruit mulberry cuttings;
(d): 28–48-day morphology of fruit mulberry cutting.
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3.2. Effects of Different Treatments on Rooting of Vegetable Mulberry Hardwood Cuttings

The effects of different treatments on the rooting of vegetable mulberry hardwood
cuttings are exhibited in Table 4. After treatment with plant growth hormones, the rooting
rate, average number of roots, average root length, average longest root length, and root
system index of vegetable mulberry were all promoted to varying degrees, increasing
before decreasing with the increase in concentration of plant growth hormones. Regarding
the rooting rate, the highest rooting rate was observed in ABT-1—1000 mg·L−1, and the
average rooting rate was 63.3%, 4.1 times higher than that of the control group (15.3%),
and notably higher than that of other treatments (p < 0.01). For average number of roots,
the average highest number of roots was noticed in ABT-1—1000 mg·L−1, with 8.89 roots
per cutting, followed by ABT-1—500 mg·L−1 and IBA—1000 mg·L−1 (with no remarkable
difference between the two). For average root length, the optimal treatment was exhibited
in IBA—1000 mg·L−1, with an average root length of 4.8 cm, 3.8 cm longer than that of the
control group. For average longest root length, IBA—1000 mg·L−1 had the highest value,
with an average longest root length of 8.4 cm, 82.9% greater than that of the control group.
There was no notable difference between ABT-1—1000 mg·L−1 and IBA—1000 mg·L−1.
Additionally, considering effectiveness evaluation of cuttings, the root system index is also
a key indicator. ABT-1—1000 mg·L−1 had the greatest root system index, which was 25.3,
120.5 times greater than that of the control group, and remarkably higher than that of other
treatment groups and the control group. To sum up, the best results were achieved by
applying 1000 mg/L−1 ABT-1 in treating vegetable mulberry hardwood cuttings, thereby
promoting the generation of numerous strong roots for vegetable mulberry.

Table 4. Effects of different treatments on rooting indices of vegetable mulberry hardwood cuttings.

Treatment Rooting Rate(%) Average Number
of Roots (n)

Average Root
Length (cm)

Average Longest
Root Length (cm) Root System Index

A1 43.3 ± 1.8 Bc 6.0 ± 0.2 Cc 2.6 ± 0.2 Bc 5.1 ± 0.2 Bc 6.7 ± 0.8 Bc

A2 50.7 ± 3.5 Bb 7.2 ± 0.5 Bb 3.4 ± 0.5 Bb 6.8 ± 0.8 Ab 12.9 ± 3.4 Bb

A3 63.3 ± 2.4 Aa 8.9 ± 0.4 Aa 4.4 ± 0.5 Aa 8.2 ± 0.5 Aa 25.3 ± 5.1 Aa

A4 21.3 ± 1.8 Dd 2.6 ± 0.5 Dd 1.3 ± 0.4 Cd 2.4 ± 0.5 Cd 0.8 ± 0.3 Cd

A5 18.7 ± 0.7 Dd 1.8 ± 0.2 Dd 1.0 ± 0.1 Cd 1.7 ± 0.1 Ce 0.3 ± 0.0 Cd

A6 43.3 ± 1.8 Bc 5.9 ± 0.2 Cc 3.0 ± 0.1 Bb 6.2 ± 0.3 Bb 7.8 ± 0.8 Bc

A7 16.7 ± 1.8 Dd 1.4 ± 0.3 De 0.7 ± 0.1 Cd 1.3 ± 0.3 De 0.2 ± 0.1 Cd

A8 11.3 ± 2.4 Ee 0.9 ± 0.2 Ee 0.6 ± 0.1 Dd 1.2 ± 0.2 De 0.1 ± 0.0 Cd

A9 39.3 ± 1.8 Cc 5.4 ± 0.3 Cc 3.5 ± 0.4 Bb 6.2 ± 0.5 Bb 7.6 ± 1.5 Bc

A10 44.7 ± 2.4 Bc 6.2 ± 0.4 Bb 4.3 ± 0.4 Aa 6.7 ± 0.6 Ab 12.8 ± 1.7 Bb

A11 51.3 ± 3.5 Bb 7.2 ± 0.5 Bb 4.8 ± 0.2 Aa 8.4 ± 0.3 Aa 17.9 ± 3.4 Ab

A12 21.3 ± 1.8 Dd 2.5 ± 0.5 Dd 1.9 ± 0.5 Cc 3.2 ± 0.7 Cd 1.2 ± 0.5 Cd

CK1 15.3 ± 1.8 Dd 1.3 ± 0.2 De 0.9 ± 0.1 Cd 1.4 ± 0.2 Ce 0.2 ± 0.1 Cd

Note: Values in the table are expressed as mean ± standard error. Different letters within the same column
indicate notable differences, while same letters suggest no notable differences. In addition, capital letters denote
remarkable differences between treatments at p < 0.01 level, while lowercase letters signify obvious differences at
p < 0.05 level. The same applies to the following tables.

As indicated by the results of the analysis of variance for the five rooting indices
(Table 5), both the type and quality concentration of plant growth hormones had extremely
obvious effects on all rooting indices (p < 0.01), and there was a notable interaction between
the type and quality concentration of plant growth hormones. Regarding the magnitude
of the F value, the type of plant growth hormones had the greatest effect on vegetable
mulberry hardwood cuttings, followed by the quality concentration.
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Table 5. Analysis of variance for the results of vegetable mulberry cuttings.

Rooting Index Source of Variation Sum of Squares Freedom Mean Square F Value p Value

Rooting rate

Type of growth
hormones (A) 3197.6 2 1598.8 107.5 0.0 **

Quality concentration (B) 4434.2 3 1478.1 99.4 0.0 **

A × B 1669.1 6 278.2 18.7 0.0 **

Error 386.7 26 14.9

Total 55,620.0 39

Average number of roots

Type of growth
hormones (A) 87.5 2 43.7 107.4 0.0 **

Quality concentration (B) 104.7 3 34.9 85.7 0.0 **

A × B 43.7 6 7.3 17.9 0.0 **

Error 10.6 26 0.4

Average root length
Total 1037.7 39

Type of growth
hormones (A) 31.8 2 15.9 57.0 0.0 **

Quality concentration (B) 28.6 3 9.5 34.2 0.0 **

A × B 12.0 6 2.0 7.1 0.0 **

Error 7.3 26 0.3

Total 329.1 39

Average longest
root length

Type of growth
hormones (A) 86.5 2 43.3 75.0 0.0 **

Quality concentration (B) 99.9 3 33.3 57.7 0.0 **

A × B 49.8 6 8.3 14.4 0.0 **

Error 15.0 26 0.6

Total 1078.2 39

Root system index Type of growth
hormones (A) 600.9 2 300.4 23.7 0.0 **

Quality concentration (B) 1033.8 3 344.6 27.2 0.0 **

A × B 545.8 6 91.0 7.2 0.0 **

Error 329.9 26 12.7

Total 4704.3 39

Note: ** indicates notable difference at the 0.01 level of mean difference. The same applies to the following tables.

3.3. Effects of Different Treatments on Rooting of Fruit Mulberry Hardwood Cuttings

The effects of different treatments on the rooting of fruit mulberry hardwood cuttings
are exhibited in Table 6. The results indicated great differences in rooting among different
treatments. The highest rooting rate was observed in ABT-1—500 mg·L−1, reaching 68.7%
that was 5.2 times higher than the control group, and obviously different from other
treatments (p < 0.05). Except for IBA—1500 mg·L−1, all treatments had higher values for
average number of roots, average root length, and average longest root length compared
with the control group. Among them, ABT-1—500 mg·L−1 had the average highest number
of roots and average longest root length, namely 10.1 and 9.3 cm, respectively; ABT-1—
200 mg·L−1 had the average longest root length, namely 5.2 cm. According to multiple
comparisons, there was a notable difference in average number of roots between ABT-1—
200 mg·L−1 and ABT-1—500 mg·L−1, but no obvious difference in average root length
and average longest root length between ABT-1—200 mg·L−1 and ABT-1—500 mg·L−1.
Regarding the root system effect index, ABT-1—500 mg·L−1 had the highest value of
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34.3, remarkably higher than other treatment groups. Nevertheless, the rooting rates of
200 mg·L−1 IAA (9.3%) and 1500 mg·L−1 IBA (0) treatment groups were lower than that of
the control group (13.3%) suggesting that high concentration of plant growth hormones
does not play a role in promoting the growth of fruit mulberry even while inhibiting
its growth. As illustrated by data analysis, the optimal concentration of ABT-1 for fruit
mulberry cuttings was 500 mg·L−1.

Table 6. Effects of different treatments on rooting index of fruit mulberry hardwood cuttings.

Treatment Rooting Rate(%) Average Number
of Roots (n)

Average Root
Length (cm)

Average Longest
Root Length (cm) Root System Index

B1 60.7 ± 2.9 Ab 8.5 ± 0.3 Bb 5.2 ± 0.6 Aa 9.1 ± 0.5 Aa 27.1 ± 5.0 Ab

B2 68.7 ± 2.4 Aa 10.1 ± 0.7 Aa 4.9 ± 0.1 Aa 9.3 ± 0.3 Aa 34.3 ± 4.0 Aa

B3 12.7 ± 1.8 Ef 1.2 ± 0.1 Ff 0.7 ± 0.1 Ef 1.3 ± 0.1 Ee 0.1 ± 0.0 Ce

B4 9.3 ± 1.8 Ef 0.8 ± 0.2 Ff 0.7 ± 0.1 Ef 1.0 ± 0.2 Ee 0.1 ± 0.0 Ce

B5 47.3 ± 1.3 Bc 6.7 ± 0.3 Cc 4.0 ± 0.1 Bb 7.0 ± 0.5 Bb 12.6 ± 1.3 Bc

B6 41.3 ± 1.3 Bd 5.8 ± 0.2 Cc 3.0 ± 0.2 Cc 5.6 ± 0.2 Bc 7.2 ± 1.0 Bc

B7 37.3 ± 2.9 Cd 5.2 ± 0.4 Dd 2.4 ± 0.3 Cd 4.7 ± 0.7 Cc 4.9 ± 1.4 Cd

B8 22.7 ± 1.8 De 3.3 ± 0.3 Ee 1.7 ± 0.1 De 3.0 ± 0.1 Dd 1.2 ± 0.1 Cd

B9 36.7 ± 1.8 Cd 5.0 ± 0.5 Dd 3.1 ± 0.1 Bc 5.3 ± 0.2 Cc 5.7 ± 1.0 Bd

B10 20.7 ± 2.9 De 2.6 ± 0.7 Ee 1.6 ± 0.3 De 2.8 ± 0.5 Dd 1.0 ± 0.5 Cd

B11 17.3 ± 1.3 De 1.7 ± 0.4 Ff 1.0 ± 0.2 Df 1.7 ± 0.3 De 0.4 ± 0.2 Cd

B12 0 Fg 0 Gg 0 Eg 0 Ef 0 Ce

CK2 13.3 ± 1.3 Ef 0.6 ± 0.1 Fg 0.6 ± 0.1 Ef 1.0 ± 0.2 Ee 0.1 ± 0.0 Ce

Note: Values in the table are expressed as mean ± standard error. Different letters within the same column
indicate notable differences, while same letters suggest no notable differences. In addition, capital letters denote
remarkable differences between treatments at p < 0.01 level, while lowercase letters signify obvious differences at
p < 0.05 level.

The variance analysis of the two-factor completely randomized block design model
was conducted for the observation results of fruit mulberry, with the results presented in
Table 7. According to the results, the types and quality concentrations of growth hormones
had notable effects on all rooting indices (p < 0.01), and there was an obvious interaction
between growth hormone types and quality concentrations. Based on the F values, it can be
inferred that the quality concentrations have the greatest effect on fruit mulberry hardwood
cuttings, followed by the types of growth hormones.

Table 7. Analysis of variance for the results of fruit mulberry cuttings.

Rooting Index Source of Variation SUM of Squares Freedom Mean Square F Value p Value

Rooting rate

Type of growth
hormones (A) 2840.2 2 1420.1 121.5 0.0 **

Quality concentration (B) 8466.2 3 2822.1 241.4 0.0 **

A × B 3314.4 6 552.4 47.2 0.0 **

Error 304.0 26 11.7

Total 50,552.0 39
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Table 7. Cont.

Rooting Index Source of Variation SUM of Squares Freedom Mean Square F Value p Value

Average number of roots

Type of growth
hormones (A) 66.6 2 33.3 76.6 0.0 **

Quality concentration (B) 185.6 3 61.9 142.3 0.0 **

A × B 84.8 6 14.1 32.5 0.0 **

Error 11.3 26 0.4

Average root length
Total 994.6 39

Type of growth
hormones (A) 15.5 2 7.7 53.0 0.0 **

Quality concentration (B) 62.7 3 20.9 143.1 0.0 **

A × B 17.1 6 2.9 19.5 0.0 **

Error 3.8 26 0.1

Total 296.5 39

Average longest
root length

Type of growth
hormones (A) 58.4 2 29.2 80.3 0.0 **

Quality concentration (B) 199.9 3 66.6 183.4 0.0 **

A × B 63.1 6 10.5 28.9 0.0 **

Error 9.4 26 0.4

Total 981.5 39

Root system index Type of growth
hormones (A) 1145.4 2 572.7 53.0 0.0 **

Quality concentration (B) 1658.0 3 552.7 51.2 0.0 **

A × B 1492.5 6 248.8 23.0 0.0 **

Error 280.7 26 10.8

Total 6807.6 39

Note: ** indicates notable difference at the 0.01 level of mean difference. The same applies to the following tables.

3.4. Changes in Endogenous Hormone Content and Ratio during the Rooting Process of Vegetable
Mulberry Cuttings
3.4.1. Changes in Endogenous IAA Content

Both the control and treatment groups exhibited a trend of first decreasing before
increasing in IAA content (Figure 3A). The IAA contents of the treatment groups and the
control group presented a decreasing trend during the callus formation period, possibly
due to increased peroxidase activity in the cuttings after separation from the mother plant,
resulting in a decrease of IAA content. During this period, callus formation occurred
at the lower end of the cutting, which consumed IAA and also reduced IAA content.
Simultaneously, compared with the control group, the decrease in IAA content of ABT-
1—treated groups was smaller, probably because of the reversal of exogenous hormone
absorption by the cuttings themselves after ABT-1 treatment. In general, the IAA content of
ABT-1—1000 mg·L−1 was consistently higher than that of other treatments during each
time period, suggesting that root growth can be promoted by high levels of IAA.

3.4.2. Changes in Endogenous ABA Content

As indicated in Figure 3B, ABA content exhibited a trend of initial increase followed
by a decrease. During the initiation period, the treatment groups and the control group
showed an upward trend, possibly due to the increase in ABA secretion from the cuttings in
response to external stimuli for separation from the mother plant. The ABA content reached
a peak during the callus formation period, followed by a decrease. In this process, the root
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primordia gradually developed and began to produce adventitious roots. By this time,
the ABA content of ABT-1—1000 mg·L−1 decreased sharply, even lower than that during
the initiation period, while the ABA content of the control group remained relatively high,
indicating that a low level of ABA content is beneficial to the production and elongation of
adventitious roots.

Figure 3. Effect of ABT-1 treatment on endogenous hormone content during the rooting process
of vegetable mulberry cuttings. (A–I) represents the changes in endogenous hormone contents of
IAA, ABA, ZR, GA3, JA, SL, IBA, IAA/ABA, and IAA/ZR in the treatment and control groups of
vegetable mulberry under the action of ABT-1 during the rooting period. Different lowercase letters
indicate notable differences among the treatments (LSD multiple comparison analysis, p < 0.05). A1—
represents 200 mg·L−1 ABT-1 treatment group, A2—denotes 500 mg·L−1 ABT-1 treatment group,
A3—signifies 1000 mg·L−1 ABT-1 treatment group and CK1—indicates the control group. Stage 1—
represents the initiation stage, Stage 2—refers to the callus formation stage and Stage 3—denotes the
adventitious root formation and elongation stage.

3.4.3. Changes in Endogenous ZR

The trend of ZR content showed an initial decrease followed by an increase (Figure 3C).
During the initiation period, the ZR content of the control group was higher than that of
the treatment groups, suggesting that ABT-1 reduces the ZR content in cuttings. During
the callus formation period, the ZR content of the control group exhibited a sharp decrease,
while the treatment group only presented a slight decrease, indicating that some ZR is
consumed by the formation of callus tissue in cuttings. Meanwhile, the control group
demonstrated a poor ability to synthesize ZR, so ZR content exhibited a rapid decrease.
During the adventitious root formation and elongation period, ZR content presented
varying degrees of increase in both the treatment and control groups, thus promoting cell
division and growth and benefiting growth and development of adventitious roots.
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3.4.4. Changes in Endogenous GA3

As indicated by Figure 3D, for the treatment groups and the control group, the contents
of GA3 exhibited a continuous decrease over time. During the initiation period, the GA3
content of ABT-1—1000 mg·L−1 reached the highest level, namely 7.0 ng·g−1. After callus
formation, the GA3 content of both treatment and control groups decreased, with that of
treatment groups decreasing obviously, possibly due to the high demand for GA3 in the
growth of root primordia [24]. During the adventitious root formation and elongation
period, the GA3 contents of treatment groups were again observed as decreasing, but there
was no obvious change in the GA3 content of the control group. At this point, adventitious
roots were formed. As the root tip emerged from the skin pore, the GA3 content gradually
decreased, probably because high concentrations of GA3 inhibited its elongation growth.

3.4.5. Changes in Endogenous JA

Generally, vegetable mulberry JA content displayed a similar trend with ABA content,
and the magnitude of change was great at each stage (Figure 3E). The JA content increased
obviously over time, reaching a peak during callus formation. ABT-1—1000 mg·L−1 had the
highest JA content at 147.6 ng·g−1, 1.7 times that of the control group, laying the foundation
for the formation of root primordia and adventitious roots. After callus formation, the JA
content presented a sharp decrease, followed by adventitious root formation.

3.4.6. Changes in Endogenous SL

The SL content presented a continuous decreasing trend (Figure 3F). In the initiation
period, ABT-1—1000 mg·L−1 showed the highest SL content at 92.6 ng·g−1. The most
notable trend of ABT-1—1000 mg·L−1 was observed during the callus formation, suggesting
that high concentrations of ABT-1 could increase SL content. After callus formation, the
SL content of ABT-1—1000 mg·L−1 did not change obviously, indicating that ABT-1—
1000 mg·L−1 could stabilize the SL content earlier.

3.4.7. Changes in Endogenous IBA

After cuttings, the IBA content exhibited a gradual decreasing trend among groups
(Figure 3G). ABT-1—1000 mg·L−1 presented the highest IBA content in the initiation period
(35.0 ng·g−1). During callus formation, both the treatment and control groups showed a
decreasing trend, with ABT-1—500 mg·L−1 exhibiting the greatest decrease in IBA content.
During adventitious root formation and elongation period, ABT-1—500 mg·L−1 did not
show obvious change, while ABT-1—1000 mg·L−1 presented a larger magnitude of change.

3.4.8. Changes in IAA/ABA Ratio

According to studies, the rooting of plant cuttings has relations with not only the
endogenous IAA and ABA contents but also the ratio between the two contents [25]. As
shown in Figure 3H, the IAA/ABA ratio showed a trend of decreasing before increasing. In
the initiation period, the control group exhibited the highest IAA/ABA ratio. Meanwhile,
after callus formation, ABT-1—1000 mg·L−1 presented higher IAA/ABA ratio compared
with the treatment groups with 200 and 500 mg·L−1, and the control group, especially
during adventitious root formation and elongation period, where the IAA/ABA ratio of
ABT-1—1000 mg·L−1 was 4.6 times that of the control group. This indicates that a lower
IAA/ABA ratio in the early stages of cuttings is conducive to root primordia differentiation
and formation, while a higher IAA/ABA value after callus formation is beneficial to root
system development.

3.4.9. Changes in IAA/ZR Ratio

As presented in Figure 3I, the IAA/ZR values for ABT-1—1000 mg·L−1 showed a
trend of increasing followed by decreasing, with a slightly smaller decrease in the control
group and a continuous decrease in the treatment groups with 200 and 500 mg·L−1 ABT-1.
In the whole rooting period, the optimal treatment 1000 mg·L−1 ABT-1 had the higher
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IAA/ZR values compared with other treatments and the control, indicating that a higher
IAA/ZR value contributes to rooting of cuttings.

3.5. Changes in Endogenous Hormone Content and Ratio during the Rooting Process of Fruit
Mulberry Cuttings
3.5.1. Changes in Endogenous IAA

As exhibited in Figure 4A, the changes in IAA content in the treatment groups and the
control group showed a trend of decreasing before increasing. In the initiation period, the
IAA contents in the treatment groups were higher than that in the control group, suggesting
that ABT-1 could promote the synthesis of endogenous IAA. During callus formation, the
IAA content presented a decreasing trend, possibly due to the active respiration and
metabolism of internal cells of cuttings that needed a large amount of IAA to form callus
tissue. After root primordia broke through the callus tissue and produced numerous new
roots, IAA synthesis was promoted, and the IAA content increased. The IAA content of ABT-
1—500 mg·L−1 (32.8 ng·g−1) was greater than that of ABT-1—200 mg·L−1 (15.9 ng·g−1)
and ABT-1—1000 mg·L−1 (21.8 ng·g−1), and the control group (20.2 ng·g−1).

Figure 4. Effects of ABT-1 treatment on endogenous hormone level during the rooting process
of fruit mulberry cuttings. Panels (A–I) exhibit changes of the levels of IAA, ABA, ZR, GA3, JA,
SL, IBA, IAA/ABA, and IAA/ZR in the ABT-1 treatment groups and control group during the
rooting stages. Different lowercase letters indicate remarkable differences among the treatments
(LSD multiple comparison analysis, p < 0.05). B1—represents 200 mg·L−1 ABT-1 treatment group,
B2—denotes 500 mg·L−1 ABT-1 treatment group, B3—signifies 1000 mg·L−1 ABT-1 treatment group
and CK2—refers to the control group. Stage 1—represents the initiation stage, Stage 2—denotes the
callus formation stage and Stage 3—indicates the adventitious root formation and elongation stage.
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3.5.2. Changes in Endogenous ABA

The ABA content presented a trend of first increasing and then decreasing (Figure 4B).
During the initiation period, the ABA content in the treatment groups was higher than
that in the control group, and the ABA content in both the treatment and control groups
exhibited an increasing trend, with a peak reached during callus formation. This may
be caused by the stress response of cuttings to the environment after detachment from
the mother plant, resulting in an increase in ABA content and accumulation of nutrients,
which is conducive to callus formation and survival of cuttings. After callus formation, the
ABA content began to decrease. During the adventitious root formation and elongation
period, ABT-1—500 mg·L−1 had the lowest ABA content, namely 22.3 ng·g−1, merely 49%
of that of the control group (45.4 ng·g−1), suggesting that high ABA concentration inhibits
adventitious root formation and elongation.

3.5.3. Changes in Endogenous ZR

The ZR content presented a trend of decreasing before increasing (Figure 4C). After the
initiation period, the ZR content of the treatments and control exhibited a decreasing trend,
with a more obvious decrease exhibited in the treatment group. After callus formation, the
ZR content in the control group was higher than that in the treatment groups, indicating
that high ZR concentration has an inhibitory impact on adventitious root formation.

3.5.4. Changes in Endogenous GA3

The GA3 content in the treatment groups presented a sustained decreasing trend, while
that in the control group showed a slight decreasing trend (Figure 4D). In the initiation
period, the GA3 content in the treatment groups was higher than that in the control group,
suggesting that ABT-1 treatment could effectively enhance GA3 synthesis. During the callus
formation period, the GA3 content in the control group and the treatment groups decreased
in various degrees, and the highest GA3 content (3.9 ng·g−1) was observed in ABT-1—
500 mg·L−1, while the control group had a GA3 content of merely 1.4 ng·g−1. During the
adventitious root formation and elongation period, the GA3 content in ABT-1—500 mg·L−1

was the lowest at 1.1 ng·g−1, probably due to the consumption of large amounts of GA3 for
the formation of adventitious roots in cuttings at this stage.

3.5.5. Changes in Endogenous JA

The JA content exhibited a trend of increasing before decreasing (Figure 4E). In the
initiation period, the JA content in the treatment groups was higher than that in the
control group, and increased with time reaching a peak value (126.5 ng·g−1) during callus
formation, followed by decrease. As indicated by analysis, the accumulation of JA in the
early stage was beneficial to callus formation, while a low level of JA in the later stage was
conducive to adventitious root formation and elongation.

3.5.6. Changes in Endogenous SL

According to Figure 4F, the SL content presented a sustained decreasing trend. By
viewing the overall rooting period, the largest change appeared in the control group, while
the change in the optimal treatment 500 mg·L−1 ABT-1 was relatively small, suggesting
that the effect of endogenous hormones on cuttings is the result of the combined action of
multiple hormones.

3.5.7. Changes in Endogenous IBA

As indicated in Figure 4G, endogenous IBA content exhibited a similar change with
the changes of GA3 and SL. The highest level of endogenous IBA occurred in the initiation
stage, followed by a gradual decrease till the emergence and elongation of adventitious
roots. The lowest level of endogenous IBA was observed in the control group (1.4 ng·g−1),
while the content of ABT-1—500 mg·L−1 was 3.6 times higher than that of the control group,
suggesting that a higher IBA content can accelerate the growth of fruit mulberry cuttings.
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3.5.8. Changes in IAA/ABA Ratio

As presented in Figure 4H, the IAA/ABA ratio of both treatment and control groups
exhibited a decreasing trend in the early stage, followed by an increasing trend. Compared
with the treatment groups with 200 and 1000 mg·L−1 ABT-1 and the control group, ABT-
1—500 mg·L−1 had a higher IAA/ABA ratio throughout the rooting process, while the
control group possessed a consistently lower IAA/ABA ratio. This suggests that auxin can
enhance the rooting ability of cuttings, and that IAA and ABA can act together, thereby
regulating the development and growth of the root system of cuttings.

3.5.9. Changes in IAA/ZR Ratio

The IAA/ZR ratio of the treatment group with 500 and 1000 mg·L−1 ABT-1 and
the control group showed a trend of decreasing before increasing, while that of ABT-1—
200 mg·L−1 exhibited a continuous decreasing trend (Figure 4I). By combining with the
analysis of rooting process and morphology, the IAA/ZR ratio of the optimal treatment
group 500 mg·L−1 ABT-1 reached the lowest value during the callus formation, peaked
during the emergence and elongation of adventitious roots, and was significantly higher
than that of other treatments. This indicates that a higher IAA/ZR ratio is conducive to the
elongation of adventitious roots.

4. Discussion

According to the results of this study, the rooting of Morus alba L. cuttings induced by
auxins is superior to that of the control group treated with water, and the ABT-1 treatment
is the most effective, followed by IAA and IBA. Auxins can accelerate the initiation of root
primordia and propel the formation of adventitious roots, causing a notable improvement
in rooting [26–29], which aligns with the results of Acacia mangium et al. [30].

IAA can stimulate cell division in the cambium and regulate the formation of callus
tissue [31]. In this study, IAA promoted the rooting rate of Morus alba L., and the rooting rate
gradually decreased with an increase in IAA concentration within the study concentration
range, which was contrary to the results of Li et al. [24] and similar to the results of
Raju et al. [32].This phenomenon may be caused by the fact that IAA is easily destroyed
by metabolism in plants, its action is highly unstable, it easily decomposes in water, and
its action time is short [31]. Moreover, the stability of IAA decreases with an increase
in concentration. IBA can accelerate cell metabolism and promote the induction and
formation of root primordia [33]. According to Singh et al. [34], the rooting percentage,
longest root sprout length, germination rate, and root length of Morus alba L. cuttings
treated with 2000 mg·L−1 IBA are all higher. These findings bear similarity to the results of
the vegetable mulberry treatment, but differ from those of the fruit mulberry treatment. As
indicated by the notable difference in the effect of IBA concentration required by vegetable
mulberry and fruit mulberry, the plants exhibit different sensitivities to the same type
of auxin, affecting the physiological and biochemical processes inside the cuttings, and
further causing differences in rooting efficiency, which is consistent with the results of
Hu [35]. ABT-1 can accelerate the synthesis of hormones in the rooting region and promote
branch proliferation [36]. As discovered by Chen et al. [21], ABT-1 is most effective in
promoting the rooting of Morus alba L., followed by IBA and IAA. As indicated by the
results of this study, the optimal treatment for rooting of vegetable mulberry cuttings is
1000 mg·L−1 ABT-1, and 500 mg·L−1 ABT-1 for rooting of fruit mulberry. The different
optimal treatment concentrations for vegetable mulberry and fruit mulberry may be caused
by the different sensitivities of different plants to exogenous auxins. Hence, for different
plant cuttings, the optimal concentration range of auxins is also different [37]. The results
of this study show that the effects of IAA and IBA treatment are inferior to that of ABT-1.
This is probably caused by the fact that ABT-1 is a composite of IBA and NAA, which
can more effectively propel the increase in endogenous hormone content and important
enzyme activity and promote plant metabolism intensity, thereby greatly improving rooting
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ability [38]. These findings are similar to the results of studies on Chimonanthus praecox [39],
Sophora japonica [22] and Taxus chinensis (Pilger) Rehd F. [36].

According to most scholars, endogenous hormone expression and nutrient alloca-
tion in cuttings are regulated by exogenous hormones [40–42]. In this study, the changes
in IAA content suggest that ABT-1 can increase endogenous IAA content and enhance
adventitious root formation [43], similar to the results of Shang et al. [44]. This demon-
strates that endogenous IAA can propel root primordium accumulation and adventitious
root formation [31]. Endogenous IBA can drive root primordium formation and promote
rooting [45]. As observed from the changes in IBA content in this study, IBA content re-
markably increases under ABT-1 treatment, thereby enhancing adventitious root formation
and elongation. ABA is an inhibitory plant hormone [46]. As discovered in various studies,
the ABA content of vegetable and fruit mulberry cuttings increases, thereby regulating the
adaptability of cuttings to stress and preparing them for the formation of root primordia,
followed by decreases in endogenous ABA content, suggesting that low levels of ABA
are conducive to root primordium differentiation and root formation [47]. In this study,
changes in ABA content indicate that ABT-1 can induce a decrease in ABA content during
the production of callus tissue, which is beneficial to the growth and development of
adventitious roots. ZR can promote cell division and differentiation, thereby affecting
adventitious root formation [22]. As shown by previous studies, low concentrations of
ZR are conducive to adventitious root formation and differentiation [48,49]. In this study,
the control group had a higher ZR content compared with the treatment group after the
initiation period, indicating that ABT-1 has an inhibitory effect on ZR in the early rooting
stage, thus promoting root primordia. Subsequently, the ZR content in the treatment group
exhibited a slight increase before decreasing, suggesting that cuttings can synthesize ZR by
themselves during the production and elongation of adventitious roots, thus causing an
increase in ZR content. For the rooting process of vegetable and fruit mulberry cuttings,
low ZR concentration facilitates the formation of callus tissue, and high ZR concentration
contributes to the formation of adventitious roots, in accordance with the results of Tilia
mandshurica [50], Zizyphus jujuba Mill. [51] and Hybrid Aspen [52]. GA3 mainly enhances
cell division and elongation [53]. Studies have discovered that a high concentration of GA3
inhibits adventitious root formation, and that a low concentration of GA3 is conducive to
adventitious root formation [54]. This was confirmed by the changes in GA3 content in this
study, conforming to findings from the study of Mu et al. [50]. JA can promote plant regen-
eration [47]. In this study, the JA content reached its peak during the production of callus
tissue, suggesting that high levels of JA can mediate the development of callus tissue and
provide conditions for root primordium formation. Afterwards, the JA content gradually
decreased, indicating the consumption of JA by adventitious root growth and development.
Nevertheless, in comparison to the control group, the treatment group presented the higher
JA content, indicating that ABT-1 can improve cell regeneration ability and stimulate callus
tissue development, thereby enhancing adventitious root formation. As demonstrated
in previous studies, SL can regulate root system morphology, and promote lateral roots
and root hair production [55–57]. Furthermore, in this study, the optimal treatment group
presented the highest SL content during the initiation period, and the SL content gradually
stabilized after the production of callus tissue, suggesting that ABT-1 can propel a large
amount of SL synthesis during the initiation period and provide conditions for adventitious
root development.

During plant cuttings, the ratio of endogenous hormone levels bears close relation
with the formation of adventitious roots [58]. According to Quan et al. [59], the higher
the values of IAA/ABA and IAA/ZR are, the easier it is to form roots. As discovered in
this study, the IAA/ABA and IAA/ZR values in the treatment group greatly increased
after the formation of callus, indicating that Morus alba L. can be induced to root under the
combined action of auxin and endogenous hormones.
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5. Conclusions

In summary, all the three plant growth hormones of IAA, IBA and ABT-1, were able
to promote the rooting of cuttings of vegetable mulberry and fruit mulberry, with ABT-1
exhibiting the best effect. Among them, the treatment with 1000 mg·L−1 ABT-1 presented
the optimal impact on the rooting of vegetable mulberry, with a rooting rate of 63.3%
and a rooting effect index of 25.3. The treatment with 500 mg·L−1 ABT-1 showed the
optimal impact on the rooting of fruit mulberry, with a rooting rate of 68.7% and a rooting
effect index of 34.3. During the rooting process, ABT-1 treatment effectively increased
the contents of IAA, IBA, JA and SL, and decreased the contents of ABA, ZR, and GA3,
contributing to the production of adventitious roots. The rooting mechanism of plant
cuttings is extremely complex, and follow-up studies will focus on molecular biology
methods including transcriptomics and proteomics [60], thereby further revealing the
rooting mechanism of vegetable mulberry and fruit mulberry cuttings.
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