
Vol:.(1234567890)

Journal of Plant Growth Regulation (2022) 41:2232–2245
https://doi.org/10.1007/s00344-021-10435-x

1 3

Foliar Spraying of 6‑Benzylaminopurine Promotes Growth 
and Flavonoid Accumulation in Mulberry (Morus alba L.)

Zhen Zhang1 · Yu Zhang2 · Shanying Zhang1 · Lifeng Wang3 · Xiaoyu Liang2 · Xinquan Wang4 · Huiyi Wu5 · 
Haotian Zou5 · Chenghui Zhang1,2  · Meng Wang2

Received: 24 January 2021 / Accepted: 6 July 2021 / Published online: 15 July 2021 
© The Author(s) 2021

Abstract
Mulberry (Morus alba L.) leaf, a “source of both medicine and food”, contains antioxidant ingredients such as flavonoids, 
alkaloids and polyphenols. The effects of 6-benzylaminopurine (6-BA) treatment on plant growth and flavonoid contents 
in mulberry leaves were investigated in this study. The expression of rutin (Rut), chlorogenic acid (ChA), isoquercitrin 
(IQ) and astragaloside IV (Ast) related genes in the flavonoid synthesis pathways was investigated in mulberry leaves. The 
results showed that 6-BA treatment significantly promoted mulberry differentiation and growth as well as, increased the 
numbers of new shoots and buds compared to the control. In addition, 30 mg/L 6-BA significantly increased the contents 
of Rut, IQ and Ast, and it strongly induced the expression of flavonoid biosynthesis-related genes, including flavonoid 
3-O-glucosyltransferase (F3GT), 4-xoumarate-CoA ligase (4CL), phenylalanine (PAL) and chalcone synthase (CHS). The 
dietary risk assessment of mulberry leaves was based on hormone residues 5 days after treatment with 30 mg /L 6-BA, and 
the results showed that the dietary exposure risk of 6-BA was extremely low without causing any health concern. Thus, 
treatment with 30 mg/L 6-BA is a new method to improve the medicinal quality and development of high-value mulberry 
leaf foods without any potential risk.
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Introduction

Mulberry (Morus alba L.) is a popular “affinal drug and 
diet” plant, and it is widely distributed in the provinces of 
southern China. Mulberry leaves have been used as feed for 
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silkworms, which is the most traditional and direct utiliza-
tion of mulberry. Mulberry leaves were recorded as antibac-
terial and anti-inflammatory medicines by ancient Chinese 
pharmacopoeias, such as the Compendium of Material Med-
ica and Shennong Materia Medica (Yu et al. 2018). With 
the rapid development of modern medicine and pharma-
cies, many studies have indicated that mulberry leaves have 
health effects, including antioxidant (Zhang et al. 2018a, 
b, c; Ma et al. 2018) and anti-inflammatory effects (Thabti 
et al. 2013; Gryn-Rynko et al. 2016), which can be used to 
improve eyesight, protect against liver damage (Yang et al., 
2010), lower blood glucose, lower lipids (Liu et al. 2008; 
Ranjan et al. 2017; Li et al. 2017; Chang et al. 2016) and 
lower fat metabolism (Hyunbok et al. 2017). Therefore, the 
Ministry of Health of China has listed mulberry leaves as a 
plant resource that is "a source of both medicine and food". 
Mulberry leaves have been developed into many foods, such 
as mulberry leaf tofu (Kim et al. 2008), mulberry leaf bis-
cuits (Monika et al. 2016), mulberry leaf tea (Sheng et al. 
2018) and mulberry leaf dishes (Kim et al. 2018). Among 
them, mulberry leaf tea is the most popular mulberry leaf 
food. Mulberry leaf tea includes bud tea and leaf tea. Leaf 
tea is usually derived from ordinary leaves, because it is not 
limited by materials, its output meets the supply. However, 
the materials of bud tea are derived from one bud and two 
leaves from the top of mulberry shoots (leaf bud and the two 
leaves immediately below it), and the production of bud tea 
is limited due to the precise requirements for these rare raw 
materials. Bud tea is a particularly valuable mulberry tea 
products sold on the market. Due to the increased demand 
for bud tea, new buds of mulberry seedlings are severely 
lacking, resulting in a shortage of supplies in markets (Li 
et al. 2019; Hu et al. 2020). Therefore, it is necessary to 
increase the output and medicinal ingredients of mulberry 
leaves by exogenous hormone regulation.

Plant hormones play critical roles in plant growth and dif-
ferentiation as well as the accumulation of medicinal ingre-
dients (Marı´n et al. 2001; Liu et al. 2018; He et al. 2018). 
Plant hormones increase the expression of related enzyme 
genes in the secondary metabolite synthesis pathway, 
thereby increasing enzyme activity and ultimately increas-
ing the accumulation of secondary metabolites. For example, 
melatonin treatment maintains higher glucosinolates in broc-
coli, and increases the percentage of glucoraphanin, the most 
potent anticarcinogenic agent (Miao et al. 2020). Moreover, 
the content of phenolic compounds in Jujube is increased 
by melatonin treatment (Wang et al. 2020). Previous results 
have shown that exogenous hormones can control the new 
shoot bud and accumulation of medicinal ingredients in 
plants, especially traditional Chinese medicinal plants (He 
et al. 2014; Halim et al. 2017; Salerno et al. 2017). 6-Ben-
zylaminopurine (6-BA) is a safe and efficient synthetic cyto-
kinin mainly used for increasing productivity to promote 

undifferentiated tissue differentiation and lateral bud out-
growth (Sprent et al. 1967). 6-BA application directly pro-
motes lateral bud growth. For example, Liu et al. (2009) 
reported that 6-BA stimulates the outgrowth of wheat tiller 
buds. Similarly, foliar spray application of 6-BA promotes 
the outgrowth of lateral buds in jatropha (Jatropha curcas) 
and nursery apple trees (Elfving et al. 2006; Ni et al. 2015).

However, the effects of 6-BA on the differential growth 
and contents of medicinal ingredients in mulberry seedlings 
are unknown. In our previous experiment, eight different 
concentrations of 6-BA were evaluated using preliminary 
field trials, and optimal results were obtained when mulberry 
leaves were treated with 30 mg/L 6-BA. The new shoots and 
buds of mulberry seedlings treated with 30 mg/L 6-BA were 
higher than those of seedlings treated with other concentra-
tions of 6-BA, indicating that the optimal concentration of 
6-BA of 30 mg/L. In the present study, we used 30 mg/L 
6-BA solution to treat mulberry seedlings, and we deter-
mined the growth, chlorophyll contents, soluble sugar con-
tents, malonaldehyde (MDA) contents, antioxidant (POD) 
levels, superoxide dismutase (SOD) activity levels, flavo-
noid accumulation and expression of enzyme-related genes 
involved in the flavonoid synthesis pathway. According to 
the maximum residue limit (MRL) of 6-BA and the current 
European Union standard of acceptable daily intake (ADI) 
as well as the average body weight (bw) and daily intake 
of food in different age groups in China, the dietary risk of 
6-BA was assessed by calculating the estimated daily intake 
(EDI) and the risk quotient (RQ). Among them, the maxi-
mum residue limit (MRL) of 6-BA was 0.2 mg/kg (https:// 
www. legis lation. gov. au/ Detai ls/ F2017 C01208), and the 
acceptable daily intake (ADI) was 0.01 mg/ (kg bw·d) (Euro-
pean Food Safety Authority 2020). The results showed that 
application of 30 mg/L 6-BA did not cause higher dietary 
risk.

Materials and Methods

Plant Material

Mulberry seedings of “Gui sang you 62” (GSY62) (Morus 
alba L.) with no physiological damage or microbial infec-
tion were kindly supplied by Zhejiang Haining Changxin 
Mulberry Planting Base, Zhejiang, China. Some mulberry 
seedlings were planted in the outdoor field to screen the 
concentration of 6-BA, and other mulberry seedings were 
planted in a greenhouse to analyze the gene expression of 
key enzymes in growth, physiological indexes, flavonoids, 
gene expression of key enzymes in the flavonoid biosynthe-
sis pathway and dietary risk assessment.

GSY62 mulberry seedlings were grown in plastic pots 
in a greenhouse with vermiculite and turf soil (1:3) at the 

https://www.legislation.gov.au/Details/F2017C01208
https://www.legislation.gov.au/Details/F2017C01208
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College of Food Science and Engineering, Hainan Univer-
sity, Haikou, Hainan, China (20°03′39 N; 110°19′9 E). The 
average (minimum–maximum) relative humidity and tem-
perature were 63–82% and 27–34 ℃, respectively, and no 
rainfall was reported during the trial period.

Field Efficacy Test to Screening for the Optimal 
Concentration of 6‑BA

We tested 8 concentrations of 6-BA solution in the field. 
Different concentrations (10, 20. 30, 40, 50, 60, 600, and 
1800 mg/L) of 6-BA solution were prepared by adding sol-
ute into distilled  H2O, and the mixture was stirred until dis-
solution. A surfactant was included in all solutions at 0.5 g/L 
(Jiexiaoli, Organosilicone adjuvants, Hexion, USA). When 
2 to 3 new bud leaves grew on the main stem of mulberry 
seedlings, 8 concentrations of 6-BA solution (including 
0.5 g/L surfactant) were immediately sprayed at the volume 
of 4.8 ± 0.1 mL per plant on all leaves. The control mulberry 
seedlings were sprayed with distilled water containing the 
same amount of surfactant at the same time, and the spray-
ing volume for each plant was 4.8 ± 0.1 mL. Each treatment 
group included 200 mulberry seedlings. After treatment, 
all mulberry seedlings were irrigated every 2 d, and each 
plant was irrigated with 500–600 mL water. Ten days after 
application, the numbers of new buds and branches of mul-
berry seedlings treated with different concentrations of 6-BA 
were compared and analyzed. The optimum concentration of 
6-BA was then selected. One treatment for each concentra-
tion was applied, and each treatment was replicated 3 times 
in a completely randomized design.

New Shoots and Buds of Mulberry Seedlings 
after Treatment

When 2 to 3 new bud leaves grew on the main stem of mul-
berry seedlings, 30 mg/L 6-BA solution (including 0.5 g/L 
surfactant) was immediately sprayed at the volume of 
4.8 ± 0.1 mL per plant on all leaves. The control mulberry 
seedlings were sprayed with distilled water containing the 
same amount of surfactant at the same time, and the spray-
ing volume for each plant was 4.8 ± 0.1 mL. After treatment, 
all mulberry seedlings were irrigated every 2 d, and each 
plant was irrigated with 500–600 mL water. According to 
the optimal harvest time of mulberry leaf bud tea (within 
one month after mulberry leaf germination), mulberry leaves 
were harvested (Gu et al. 2010; Zhou 2015). Mulberry leaves 
were collected at 0 d, 5 d, 10 d, 15 d, 20 d, 25 d and 30 
d after spraying, and the number of new shoots, number 
of buds, physiological indexes and flavonoid contents were 
determined. A new shoot refers to the new branch of the 
main branch. The new shoots and buds of 150–200 mulberry 
seedlings were determined in each treatment. All treatments 

were sprayed only once and each treatment was replicated 3 
times in a completely randomized design.

Determination of Chlorophyll Content

Approximately, 0.02 g of mulberry leaf sample was added 
to 5 mL of 80% ice-cold acetone. The mixtures were rapidly 
ground until homogenized and then centrifuged at 5000 rpm 
for 5 min at 4 ℃. The absorbance of the supernatant was 
measured spectrophotometrically at 475, 645 and 663 nm 
with a spectrophotometer (Lichtenthaler et al. 1987). Chl 
(a + b) content was estimated as mg/g fresh weight (FW).

Determination of MDA Content

A MDA content kit from the Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, China) was used to determine 
the MDA content, and the absorbance at 530  nm was 
determined. The MDA contents of mulberry leaves were 
expressed on a fresh weight basis.

Measurement of Soluble Sugar Content

Fresh mulberry leaf samples (0.1 g) were placed into 1.5 mL 
centrifuge tubes, and 1 mL of distilled water was added to 
each tube. The mixtures were ground into homogenates, 
and the samples were placed in boiling water for 10 min. 
After cooling, the samples were centrifuged at 4000 rpm 
for 10 min at room temperature. A soluble sugar content kit 
from the Nanjing Jiancheng Biological Engineering Institute 
(Nanjing, China) was used to determine the soluble sugar 
contents, and the absorbance at 620 nm was determined. 
Soluble sugar was estimated as mg/g fresh weigh (FW).

Measurement of SOD and POD Activities

Mulberry leaf samples (0.1 g) were prepared from mulberry 
seedlings. SOD and POD kits were obtained from the Nan-
jing Jiancheng Bioengineering Institute (Nanjing, China) to 
detect changes in the SOD and POD activities at an absorb-
ances of 550 nm and 420 nm, respectively.

Analysis of Flavonoids

Dried mulberry leaves were crushed and sifted through a 
40-mesh screen to obtain mulberry leaf powder. One gram 
of mulberry leaf powder was weighed and transferred to a 
50 mL Erlenmeyer flask containing 25 mL of 70% methanol. 
The flavonoids of the mulberry leaf powder were extracted 
by ultrasonication for 30  min and filtration through a 
0.22 µm micropore membrane. A 10 µL aliquot of the super-
natant was analyzed on a normal-phase high-performance 
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liquid chromatography (HPLC) apparatus (model LC-20AD, 
Shimadzu, Japan) equipped with a CNWSIL C18 column 
(4.6 × 250 mm, 5 µm; CNW, Shanghai, China) and ultravio-
let detector. The acetonitrile and formic acid aqueous solu-
tion was delivered at 0.8 mL/min. Calibration curves of pure 
standards were used to quantify rutin (Rut), chlorogenic acid 
(ChA), isoquercitrin (IQ) and astragalin (Ast). References 
for Rut (98% purity, Shanghai YuanYe Bio-Technology Co., 
Ltd., no. B20771), ChA (98% purity, Shanghai YuanYe Bio-
Technology Co., Ltd., no. B20782), IQ (98% purity, Shang-
hai YuanYe Bio-Technology Co., Ltd., no. B21529) and Ast 
(98% purity, Shanghai YuanYe Bio-Technology Co., Ltd., 
no. B21704) were analytical standards. Liquid chromatog-
raphy-grade methanol (LiChrosolv, Shanghai, China) was 
used as the solvent. The peaks of the flavonoid standards 
(Rut, ChA, IQ, and Ast) were distinguished by their reten-
tion times, and the peak area was substituted into the stand-
ard curve. The flavonoid content data were expressed as µg/g 
of DW.

Determination of 6‑BA Dietary Risk 
Assessment

Samples of mulberry leaves were collected at 5, 7, 10 and 
14 d after the control treatment (untreated samples) and 
30 mg/L 6-BA treatment, and the residues of 6-BA were 
determined. Samples (10.00 ± 0.01  g) were placed in 
50 mL centrifuge tubes, and a 10 mL solution containing 
1% (v/v) acetic acid in acetonitrile was added; the mixture 
was homogenized for 2 min. Dehydration reagents (4 g of 
anhydrous magnesium sulfate and 1.5 g of sodium acetate) 
were then added, and the mixture was submitted to vortex 
oscillation for 1 min and centrifugation at 4000 r/min for 
3 min. Clear liquid (2.0 mL) was obtained in a dispersive 
solid-phase extraction tube (25 mg of C18 and 150 mg of 
anhydrous magnesium sulfate). The liquid was vortexed for 
1 min after centrifugation at 16,000 r/min for 5 min, and 
the obtained supernatant was filtered through by a 0.22 µm 
organic filter membrane for the detection of 6-BA residue. 
The sample pretreatment method mentioned above refers to 
the method of Huang et al (2014), while the HPLC method 
is optimized on the basis of Huang et al (2014). The specific 
procedures are described below.

Chromatographic determination was performed with 
HPLC (model LC-20AD, Shimadzu, Japan) using a gra-
dient condition with mobile phases A (5 mmol/L ammo-
nium  acetate + 0.05% formic acid) and B (acetonitrile 
chromatographic grade) at a flow rate of 0.5 mL/min. The 
isocratic elution program was set as 25% B (0.01–30 min), 
and the injection volume was 5 µL. The analytic column was 
a CNWSIL C18 column (4.6 × 250 mm, 5 µm; CNW, Shang-
hai, China) equipped with an ultraviolet detector (model 

SPD-20A, Shimadzu, Japan). 6-BA (98% purity, Shanghai 
YuanYe Bio-Technology Co., Ltd., no. B24213) standard 
was provided by Shanghai YuanYe and was prepared as 
a 100 mg/L reserve solution with methanol and stored at 
−4 °C. Acetonitrile was diluted to 3.125, 6.25, 12.5, 25, 
50 and 100 mg/L and quantified by the external standard 
method. Risk assessment of 6-BA in mulberry leaves was 
performed according to the method of Dong et al. (2017).

The following equations were used to assess the risk of 
mulberry intake in adults (RQ) and estimated daily intake 
(EDI).

where EDI is the estimated daily intake (mg/kg bw); F is 
the daily food intake (kg/d); STMR is the residual medium 
concentration (mg/kg); RQ is the risk quotient; and ADI is 
the allowable daily intake (mg/kg bw).

Expression Analysis of Key Genes Involved 
in Flavonoid Biosynthesis by Real‑time 
Quantitative PCR (RT‑qPCR)

Genes control the metabolic process by controlling the syn-
thesis of enzymes and then regulating the traits of organ-
isms. Because the level of metabolites in organisms lags the 
expression of genes, it is necessary to determine the gene 
expression level before the appearance of the trait. Because 
the level of gene expression after hormone treatment was 
instantaneous, RT-qPCR was used to analyze the expression 
of key enzyme genes in the flavonoid biosynthesis pathway 
of mulberry buds at 2 h, 3 h, 6 h, 12 h, 24 h, 48 h, 72 h and 
96 h after the control treatment and 30 mg/L 6-BA treat-
ment. One bud and two leaves of a mulberry seeding were 
harvested for RNA extraction according to the RNA Simple 
Total RNA Kit instructions (Tiangen, Beijing, China). First 
strand cDNA was synthesized with RHiScript III RT Super-
Mix for qPCR (Vazyme, Nanjing, China). Relative transcript 
levels of target genes were analyzed using the  2−ΔΔCt method 
(Schmittgen and livak, 2008). All primer pairs used for RT-
qPCR analyses of mulberry leaves are listed in Table 1.

Statistical Analysis

Data were analyzed with IBM-SPSS 25.0 statistical soft-
ware (IBM Corporation, USA). The differences were exam-
ined by two-factor analysis of variance (ANOVA), followed 
by least significant difference (LSD) tests (P ≤ 0.05). The 

(1)EDI = (F × STMR)∕mean bodyweight (bw)

(2)RQ = EDI∕ADI
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values were reported using a three repetitions method with 
the standard deviation (SD).

Results

Optimum Concentration of 6‑BA for Mulberry 
Growth

The effects of different concentrations of 6-BA on new buds 
and shoots of mulberry leaves are shown in Fig. 1. On the 
10th day after treatment, the number of new branches and 
new buds of mulberry leaves treated with 30 mg/L 6-BA was 
significantly higher than that of the control (0 mg/L 6-BA) 
and other concentrations of 6-BA. In addition, the number 
of new buds and branches of mulberry treated with 600 and 
1800 mg/L 6-BA was significantly lower than that of the 
control.

Growth Regulation in Mulberry Seedlings

During the culture period of 0–30 d, the number of new 
shoots and buds of mulberry seedlings gradually increased, 
and the number of new shoots of mulberry seedlings in the 
30 mg/L 6-BA treatment group reached peak values at 15 d 
and was increased by 130% compared to the control treat-
ment (Fig. 2C). Moreover, the number of buds of mulberry 

seedlings treated with 30 mg/L 6-BA reached peak values 
and was increased by 64% compared to the control treat-
ment (Fig. 2D).

Effect of 6‑BA Treatment on Chlorophyll and Soluble 
Sugar Contents

6-BA treatment increased the Chl (a + b) content in the ini-
tial stage compared to the control. The Chl (a + b) content 
was significantly higher in 6-BA-treated samples than in 
control samples within 25 d after treatment (Fig. 3A). The 
Chl (a + b) content in both the control and 6-BA treatment 
groups reached the maximum value at 15 d when the Chl 
(a + b) content in the 6-BA treatment was 1.1-fold higher 
than the control.

As shown in Fig. 3B, the content of soluble sugar in 
mulberry leaves increased with growth in the 30 mg/L 
6-BA-treated samples. In addition, compared to the con-
trol, the 30 mg/L 6-BA treatment significantly increased 
the accumulation of soluble sugar to 50.90 mg/g FW after 
30 d of growth, and the soluble sugar content after 6-BA 
treatment was 1.56-fold higher than the control from 15 
to 30 d. However, the soluble sugar content of mulberry 
leaves treated with 30 mg/L 6-BA was significantly lower 
than the control from 0 to 15 d.

Table 1  All primer pairs used 
for RT-qPCR analyses of 
mulberry leaves

The name of the gene Primer sequences

Phenylalanine (PAL) F: 5’ TGC TAC CTA CCC GCT GAT GC 3’
R: 5’ GCT CGT ATT CTT CTC GCT TTCG 3’

4-xoumarate-CoA ligase (4CL) F: 5’ CAA GGG AGT CAT CCT AAC TCA CAA  3’
R: 5’ GGC AGA ACG CAT AGA AAC ACG 3’

Chalcone synthase (CHS) F: 5’ CTC GGG ATC AGC GAC TGG A 3’
R: 5’ GTG GCC CTC AGC TTC TCC TT 3’

Flavonoid 3-O-glucosyltransferase (F3GT) F: 5’ CTC AGA AGC AAG AAA CTG CCT AAA  3’
R: 5’ CCT GCC TAG CAA AGG AAG TGG 3’

β-actin F: 5’ CCA AGA GCA GCA GTT CCT CGGTT 3’
R: CTC TGG TGG AGC AAC AAC CT 3’

Fig. 1  Effects of the control 
(0 mg/L 6-BA) and different 
concentrations of 6-BA treat-
ment on the number of new 
shoots (A) and buds (B) of 
mulberry seedlings. Measure-
ments were made 10 days after 
treatment. Each value repre-
sents the mean ± SD of three 
replicates. Values not sharing a 
common letter are significantly 
different at P ≤ 0.05
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Effect of 6‑BA Treatment on the MDA Content, SOD 
Activity and POD Activity

MDA is one of the most important products of membrane 
lipid peroxidation, but its production can also aggravate 
membrane damage (Wang 2014). Therefore, the MDA 
content is a common indicator used in plant physiology 
research. As shown in Fig. 4A, the MDA content in mul-
berry leaves in the control group reached a peak at 20 d 
when it was significantly higher than in the 6-BA treatment 
with a 2.21-fold increase compared to the 6-BA treatment.

The SOD and POD plant enzymes protect plant cells 
from damage induced by reactive oxygen species (ROS), 
reducing damage to the cell membrane. Thus, the SOD 
and POD activity levels in plants play a vital role in plant 

growth. In the present study, the enzyme activity levels 
of SOD and POD were determined by spectrophotometry. 
The results revealed that the SOD activity of mulberry 
leaves in the 6-BA treatment gradually increased and 
reached its maximum value at 30 d. The levels of SOD 
activity in mulberry leaves treated with 30 mg/L 6-BA 
were increased by 60% compared to the control (Fig. 4B). 
The levels of POD activity in the 6-BA treatment and con-
trol groups showed an overall increasing trend, and the 
POD activity in the 6-BA treatment group was signifi-
cantly higher than that in the control group within 20 d 
(Fig. 4C). After culturing for 5, 10, 15 and 20 d, the POD 
activities in mulberry leaves treated with 30 mg/L 6-BA 
were increased by 7%, 22%, 7% and 10% compared to the 
control, respectively.

Fig. 2  Effects of the control (A) 
and 30 mg/L 6-BA treatment 
(B) on seedling growth. Effects 
of 30 mg/L 6-BA treatment on 
the number of new shoots (C) 
and buds (D) of mulberry seed-
ings. Data were collected at 0, 
5, 10, 15, 20, 25 and 30 d after 
treatment. Each value repre-
sents the mean ± SD of three 
replicates. Values not sharing a 
common letter are significantly 
different at P ≤ 0.05

Fig. 3  Effects of 30 mg/L 6-BA 
treatment on the contents of 
chlorophyll (a + b) (A) and 
soluble sugar (B) in mulberry 
leaves. Data were collected at 0, 
5, 10, 15, 20, 25 and 30 d after 
treatment. Each value repre-
sents the mean ± SD of three 
replicates. Values not sharing a 
common letter are significantly 
different at P ≤ 0.05
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Effect of 6‑BA on Mulberry Flavonoids

During the culture period of 0–30 d, the contents of 
Rut, IQ, and Ast in the leaves of mulberry seedlings 
treated with 30 mg/L 6-BA gradually increased and then 
decreased, and they reached maximum values at 20 d. 
After culturing for 20 d, the highest contents of Rut, IQ, 
and Ast in mulberry leaves treated with 6-BA treatment 
were 0.127, 0.120, and 0.050 mg/g DW, which were 4.6-
fold, 12.36-fold and 7.24-fold higher than the contents at 0 
d and increased by 25.87%, 41.31% and 57.31% compared 
to the contents in the control at 20 d, respectively (Fig. 5A, 
5B and 5C). The ChA content in mulberry leaves treated 
with 6-BA reached a peak value at 5 d with a ChA content 
1.25-fold higher than that of the control (Fig. 5D).

Risk Assessment of 6‑BA in Mulberry Leaves

The terminal residue levels in mulberry leaves after one 
application of 30 mg/L 6-BA solution are listed in Table 2. 
The pesticide residues in mulberry leaves ranged from 
0.1540 to 0.1701 mg/kg at 5 d, and the STMR of 6-BA was 
0.1691 mg/kg. Additionally, no 6-BA residue was detected 
in the control mulberry leaves at 5 d, 7 d, 10 d and 14 d. 
According to the existing ADI published by the European 
Union, the ADI of 6-BA is 0.01 mg/kg bw. Considering the 
average weight of different age groups in China and the daily 
intake of vegetables, the EDI and RQ of 6-BA were calcu-
lated and are shown in Table 3. In general, a RQ greater than 
1 indicates a large impact on consumer health. In this study, 
the highest RQ of 6-BA application was 0.1668, which is far 
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lower than 1. In the present study, the dietary intake data of 
tea consumers used for risk assessment were obtained from 
the country with the highest per capita tea consumption in 
the world, namely the UK, where tea consumption is 13 g 
per person per day. The average per capita weight (BW) was 
calculated as 60 kg, and the RQ value was 1.4972 ×  10–6, 
which is far less than 1 (Table 4). These results indicated 
that the use of 6-BA in the present study was safe. Moreover, 

no pesticide residues were detected in mulberry leaves 7–14 
d after 30 mg/L 6-BA was applied, indicating that the safe 
interval for the use of 6-BA on mulberry trees is 7 d. In 

Fig. 5  Effects of 30  mg/L 6-BA treatment on the contents of rutin 
(A), Isoquercitrin (B), Astragalin (C) and Chlorogenic acid (D) in 
mulberry leaves. Data were collected at 0, 5, 10, 15, 20, 25 and 30 

d after treatment. Each value represents the mean ± SD of three rep-
licates. Values not sharing a common letter are significantly different 
at P ≤ 0.05

Table 2  The residue limit of 6-BA in mulberry leaves

Note: "—" means not checked out
MRL established by European Commission (2005)

Chemical Spraying 
dose
(mg/L)

Days after 
forward 
spraying
(d)

Residues
(mg/kg)

Maximum 
residue limit 
(MRL) (mg/
kg)

6-BA 30 5 0.2059 ± 0.038 0.2
7 —
10 —
14 —

Table 3  Risk assessment of 6-BA in mulberry leaves

Age Body
weight (kg)

Consumption of 
vegetable
(g/d)

EDI
(μg/(kg bw))

RQ

6-BA 6-BA

5 d 5 d

2–3 12.7 125.1 0.0017 0.1666
4–6 16.5 162.8 0.0017 0.1668
7–10 22.3 206.5 0.0016 0.1566
11–13 34.05 235.85 0.0012 0.1171
14–17 45.95 255.35 0.0009 0.0940
18–29 55.25 286.05 0.0009 0.0875
30–44 60.3 297.15 0.0008 0.0833
45–59 60.05 304.95 0.0009 0.0859
60–69 57.95 278.75 0.0008 0.0813
 ≥ 70 54.75 248.9 0.0008 0.0769
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many regions of China, mulberry leaves are used not only as 
food but also as animal feed. Therefore, the residual amount 
of 6-BA in mulberry leaves in the present study is appro-
priate for the multipurpose use of these leaves. Moreover, 
30 mg/L 6-BA treatment provides a new method to improve 
the medicinal quality and development of high-value mul-
berry leaf foods.

Effect of 6‑BA Treatment on the Expression Levels 
of Flavonoid‑related Genes

According to the above results, 30 mg/L 6-BA plays a 
role in flavonoid accumulation in mulberry leaves during 

growth. Thus, RT-qPCR was used to analyze the expres-
sion of key enzyme genes in the flavonoid biosynthesis 
pathway of mulberry buds at 2 h, 3 h, 6 h, 12 h, 24 h, 48 h, 
72 h and 96 h after the control treatment and 30 mg/L 
6-BA treatment. Phenylalanine ammonia lyase (PAL) 
(KJ616395.1), chalcone synthase (CHS) (KJ616398.1) and 
4-coumarate-CoA ligase (4CL) (KJ616397.1) are impor-
tant upstream enzyme genes regulating the flavonoids of 
mulberry leaves, while flavonoid 3-O-glucosyltransferase 
(F3GT) exclusively modulates flavonol biosynthesis genes 
(KJ616402.1) (Zhao et al., 2015). As shown in Fig. 6, the 
relative gene expression of Ma4CL and MaPAL in the 
6-BA treatment showed a trend of first increasing and then 
decreasing with a peak at 2 h and 3 h, respectively. The 
relative expression levels of Ma4CL and MaPAL were 3.17 
and 3.7, respectively, which were significantly higher than 
those in the control (P ≤ 0.05). As shown in Fig. 6, the 
relative expression levels of MaF3GT and MaCHS after 
30 mg/L 6-BA treatment were 4.99 and 42.34 at 6 h and 
48 h, respectively. All of the expression levels significantly 
higher than those of the control (P ≤ 0.05).

Table 4  Risk assessment of 6-BA in mulberry leaf tea

Body weight
(kg)

Consumption of tea
(g/d)

EDI (ng / (kg bw)) RQ
6-BA 6-BA

5 d 5 d

60 13 0.0150 0.0015
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Discussion

The preliminary experimental results of this study showed 
that 600 mg/L and 1800 mg/L 6-BA significantly inhib-
ited the growth of mulberry leaves, indicating that a high 
concentration of 6-BA inhibits the growth of mulberry 
seedlings. Additionally, treatment with 30 mg/L 6-BA for 
10 d significantly increaseed the number of new shoots and 
buds compared to the other treatments. Therefore, among 
the 8 concentrations, 30 mg/L 6-BA showed the best com-
prehensive effect, and the mulberry response to 6-BA is 
dependent on concentration. Based on these results, we 
concluded that 6-BA promotes the growth of mulberry 
seedlings. Similarly, several studies have also demon-
strated that the appropriate concentration of 6-BA has a 
positive influence on plant differentiation and growth. For 
example, the application of 200 mg/L 6-BA significantly 
enhances the formation of productive lateral branches and 
increases the spring yield of tea plants (Camellia sinen-
sis) compared to the control (Zhang et al. 2018a, b, c). 
The beneficial effects of 6-BA on plant differentiation 
and growth have been previously reported in Phelloden-
dron amurense (Phellodendron chinense) seedlings and 
Indian sandalwood (Santalum album L.) seedlings (Liu 
et al. 2018; He et al. 2018). Similarly, acceleration of the 
flowering process has been observed using 200 mg/L 6-BA 
in orchid genera (Ngapui et al. 2014). Thus, these results 
suggest that the plant growth stage affects the interaction 
with 6-BA, resulting in different effects of 6-BA in differ-
ent crops.

Chlorophyll a and chlorophyll b are the main pigments 
that absorb and transfer light energy, which improve the 
light capture efficiency (Melkozernov et al. 2006). Simi-
larly, the development of new branches mainly depends 
on the photosynthesis provided by the leaves below the 
lateral branches (Ashley 1972). Moreover, the promotion 
of growth by 6-BA is usually accompanied by an increase 
in photosynthetic pigment content (Adedipe et al. 1971; 
Amin et al. 2007). Exogenous 30 mg/L 6-BA increased 
the chlorophyll content of mulberry leaves, enhanced pho-
tosynthesis and promoted the growth of mulberry leaves 
but did not cause stress. Soluble sugars are an impor-
tant energy source in plant carbon metabolism, and the 
30 mg/L 6-BA treatment significantly increased soluble 
sugar accumulation. However, at 0–15 d, the soluble sugar 
content in mulberry leaves treated with 30 mg/L 6-BA 
was significantly lower than that of the control, which 
may be due to the sucrose yield in soluble sugar being 
related to the rate of photosynthesis (Kaur et al. 2007). 
Exogenous plant hormones promote leaf photosynthesis 
and improve carbon supply capacity (Gene 1993; Xia 
et al. 2009; Gao et al. 2017). The results showed that the 

chlorophyll content after the 30 mg/L 6-BA treatment 
was significantly higher than that of the control at 0–15 d, 
while the soluble sugar content of mulberry leaves treated 
with 30 mg/L 6-BA was significantly lower than that of 
the control at 0–15 d. Sucrose in soluble sugar, as the main 
photosynthetic substance, provides carbon and energy for 
the growth of new buds from source tissue and channel 
storage tissue. In the vigorous growth period of new buds 
(0–15 d), improving the utilization rate of new buds is the 
basis of high yield (Fang et al. 2019).

During the process of metabolism, plants easily experi-
ence external stresses and produce large amounts of ROS. If 
ROS are not quickly cleared, they hamper growth and sec-
ondary metabolite production. Plants scavenge ROS through 
antioxidants (Alscher et al. 1997; Diplock et al. 1998; Mit-
tler et al. 2002). Free radical action causes lipid peroxida-
tion, and the oxidation end product is MDA. SOD and POD 
are the major components of the antioxidant system, and 
they play key roles in the growth processes of plants (Mit-
tler et al. 2017; Yang et al. 2017). After culturing for 40 d, 
10 mg/L and 20 mg/L 6-BA increase the levels of POD and 
SOD in Phellodendron chinense seedlings (He et al. 2018). 
After plants are sprayed with 30 mg/L 6-BA solution, the 
yield of super hybrid rice (Oryza sativa) is increased, and 
the SOD and POD activity levels are increased (Pan et al. 
2013). In agreement with this, the present study also showed 
that 30 mg/L 6-BA significantly reduced the accumulation of 
MDA in mulberry leaves. The main reason for this finding 
might be that 30 mg/L 6-BA effectively inhibited the accu-
mulation of MDA by increasing the SOD and POD contents. 
In summary, treatment with 30 mg/L 6-BA did not induce 
stress, but it decreased the MDA content. In addition, the 
difference between SOD and POD had no effect on growth.

Flavonoids, such as Rut, ChA, IQ and Ast, are impor-
tant functional bioactive compounds in mulberry and they 
have been reported to have many beneficial effects on human 
health, such as lowering blood glucose (Havsteen et al. 2002; 
Hamidullah et al. 2015; Testai et al. 2015) and improving 
immunity (Harborne et al. 1992) as well as having antiaging 
(Jo et al. 2009), antidiarrhea, antitussive, and expectorant 
effects (Mandal et al. 2010). Rut effectively improves blood 
glucose in patients with urinary disease by inhibiting intes-
tinal carbohydrate absorption, reducing gluconeogenesis, 
increasing tissue glucose uptake, and stimulating pancreatic 
insulin secretion (Ahmed et al. 2010; Jadhav et al. 2012; 
Kappel et al. 2013). Mulberry leaves are a good source of 
Rut, which is used as a dietary supplement to prevent com-
plications from diabetes. IQ effectively alleviates APAP-
induced liver injury by inhibiting multiple mechanisms, such 
as oxidative stress and nitrosative stress induced by paraceta-
mol (APAP) (Xie et al. 2015). Flavonoids from mulberry 
leaf extract efficiently protect human RBCs against free 
radical-induced oxidative damage. Among them, Ast has 
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the greatest protective effect. In the present study, exogenous 
30 mg/L 6-BA significantly increased the contents of Rut, 
IQ and Ast in the leaves of mulberry seedlings compared to 
the control and significantly increased the content of ChA 
compared to the control at 5 d. Other studies have indicated 
that 6-BA at specific concentrations promotes the accu-
mulation of medicinal ingredients. For example, He et al 
(2018) reported that 6-BA treatment significantly increases 
the contents of berberine and phellodendrine in Phelloden-
dron chinense seedlings. Jessica et al (2019) reported that 
the extracts of Amburana cearensis (cumarú) treated with 
6-BA during in vitro culture have higher flavonoid com-
pound levels than extracts from plants cultured under tradi-
tional conditions. Xu et al (2012) reported that the contents 
of total phenols, glucosinolate, and sulforaphane in broccoli 
florets are significantly increased after treatment with 6-BA. 
Therefore, exogenous 6-BA plays a key regulatory role in the 
growth of different plants and the accumulation of medicinal 
ingredients (Choi et al. 2013).

30 mg/L 6-BA not only increased the yield of mulberry 
buds, but also promoted the accumulation of flavonoids and 
improved the medicinal quality of mulberry buds. There-
fore, it is necessary to explore the molecular mechanism 
of promoting the accumulation of flavonoids. PAL, CHS, 
4CL and F3GT are considered key enzymes in the flavonoid 
synthesis pathway (Shih et al. 2008; Hodaei et al. 2018; He 
et al. 2020). In the present study, 30 mg/L 6-BA induced the 
expression of the MaF3GT, Ma4CL, MaPAL and MaCHS 
genes, which regulate flavonol synthesis. Similar to the pre-
sent study, Liu et al (2019) reported that 6-BA significantly 
increases the content of anthocyanins in grape-fruits 110 
d after flowering and significantly increases the expression 
levels of F3GT, CHS and PAL 90 d after flowering. There-
fore, exogenous 6-BA may upregulate gene expression lev-
els to promote the biosynthesis of flavonoids. In addition, 
several studies have reported that melatonin regulates key 
enzymes in phenol metabolism to maintain a high content 
of phenols during postharvest life. For example, melatonin 
induces PAL and CHS expression as well as enhances PAL 
and CHS activities, and it inhibits PPO activities and the 
expression level of related genes (Ma et al. 2016; Zhang 
et al. 2018a, b, c; Zheng et al. 2019). Both PAL and 4CL 
genes are key upstream genes of the flavonoid synthesis 
pathway. CHS is the key enzyme gene that provides the basic 
skeleton for flavonoid compounds, while F3GT is the last 
key enzyme gene for the formation of stable flavonols. In 
the present study, the expression levels of these four enzyme 
genes were significantly upregulated after treatment with 
30 mg/L 6-BA.

In conclusion, we determined the effects of exogenous 
6-BA on the growth, flavonoid compound contents and 
expression levels of key enzyme genes involved in the 
flavonoid synthesis pathway in mulberry seedlings. The 

results showed that exogenous 30 mg/L 6-BA significantly 
promoted the differentiation, growth and accumulation of 
flavonoids in mulberry leaves. Importantly, the present study 
showed that 30 mg/L 6-BA significantly upregulated the 
expression of the key enzyme gene for flavonol synthesis. 
Moreover, mulberry leaves treated with 30 mg/L 6-BA con-
formed to food safety requirements. Nevertheless, further 
investigations are needed to clarify the regulatory mecha-
nism by which 6-BA affects flavonoid synthesis.
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