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Abstract: Astragalus membranaceus has been used as a highly popular Chinese herbal medicine for
centuries. Triterpenoids, namely astragalosides I, II, III, and IV, represent the main active compounds
in this plant species. Transcription factors have a powerful effect on metabolite biosynthesis in plants.
We investigated the effect of the Arabidopsis MYB12, production of anthocyanin pigment 1 (PAP1),
and maize leaf color (LC) transcription factors in regulating the synthesis of astragaloside metabolites
in A. membranaceus. Overexpression of these transcription factors in hairy roots differentially up-
regulated these active compounds. Specifically, the overexpression of LC resulted in the accumulation
of astragalosides I-IV. The content of astragalosides I and IV were, in particular, more highly accumu-
lated. Overexpression of MYB12 increased the accumulation of astragaloside I in transgenic hairy
roots, followed by astragaloside IV, and overexpression of PAP1 resulted in the increased synthesis of
astragalosides I and IV. In addition, we found that overexpression of PAP1 together with LC increased
astragaloside III levels. At the transcriptional level, several key genes of the mevalonate biosynthetic
pathway, especially HMGR1, HMGR2, and HMGR3, were up-regulated differentially in response to
these transcription factors, resulting in astragaloside synthesis in the hairy roots of A. membranaceus.
Overall, our results indicated that heterologous expression of Arabidopsis MYB12, PAP1, and maize
LC differentially affected triterpenoids biosynthesis, leading to the increased biosynthesis of active
compounds in A. membranaceus.

Keywords: Astragalus membranaceus; hairy root; over-expression; astragalosides; gene expression

1. Introduction

Astragalus membranaceus (Fisch.) Bunge. has been used as a popular Chinese herbal
medicine for many years. The dried roots of A. membranaceus are known as “Huang
Qi” or “Radix astragali” and are used in many traditional Chinese herbal decoctions.
In Europe, the United States, and Asian countries, Radix astragali are commonly used
as dietary supplements and additives [1]. A. membranaceus has attracted the interest of
many researchers due to their excellent pharmacological properties, including anticancer,
anti-inflammatory, antioxidant and antiviral activities, immune enhancement, diabetic
regulation and so on [2-7]. The astragalosides (AGs), including astragaloside I (AG I),
astragaloside II (AG II), isoastragaloside II (IAG II), astragaloside III (AG III), astragaloside
IV (AG IV) and cycloastragenol, are triterpenoid saponins and represent one of the main
classes of active compounds in A. membranaceus [8,9]. Astragalosides occur uniquely in
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Astragalus species and exhibit multiple pharmacological activities that contribute to this
herb’s wide range of applications [2,5,10-14].

Although AGs are important active ingredients, the total triterpene saponin content in
Astragalus species is usually low, and this limited level of production restricts the pharma-
ceutical application of these herbal remedies [9,15]. However, researchers have attempted
to increase the production of these active metabolites in A. membranaceus and other plants.
For example, investigators have undertaken a feasibility study on treating the plants with
elicitors, including methyl jasmonate (MeJA), salicylic acid, and acetylsalicylic acid, to
promote AG production. Methyl jasmonate was shown to be the most effective at inducing
AG production, with MeJA-treated plants exhibiting a 2.1-fold increase in AG concentration
(5.5 £ 0.13 mg/g dry weight) than controls [16]. Moreover, Tuan et al. reported that the
synthesis of AGs, calycosin, and calycosin-7-O-3-d-glucoside were efficiently up-regulated
in MeJA-treated A. membranaceus hairy roots [17]. Yeast extract was also shown to facilitate
AG production in Agrobacterium-mediated A. membranaceus hairy root cultures [18]. In other
work, UV-B radiation was reported to promote AG production in A. membranaceus hairy
roots [19]. However, the elicitor-induced production of metabolites has generally resulted
in relatively low improvement and productivity [16,19].

Transcription factors are powerful regulators of metabolite biosynthesis in plants. It is
well-recognized that transcription factors such as MYB, basic/helix-loop-helix ((HLH), and
WD40 proteins can help researchers to engineer variations in metabolite biosynthesis [20,21].
The contents of flavonoids and anthocyanins, for example, have been reported to accumu-
late at high levels in many colorful tissues of fruits and vegetables, such as tomato flesh [22],
potato tubers [23], bilberry [24], apple [25], strawberry [26], crabapple [27] and so on [20]
under the manipulation of transcription factors. For example, the AP2/ERF family tran-
scription factor PnERF1 was shown to positively regulate triterpenoid saponin biosynthesis
in Panax notoginseng [28], and PJERF1 from Panax japonicus was also reported to promote
saponin biosynthesis in PJERF1 overexpression cell lines [29]. Moreover, Salvia miltiorrhiza
SmERF115 has been reported to be a positive regulator of phenolic acid biosynthesis in
S. miltiorrhiza [30], while the R2R3-MYB transcription factors SmMYB1 and SmMYB97 have
been found to improve the accumulation of phenolic acids, anthocyanins, and tanshinones
in S. miltiorrhiza [31,32]. However, to the best of our knowledge, the metabolic engineering
of metabolite biosynthesis in A. membranaceus using transcription factors has not yet been
described thoroughly.

In this study, we used three transcription factors, the Arabidopsis transcription factor
MYB12, Production of Anthocyanin Pigmentl (PAP1), and maize Leaf color (Lc), heterol-
ogously expressed in the A. membranaceus hairy root system, to evaluate whether they
could be used to engineer AG metabolite biosynthesis. Our results indicated that MYB12,
PAP1, and LC could differentially participate in triterpenoid biosynthesis. RT-PCR analysis
revealed that overexpression of these three transcription factors induced the up-regulation
of key structural genes in the AG biosynthetic pathway. This research provides useful
information about the metabolic engineering of active compound production in the hairy
roots of A. membranaceus using transcription factors.

2. Results
2.1. Identification of A. membranaceus Hairy Root Overexpression Lines

After transformation and selection using an antibiotic medium, surviving hairy root
lines were multi-cultured, and then the expression level of each transcription factor was
confirmed by qRT-PCR analysis (Figure 1). According to qRT-PCR results, the expression
levels of ZmLc, AtMYB12, and AtPAP1 were detected higher in the transgenic lines than
in that of the control GUS hairy roots lines. In particular, expression in the hairy root line
LC-7 was 66.6-fold higher than in the control line, followed by LC-8 and LC-13, which
displayed 21.8-fold and 25.2-fold higher expression than the control (Figure 1A). MYB12-12
and PAP1-12 showed at least 3.6-fold and 1.5-fold higher expression than the other two
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overexpression lines (Figure 1B,C). Finally, these higher overexpression lines of ZmLc,
AtMYB12, and AtPAP1 were selected for further analysis.
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Figure 1. The expression level of LC-, MYB12-, and PAPI- overexpression hairy roots lines.
(A) LC-overexpression hairy roots lines. (B) MYBI2-overexpression hairy roots lines. (C) PAPI-
overexpression hairy roots lines. GUS, GUS-overexpressing hairy root line (control). The height of
each bar and the error bars show the mean and standard error, respectively, from three independent
measurements. The different letters indicate significant differences at the 5% level by Duncan’s
multiple range test.

2.2. Transcription Levels of Biosynthetic Genes in AGs Biosynthetic Pathways

The proposed AGs biosynthetic pathway in A. membranaceus was shown in Figure 2 [33,34].
To clarify the molecular mechanism underlying the transcription factor manipulation, the
expression of key genes involved in AGs biosynthetic pathway was determined by qRT-
PCR. According to the results (Figures 3-6), the biosynthetic genes in AGs biosynthetic
pathway were differently regulated at the expressions level. In the LC-overexpression
lines, the expression levels of AmHMGR1, AmHMGR2, AmHMGR3, AmSS, and AmCAS
were up-regulated (Figures 3 and 6). In particular, AmHMGR was reported as a key gene
contributing to AG biosynthesis, the results indicated that AmHMGRs was mainly up-
regulated in LC-overexpression lines. For the Atmyb12 and AtPAP1 overexpression lines,
unexpectedly, the expression levels of HMGR1, HMGR2, or HMGR3, were found to be
more stimulated than other genes in the AG biosynthetic pathway (Figures 4 and 5). In all,
the results indicated that the key genes involved in the AGs biosynthetic pathway were
differentially response to the LC, MYB12, and PAP1 transcription factors, which might
result in the differential accumulation of metabolites.
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Figure 2. The proposed AGs biosynthetic pathway in A. membranaceus. AACT, acetoacetyl-CoA
thiolase; HMGS, 3-hydroxy-3-methylglutaryl-CoA synthase; HMGR, 3-hydroxy-3-methylglutaryl-
CoA reductase; PMK, phosphomevalonate kinase; MVD, mevalonate diphosphate decarboxylase;
IDI, isopentenyl diphosphate isomerase; FPS, farnesyl diphosphate synthase; SS, squalene synthase;
SE, squalene epoxidase; CAS, cycloartenol synthase.

2.3. Synthesis of AGs in Transgenic Hairy Roots of A. membranaceus

The contents of AGs I, II, III, and IV in the transgenic hairy roots of A. membranaceus
were then analyzed by HPLC (Figures 7 and S1). The accumulation of most of the AGs
increased in the three transgenic lines. Overexpression of LC resulted in an increased
amount of all four AG compounds in the transgenic hairy roots. In particular, the content
of AG IV was increased most highly in the lines LC-7, -8, and -13, which showed 11.1-, 6.7,
and 10.5-fold higher levels than the control, respectively. Next, AG I showed 6.5-, 3.6- and
4.1-fold higher levels than the control, respectively, in the three transgenic lines. AG II also
exhibited a 2.0-3.5-fold increase in the LC transgenic hairy roots lines, followed by AG III,
which displayed a 1.8-2.3-fold increase (Figure 7A). The four AGs were also up-regulated
in the MYBI12 transgenic hairy roots. The highest levels were detected in MYB12-12, where
AG L I III, and IV exhibited 5.1-, 2.4-, 3.2- and 7.6-fold increases, respectively, compared
with the control (Figure 7B), indicating that the higher rate of AG biosynthesis might be
related to the considerable expression levels of the transcription factors. Overexpression of
PAP1 showed a similar trend and contribution to AG synthesis; AGs I and IV exhibited a
2.1 and 4.7-fold increase, respectively, whereas AG II levels were only slightly increased in
the PAP1 overexpression lines (Figure 7C).
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Figure 3. The relative expression levels of the key astragaloside biosynthetic genes in control and LC
overexpression hairy root lines. GUS, GUS-overexpressing hairy root line (control). The height of
each bar and the error bars show the mean and standard error, respectively, from three independent
measurements. The different letters indicate significant differences at the 5% level by Duncan’s
multiple range test.
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Figure 4. The relative expression levels of the key astragaloside biosynthetic genes in control and
MYBI12 overexpression hairy root lines. GUS, GUS-overexpressing hairy root line (control). The
height of each bar and the error bars show the mean and standard error, respectively, from three
independent measurements. The different letters indicate significant differences at the 5% level by
Duncan’s multiple range test.
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Figure 5. The relative expression levels of the key astragaloside biosynthetic genes in control and
PAP1 overexpression hairy root lines. GUS, GUS-overexpressing hairy root line (control). The
height of each bar and the error bars show the mean and standard error, respectively, from three
independent measurements. The different letters indicate significant differences at the 5% level by
Duncan’s multiple range test.



Plants 2022, 11, 1897

8 of 14

4,000.0
3,500.0
3,000.0
E 2,500.0
2 2,000.0
3 15000
1,000.0

GUS

GUS

GUS

1.50
1.00
0.50
0.00
-0.50
-1.00
-1.50
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lines. GUS, GUS-overexpressing hairy root line (control). The height of each bar and the error bars
show the mean and standard error, respectively, from three independent measurements. The different
letters indicate significant differences at the 5% level by Duncan’s multiple range test.
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3. Discussion

Hairy roots are commonly considered to be an alternative system in which to study
metabolite biosynthesis in plants. The system offers a useful way of producing increased
amounts of metabolites within a relatively short time frame when compared with traditional
culture methods [35]. The A. membranaceus hairy root cultures system has been well estab-
lished previously [17,36,37]. There were some reports about regulating AGs production in
A. membranaceus hairy root cultures, and it has been reported that A. rhizogenes-mediated
A. membranaceus 36-day-old hairy roots exhibited excellent AG production compared with
3-year-old field-grown roots [38]. The use of UV and MeJA as elicitors was shown to pro-
mote AG production in A. membranaceus hairy root cultures [16,19]. Moreover, combining
deacetylation biocatalysis with the elicitation of immobilized Penicillium canescens (IPC)
treatment, enhanced the content of AG IV was enhanced by 14.59-fold when compared
with the control in A. membranaceus hairy root cultures [39]. However, as far as we know,
little information is available about metabolic genetic engineering in A. membranaceus using
transcription factors via the hairy root system.

Arabidopsis transcription factors MYB12, PAP1, and LC are three previously charac-
terized flavonoid and/or anthocyanin-related transcription factors [40-43]. AtMYB12 is
considered to be a flavonol-specific activator of flavonoid biosynthesis in Arabidopsis [42].
The MYB transcription factor AtPAP1 has been reported to be a positive anthocyanin
and flavonoid regulator [44]. The ectopic expression of PAP1 was found to improve the
production of anthocyanins and antioxidant activity in Ginseng hairy roots [41]. Antho-
cyanin accumulation was also enhanced by the overexpression of PAP1/AtMYB75 in the
transgenic hop (Humulus lupulus L.), canola (Brassica napus), and so on [45,46]. Leaf color
(Lc) belongs to the maize R gene family and was the first basic/helix-loop-helix (bHLH)
transcription factor found in maize, Lc acts in the regulation of anthocyanin synthesis in
maize [47], and heterologous expression of maize Lc can allow the engineering of flavonoid
and/or anthocyanin biosynthesis in many plants, such as Arabidopsis and tobacco [43,48],
lisianthus and a regal pelargonium cultivar [49], rice [50], sweet potato [51], and golden
root [40]. Park et al., reported that ZmLc and AtPAPI can be used as positive regulators
in the metabolic engineering of flavonoid biosynthesis in S. baicalensis, resulting in 3- and
5-fold higher total flavonoids, respectively, than the control [40]. In this study, our re-
sults also indicated that the overexpression of ZmLc, AtMYB12 and AtPAP1 efficiently
up-regulated AG biosynthesis in A. membranaceus, especially, AG I and AG IV were con-
sidered as common targets and significantly higher accumulation in overexpression hairy
roots lines.

It has been shown in many plant species that transcription factors regulate the tran-
script levels of structural genes and contribute to the accumulation of metabolites [20,21].
Moreover, it has been reported that the heterologous expression of IbMYBla positively
controls the expression of multiple anthocyanin biosynthetic genes, and results in enhanced-
anthocyanin synthesis in tobacco [52]. Multiple omics analyses have revealed that the
main biosynthetic genes PAL, CHS, CHI, F3H, and FLS are upregulated in the flavonoid
biosynthesis pathway and resulted in the accumulation of flavonol and flavonoid deriva-
tives in AtMYB12 overexpressed tomato [53]. Anthocyanin accumulation was enhanced
by the overexpression of PAP1/AtMYB75 in transgenic canola (Brassica napus) and hop
(Humulus lupulus L.), by regulating the transcription level of flavonoid biosynthesis-related
structural genes [46]. However, these regulated targets have not always been the same in
different plants. For example, although AtMYB12 and PAP1 were overexpressed in buck-
wheat hairy root, only the AtMYB12 overexpressed lines resulted in rutin enhancement
through the up-regulation of PAL, C4H, 4CL, CHS, CHI, F3H, F3'H, and FLS genes in the
flavonoid biosynthesis pathway [54], while, ectopic expression of PAP1 indeed enhanced
the expression of various genes involved in the phenylpropanoid biosynthetic pathways
(24 genes), and flavonoid biosynthetic pathways (17 genes) in ginseng (Panax ginseng C.A.
Meyer) hairy roots [41].
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The key genes in the AG biosynthesis pathway in A. membranaceus have previously
been reported. [18,36,55]. For example, HMGR is a key rate-limiting enzyme for triterpenoid
biosynthesis and the expression of the HMGR gene is directly related to triterpenoid biosyn-
thesis [16,56-59]. The production of phytosterols and triterpenoids was enhanced by over-
expressing Panax ginseng HMGR (PgHMGR) in Platycodon grandiflorum [58]. Jiao et al. [16]
reported that a significant increase in the accumulation of total AGs was detected by UV-B
elicitation; however, even among the major genes, AACT to CAS of the AG biosynthesis
pathway, only the higher expression of HMGR gene was induced by UV-B elicitation [16].
In this research, the relative expression levels of key genes related to AG biosynthetic
pathway were detected. Interestingly, our results were similar to those found previously,
which also demonstrated that HMGRs played a key target gene in A. membranaceus AGs
biosynthesis and responded to the regulation of ZmLc, AtMYB12, and AtPAP1 [19].

According to previous research, the cytochrome P450 monooxygenase (P450) and the
glycosyltransferases (GTs) play important roles in the triterpenoid pathway, mainly creating
structural diversity of triterpenoids in plants [60-62]. However, even triterpenoids-related
P450 or GTs has been reported in some plant, such as Arabidopsis thaliana, Panax ginseng,
Saponaria vaccaria [63-65], GTs and P450 genes are also speculated to be involved in regulat-
ing AGs biosynthesis, but it remains unclear how P450s and GTs play a role in oxidation
and glycosylation during AGs biosynthesis [16,34].

4. Materials and Methods
4.1. Plant Materials

Astragalus membranaceus seeds were purchased from Wofeng Chinese traditional
Medicine Co., Ltd. (Hebei, China), and were authenticated by Prof. Sangun Park. The Astra-
galus membranaceus sterilized seeds were obtained similarly as described before Li et al. [66].
The surface-sterilized procedure was accomplished with 70% ethanol and 4% (v/v) bleach
solution, followed by rinsing several times in sterile water. The sterilized seeds were
cultured on 1/2 MS medium in a growth chamber with a photoperiod of 16 h light/8 h
dark at 24 °C. A. membranaceus 20 day old seedlings were used as the explant materials for
hairy roots induction [17].

4.2. Vector Construction and Generation of Transgenic Hairy Roots

The vector construction method has been described as previously reported [40]. Briefly,
TFs AtMYB12, ZmLc, and AtPAP1 (GenBank accession ID: AAC83586, DQ414252.1, and
NM_104541.3) were cloned, and the overexpression vector construction was accomplished
through BP clonase II and LR clonase (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. Finally, these genes were successfully inserted into the overex-
pression vector pK7FWG?2 (Invitrogen), expression clones pK7FWG2-ZmLc and pK7FWG2-
AtPAP1 were then transformed into Agrobacterium rhizogenes strain R1000 by electroporation
transformation. The GUS gene, which overexpresses beta-glucuronidase, was also con-
structed by the same method as control. The A. membranaceus hairy roots transformants
were generated using the A. rhizogenes-mediated method [36]. Briefly, hairy roots were in-
duced from leaves of A. membranaceus infected by A. rhizogenes R1000 [17,36]. Transformants
were selected on 1/2MS media with kanamycin (50 mg/L) and cefotaxime (250 mg/L) at
25 °C in dark conditions. The survived hairy root lines were sub-cultured in 30 mL of
1/2 MS liquid medium on a shaker (100 rpm) in dark conditions for 3 weeks. Hairy root
samples were harvested, and then the overexpression lines for each TFs were confirmed by
gRT-PCR analysis.

4.3. Quantitative Real-Time PCR

Total RNA isolation and cDNA synthesis was finished as followed [66]: Total RNA
was isolated from samples using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA).
For cDNA synthesis, 1 ug of total RNA was reverse-transcribed using the Superscript II
First Strand SynthesisKit (Invitrogen, Carlsbad, CA, USA) and an oligo (dT)20 primer.
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The expression of key genes involved in AGs biosynthetic pathway was determined by
qRT-PCR. The primer sets used for qRT-PCR was listed as the same as references [34,40,54].
The relative expression levels of genes were normalized to that of an internal reference 185
gene (ZX0811025). The qRT-PCR method was as same as the reference [54]. Results were
calculated as the mean of three replicates.

4.4. HPLC Analysis for AGs

The control and confirmed overexpression hairy root lines were freeze-dried and
ground into a fine powder. Samples (100 mg) were extracted with MeOH (1.5 mL) by
sonicator for 60 min, then the supernatant was filtered by 0.45 um PTFE syringe filter
(Advantec DISMIC-13HP; Toyo Roshi Kaisha, Ltd., Tokyo, Japan) for HPLC analysis. The
Cyg column (250 x 4.6 mm, 5 pm; RStech; Daejeon, Korea) was employed for HPLC
analysis. The HPLC was equipped with evaporating light scattering detection (ELSD).
Astragalosides (AGs) chemical compounds including astragaloside I (AG I), astragaloside
II (AG 1), isoastragaloside II (IAG 1II), astragaloside III (AG III), astragaloside IV (AG IV)
were obtained from ChromaDex (Irvine, CA, USA). The HPLC-ELSD analysis method for
Astragalosides (AGs) was established in the previous study [17,36]. The concentration
of AGs was determined using the external standardization method. All samples were
analyzed in triplicate.

4.5. Statistical Analysis

All the experiments were independently conducted in triplicate, and the results for
gene expression and metabolites content were shown as the mean =+ standard error (SE).
TB tools software was used for heatmap analysis. The ANOVA analysis was performed
using SPSS version 22 (SPSS Inc, Chicago, IL, USA). The significant differences between
sample groups were conducted using Duncan’s Multiple Range Test. Values with different
letters mean significantly different between groups (p < 0.05).

5. Conclusions

Taken together, the hairy root system is considered to be a useful and suitable tool for
the genetic engineering of secondary metabolites enhancement. The efficient regulation of
secondary metabolite production may be achieved by investigating the relevant transcrip-
tion factors, especially in medicinal plants. In this study, we provide useful information
about the use of transcription factors in the genetic engineering of AG biosynthesis in
A. membranaceus, and show this to be a useful model for further exploring and investigating
the function of transcription factors in triterpenoid accumulation in A. membranaceus and
other plants.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants11141897/s1. Figure S1: Representative HPLC chromatograms
of AGs analysis. (A) AGs standards; (B) Control, GUS-overexpressing hairy root line; (C) LC-
overexpression hairy root line; (D) comparation of AGs standards (red) and sample (blue). Peaks: 1,
astragaloside IV; 2, astragaloside III; 3, astragaloside II; 4, astragaloside 1.
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