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Plant natural products (PNPs) are active substances indispensable to human
health with a wide range of medical and commercial applications. However,
excessive population growth, overexploitation of natural resources, and
expensive total chemical synthesis have led to recurrent supply shortages.
Despite the fact that the microbial production platform solved these
challenges, the platform still has drawbacks such as environmental pollution,
high costs, and non-green production. In this study, an efficient platform for
the production of PNPs based on the transient expression system of Nicotiana
benthamiana L. combined with synthetic biology strategies was developed.
Subsequently, the feasibility of the platform was verified by a simple “test unit.”
This platform was used to synthesize two high-value PNPs: genistein (5.51
nmol g~1 FW) and scutellarin (11.35 nmol g~! FW). Importantly, this is the first
report on the synthesis of scutellarin in heterologous plants. The platform
presented here will possibly be adopted for the heterologous production
of genistein and scutellarin in tobacco plants as a novel and sustainable
production strategy.

plant natural products, transient production platform, scutellarin, genistein,
synthetic biology, Nicotiana benthamiana
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Introduction

Plant natural products (PNPs) are plant secondary
metabolites that have a wide range of bioactive properties,
many of which are vital to humanity. To date, PNPs have been
widely used in fragrances, natural dyes, dietary supplements,
foods, cosmetics, and pharmaceutical industries (Birchfield
and MclIntosh, 2020). Based on their biosynthetic pathways,
PNPs can be classified into three main groups: flavonoids,
alkaloids, and terpenoids (Saxena et al., 2013). Genistein is
one of the most abundant pharmacologically active flavonoids
in soybean, and its biosynthesis pathway is well elucidated.
In recent years, genistein has received a lot of attention for
its potential to prevent osteoporosis (Marini et al, 2007),
lower the risk and incidence of cancer and cardiovascular
diseases, and ease menopausal symptoms (Nestel et al., 1999;
Cotterchio et al, 2007; Marco et al, 2007). However, the
content of genistein in soybean varies depending on the
variety and growing conditions and/or environment (Eldridge
and Kwolek, 1983). Like genistein, scutellarin is another
major bioactive constituent of flavonoids extracted from
Erigeron breviscapus (Asteraceae family) (Wang and Ma,
2018). Similarly, scutellarin has a number of pharmacological
effects, including suppressing tumor growth and metastasis
(Zeng et al, 2022), treating cardiovascular diseases (Prince
et al, 2015), promoting blood circulation and dissolving
stasis (Liu et al, 2010). Scutellarin’s efficacy and necessity
for human health are undeniable, but its manufacture still
predominantly depends on limited plant resources. Resources
for E. breviscapus are currently scarce, and the pharmaceutical
sector uses more than a million kilograms of the plant
annually, drastically depleting its wild resources (Li et al,
2011). Additionally, more than 10 million people in China
utilize scutellarin and associated medications each year, and
the available supply of scutellarin can no longer keep up with
the country’s expanding demand market (Zhang et al., 2013).
Based on the health-promoting effects of these two types of
PNPs, researchers have tried different production methods.
However, the use of total chemical synthesis is not economical
due to its complex structure. Furthermore, although the
microbial platform has successfully produced genistein and
scutellarin (Horinouchi, 2009; Liu et al., 2018), the chassis still
has several disadvantages (e.g., labor-intensive production, high
costs, pollution of the environment, and poor tolerance of

Abbreviations: PNPs, plant natural products; CPMV, Cowpea mosaic

virus; TFs, transcription factors; UTR, untranslated region; OREF,
open reading frame; WT, wild type; LB, Luria-Bertani; KEGG,
Kyoto Encyclopedia of Genes and Genomes; LC-MS/MS, liquid

chromatography with tandem mass spectrometry; GGC, Golden Gate
cloning; Al, artificial intelligence; RS, remote sensing; MeCN, methyl
cyanide; DW, dry weight; FW, fresh weight; EIC, extracted ion
chromatogram; RPM, revolutions per minute; NOS-T, nopaline synthase
terminator; CaMV35S-P, Cauliflower mosaic virus 35S promoter.
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the products) (Reed et al,, 2017; Shao et al,, 2017). Therefore,
the use of plant chassis to produce genistein and scutellarin
is a promising approach, which will reduce the production
cost of genistein and scutellarin, reduce the exploitation of
plant resources, alleviate the supply pressure caused by rapid
population growth, etc. In addition, it is also important to note
that heterologous production of scutellarin in plants has not
been reported previously.

Nicotiana benthamiana (Nicotiana benthamiana L.), a wild
relative of tobacco originally from Australia, is peerless in
its susceptibility to agroinfiltration and its amenability to
transiently expressing transgenes (Horsch et al, 1985). As a
common tool, the transient expression system of tobacco has
been applied to produce a variety of PNPs (especially for the
treatment of serious diseases). Examples include artemisinin
(used for malaria treatment) and cannabinoids (used to prevent
SARS-CoV-2 coronavirus from entering human cells) (Wang
et al,, 2016; Gilck et al., 2020;
Although the above cases demonstrated the feasibility of the

/an Breemen et al., 2022).

traditional transient expression system of tobacco, it could not
be applied to large-scale production. Therefore, it is urgent to
develop a novel transient production platform. Up to now, little
research in this area has been conducted.

As an interdisciplinary field, synthetic biology offers a
strategy for the development of PNPs. First of all, fast and
efficient methods for multigene assembly are essential for plant
synthetic biology. The Golden Gate cloning (GGC), based
on type IIS restriction endonuclease, is efficient and results
in “scarless” assemblies (Engler et al, 2009). Secondly, the
effect of untranslated regions (UTR) on protein expression has
been widely demonstrated (Sainsbury and Lomonossoff, 2008).
Combining these strategies with improved agroinfiltration
techniques, Stephenson et al. (2018) produced gram-scale
quantities of purified triterpene in just a few weeks. Thirdly,
the production level of various PNPs is considerably increased
by the use of transcriptional regulation by activating secondary
metabolic pathway genes. Butelli et al. (2008) introduced
Delila and Roseal genes from Antirrhinum majus into tomato
(Solanum lycopersicum L.), resulting in a deep purple fruit. This
indicates that large amounts of anthocyanins were produced
in the fruit, and at concentrations comparable to those found
in blackberries and blueberries. Overexpression of maize Lc or
Arabidopsis PAPI resulted in enhanced total flavonoid content
in Scutellaria baicalensis hairy roots (up to 80.5 £ 6.15 mg
g~ ! DW and 133 % 7.66 mg g~! DW, respectively) (Chang
et al., 2021). Unlike other transcription factors (TFs), AtMYB12
not only activates genes involved in flavonoid biosynthetic
pathways, but also enhances primary metabolism, thereby
increasing the supply of secondary metabolic precursors (Zhang
et al,, 2015). The application of the above technologies ensures
the optimal yield of the target products, and the development
of a vacuum infiltration device could also significantly increase
the conversion efficiency of the leaves. Taken together, the
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combination of these synthetic biology strategies and the
vacuum infiltration device constituted the efficient transient
production platform (E-platform). However, the assembly of
multi-gene pathways and heterologous synthesis (extraction,
isolation, and identification) of the PNPs in plants are lengthy
and complex processes. In order to reduce the time wasted due
to failed experiments, it is essential to check the compatibility
of the platform through testing sessions. The expression
or non-expression of the two reporters in the “test unit”
directly determines the applicability of the platform. One
is enhanced green fluorescent protein (EGFP), which has
been widely used as an indispensable imaging and tracking
tool for various biological studies (Enterina et al, 2015).
The other is SIAN2-Like, a key TF determining the intense
purple skin of tomato, which has been shown to promote
anthocyanidin accumulation (Sun et al,, 2020). To determine
whether the SIAN2-Like was functioning, the change in leaf
color was examined.

Herein, we achieved the production of genistein and
scutellarin in N. benthamiana by using synthetic biology
strategies and developed a novel E-platform, which will provide
theoretical support for the rapid and large-scale production of
high-value PNPs and can be used as an alternative route for the
extraction of PNPs from plants.

Materials and methods

Plant material and cultivation

Nicotiana benthamiana (GenBank: PRJNA170566) seeds
were sown in the soil with a 1:1 ratio of peat (Pindstrup
Horticulture Co., Ltd., Denmark) and vermiculite, and covered
with a transparent plastic cover. After 1 week, the seedlings
were transferred to an independent flowerpot (specifications:
diameter 10 cm, height 8.5 cm), and agroinfiltration was carried
out after 4 weeks. All growth periods of N. benthamiana were
in the greenhouse with conditions as follows: temperature
25 £ 1°C, humidity 60%, light intensity 109 pmol photons
m~2 s~ !, and photoperiod of 16 h light/8 h dark.

Acquisition of gene elements and
assembly of expression cassette

The sequences of the Cauliflower mosaic virus 35S
promoter (CaMV35S-P) and the modified 5-UTR of CPMV
RNA2 were cloned with special primers (containing Bsal
restriction sites and 4-nt overhangs) from pGREENII0800-
LUC and pEAQ-HT-DEST vectors, respectively. Similarly,
the “3-UTR + nopaline synthase terminator (NOS-T)”
sequence was also derived from the pEAQ-HT-DEST vector,
which was kindly provided by Liu et al. (2020). Genes
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encoding AtMYBI12 (At2g47460), GmIFS (AF195798), GmHID
(AB154415), EbENSII (KC521362), EbF6H (KU237240), and
EbF7GAT (KU237242) were all codon-optimized toward
N. benthamiana by Shenggong Bioengineering Co., Ltd.,
(Shanghai, China). In addition, Thosea asigna virus 2A (2A) was
also synthesized in the aforementioned company.

GGC was used for expression cassette assembly, and
the recognition sites and cleavage patterns of the two
enzymes (Bsal and Bpil) involved in this process are
shown in Figure 1A. All vectors and components used
in this process were divided into three modules: Level-
0 (Promoter/5-UTR/ORF/2A/3’-UTR/Terminator), Level-1
(pICH47732/pICH47741/pICH47751/pICH47761/pICH41780),
and Level-2 (pAGM4723) (Figures 1B-D). The aforementioned
plasmids were gifted by Sylvestre Marillonnet (Weber et al,
2011). Except for the ORF (synthesized into the pUC57 vector),
enzyme cleavage sites and specific fusion sites at both ends of
each Level-0 module were introduced by primers, and the PCR
products were linked into the pLB vector (TTANGEN Biotech,
Beijing, China) (Figure 1B). It is worth noting that CaMV35S-P
and 5'-UTR are two separate parts, and they need to be spliced
before the assembly process starts. As shown in Supplementary
Figure 1, CaMV35S-P and 5-UTR were constructed into
the pICH47751 vector. Subsequently, they were amplified
with special primers to form the standard Level-0 module
(Figure 1B). The construction process of multigene pathways
is roughly divided into 2 steps (Figures 1C,D), and more
details of the process and the PCR conditions are provided in
Supplementary Table 1. Supplementary Table 3 shows all the
primers used in this study.

Preparation of agroinfiltration

Agroinfiltration of leaf tissue with binary vectors is
also a rapid method of producing metabolites in plants.
strain  GV3101 (pSoup-pl9,
encodes a viral suppressor of RNA silencing) was used

Agrobacterium  tumefaciens
for transient expression analysis of N. benthamiana. The
agroinfiltration procedure was based on the method of
Wood et al. (2009) with minor modifications. A. tumefaciens
was grown overnight in LB medium (supplemented with
10 mM 2-(N-morpholino)ethanesulphonic acid (pH 5.6),
40 pM acetosyringone, 50 pg mL™! kanamycin and
25 pg mL™! rifampicin). The A. tumefaciens cells were
centrifuged at 4,000 rpm for 10 min until they attained
an optical density at 600 nm (ODggy) between 1 and 1.5.
The supernatant was discarded, and A. tumefaciens cultures
were resuspended in the infiltration buffer (10 mM MgCl,,
0.8 and incubated
for 3 h at room temperature. Additionally, its crucial to

200 wM acetosyringone) to ODgop =

make a suitable bacterial suspension in accordance with
production requirements.
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D
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FIGURE 1

A schematic illustrating the assembly of multigene constructs based on the GGC. (A) Recognition sequence, cleavage site, and post-cleavage
overhangs of two type IIS restriction enzymes (Bsal and Bpil). (B) The Bsal recognition sites (GGTCTC) and specific fusion sites (e.g., GGAG and
ACAA) on both sides of each Level-0 module (e.g., promoter, UTR, ORF, 2A, and terminator) were introduced by primers. (C) Level-1 module
digestion-ligation process. Each expression cassette was assembled into Level-1 destination vectors. (D) The final Level-2 modules construction
process. Multiple Level-1 modules formed the final vector via a one-step digestion-ligation reaction of Bpil and T4 ligase. (E) Schematic diagram
of T-DNA regions containing pathway genes involved in the synthesis of genistein and scutellarin. Part A, genistein; Part B, scutellarin; NPTII,
aminoglycoside phosphotransferase from Tn5; Q, tobacco mosaic virus 5'-leader sequence. 2A, Thosea asigna virus 2A.
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The operation mode of the novel
E-platform

Transient expression by agroinfiltration has been a very
mature secondary metabolite production platform. The N.
benthamiana plants used for infiltration experiments were
grown for 5 weeks in the soil. As shown in Figure 2-1, a
special transparent cube-mold was used to wrap and fix the
flowerpot. The mold consists of a removable plastic plate and
a shelf. The opening and closing states of the mold can be
adjusted while the plastic plate is sliding on the track, and
the closed state of the mold will have a hole with a diameter
of 0.8 cm. The whole operation process was mainly divided
into four parts. First, we placed a single N. benthamiana into
the shelf and pushed the plastic plate to keep the mold closed
(Figure 2-2A). Next, we formed a group of three plants and
strung them together by threading a flat metal strip across
the bottom of the mold (Figure 2-2B). In this case, the fixed
flowerpots were inverted into a stainless steel-tank, so that all of
the N. benthamiana leaves could be immersed in a suspension
of A. tumefaciens (Figure 2-2C). Then, agroinfiltration was
carried out in the vacuum infiltration device (Model: DZF-50,
Figure 2-2C; Supplementary Figure 2), which was developed
by our laboratory (see authors affiliation section) and the
Shanghai Wonbio Biotechnology Co., Ltd., Upon starting
the device, the vacuum chamber’s pressure dropped to 80
mbar in about 30 s, drawing out the air in the intercellular
spaces and allowing the suspension to enter the leaf cells.
Finally, the plants were cultured in a dark chamber for 24 h
before being brought back to the greenhouse for another
5 days until they were ready to be harvested. The infiltrated

10.3389/fpls.2022.994792

leaves were then subjected to the next step of extraction,
purification and analysis.

Color reaction and content
determination of flavonoids

The total flavonoids were extracted as described previously,
with some modifications (Zhang et al., 2014). Briefly, leaves
of N. benthamiana were pulverized after being placed in a
freeze-dryer for 48 h. Further, 0.02 g of lyophilized powder
were incubated in 60% ethanol (20 mL) for 2 h at 60°C
with shaking before being centrifuged at 10,000 g for 10 min
at 4°C. The aforementioned procedures were repeated again
and the supernatants were combined for color reaction and
content determination. In this study, flavonoid content was
measured using aluminum nitrate in a colorimetric method. In
sodium nitrite solution (alkaline conditions), flavonoids react
with aluminum salts to form red-orange chelates (Figure 3C),
which exhibit a maximum absorption peak of 510 nm. Rutin was
used as the standard in this study, and the results were calculated
7.6029X-0.0011,
R? = 0.9998). See Supplementary Table 2 for detailed operation

according to the calibration curve (y =

processes. All measurements were performed in triplicate.

Liquid chromatograph-mass
spectrometer analysis of flavonoids

The total flavonoid content was extracted according to
Liu et al. (2019), with a minor modification. Sample powder
(0.05 g FW) was sonicated in 1 mL of 100% methanol for

FIGURE 2

high-value PNPs.

A schematic diagram of the novel E-platform. (2—1) The structure of the transparent cube-mold. (2-2) Vacuum infiltration process. (A) The
fabrication process of N. benthamiana. (B) The union of several N. benthamiana. (C) The leaves were inverted into a stainless steel-tank filled
with A. tumefaciens suspension. Then, the tank was transferred to the vacuum infiltration device. (D) The infiltrated leaves contain two
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Transient
D
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-—v-' - Transient- ‘_+ -
<
V. V.S &
3 WT
Control WT Transient
N N ° P! N - N
Conc. mg/g DW
FIGURE 3

Pre-test of the novel E-platform. (A) Schematic diagram of the simple “test unit.” (B) GFP fluorescence of the leaves under blue excitation light
(approx. 470 nm). (C) Phenotypes of WT and infiltrated N. benthamiana. (D,E) Color reaction and total flavonoid content determination in WT
and infiltrated N. benthamiana. "Transient” represents infiltrated N. benthamiana. The error bars represent the standard deviations from three
independent experiments. The asterisks indicate significant differences (*P < 0.05).

30 min at room temperature. After centrifugation at 12,000 rpm
for 10 min, the sample supernatant was filtered through a
0.22 pwm syringe filter (Sartorius, Gottingen, Germany) into an
UPLC vial. Target flavonoids were detected using an Acquity
UPLC I-class/VION IMS QTOF (Waters Corp., Milford, MA,
United States) instrument, equipped with a photodiode array
detector (PDA). The separation of the target flavonoids was
achieved on a C;g BEH (1.7 wm, 2.1 x 100 mm) column
equipped with a C;s BEH (1.7 um) precolumn (Waters) at 45°C,
and the mobile phases consisted of eluent A (0.1% formic acid
in Milli-Q water) and eluent B (0.1% formic acid in MeCN,
Dingguo Corp., Beijing, China) with a flow rate of 0.4 mL
min~!. The procedures were as follows: 5-20% B (0-3 min),
20-100% B (3-10 min), 100% B (10-12 min), 100-95% B (12—
15 min), 95% B (15-19 min). Finally, 1 pL of the sample
was injected into the liquid chromatograph-mass spectrometer
(LC-MS) system and the UV wavelength was set at 254 and
335 nm for the detection of genistein and scutellarin. The mass
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spectrometric analysis and construction of the standard curve
were performed according to Xia et al. (2014).

Results and discussion

Reconstitution of the genistein and
scutellarin synthetic pathways in
Nicotiana benthamiana

In order to achieve the production of genistein and
scutellarin in N. benthamiana, we analyzed the flavonoid
metabolic pathway of N. benthamiana through the KEGG
database (Kyoto Encyclopedia of Genes and Genomes)! and
designed the biosynthetic modules as shown in Figure 4.

1 https://www.kegg.jp
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Enzymes and intermediates involved in the flavonoid metabolic
pathway of N. benthamiana were shown in red and black
colors, respectively (Figure 4). Based on our understanding of
the genistein biosynthetic pathway in leguminous plants such
as soybean and kudzu, we screened two crucial genes (IFS
and HID), which have been well identified, characterized and
applied (Jung et al,, 2000; He et al, 2011; Chu et al., 2014).
By overexpressing IFS gene, Zhang et al. (2015) and Shih et al.
(2008) obtained tomatoes rich in genistein. However, there
were also some contrary results for heterologous expression of
IFS. Suntichaikamolkul et al. (2019) cloned IFS from Pueraria
mirifica and introduced it into N. benthamiana, which did not
produce any isoflavones. Similarly, Shimamura et al. (2007)
demonstrated that no isoflavone compounds were accumulated
in Lotus Japonicus expressing IFS alone; what’s interesting was
that genistein and daidzein accumulated in large amounts when

10.3389/fpls.2022.994792

HID was co-expressed. Taken together, the necessity of the
HID gene for genistein synthesis is controversial. Nevertheless,
our previous study also showed that IFS expression alone did
not lead to the production of genistein. The essential role
of 2-hydroxyisoflavanone dehydratase (HID) as a determinant
of isoflavone productivity was clearly demonstrated by the
result that isoflavones were produced only in the presence of
HID. One explanation is that 2-hydroxyisoflavanones (produced
by IFS catalysis) trigger negative feedback inhibition of IFS,
and that inhibition of IFS is removed by the HID rapidly
hydrolyzing 2-hydroxyisoflavanones (Shimamura et al., 2007).
Therefore, IFS (GmIFS) and HID (GmHID) were added to
the isoflavones biosynthetic module (Figure 4, pink box).
Scutellarin (breviscapine) is an important flavonoid extracted
from Erigeron breviscapus, and the synthetic pathway has
been deciphered. Liu et al. (2018) identified two key enzymes

OH
PAL  C4H 4CL

COOHNH,
phenylalanine

COSCoA
4-coumaroyl-CoA

)

3 H C\,COOH
COSCoA

malonyl-CoA

l CHS
HO OH

OH O
naringnin chalone

l CHI

oy

flavones

I OH

OHO OHO
2-hydroxyisoflavanone naringenin apigenin
l F3H UDPGDHl FIGAT
OH
HO O o O
OH
OH O OH O
dihydrokaempferol apigenin-7-0-G
lDFR lFGH
FLS lANS
lSGT
| RT
flavonols anthocyanin

FIGURE 4

Schematic overview of the genistein and scutellarin biosynthetic pathways in N. benthamiana. A simplified representation of flavonoids
biosynthesis in N. benthamiana shows key intermediates (black) and enzymes (red). Naringenin (black box), as a crucial node, enters different
metabolic pathways catalyzed by different heterologous enzymes. The enzymes in pink box (isoflavones) and blue box (flavones) are derived
from soybean and E. breviscapus, respectively. The red arrow represents partial genes that can be activated by AtMYB12. PAL, phenylalanine
ammonia lyase; CoA, coenzyme A; C4H, cinnamate 4-hydroxylase; 4CL, 4-hydroxycinnamoyl CoA ligase; CHS, chalcone synthase; CHI,
chalcone isomerase; IFS, isoflavone synthase; HID, hydroxyisoflavanone dehydratase; F3H, flavanone-3-hydroxylase; DFR, dihydroflavonol
reductase; ANS, anthocyanidin synthase; RT, rhamnosyl transferase; 3GT, flavonol-3-glucosyltransferase; FLS, flavonol synthase;
apigenin-7-0O-G, apigenin-7-O-glucuronide; FNSII, flavone synthase II; UDPGDH, UDP-glucose dehydrogenase; F7GAT,
flavonoid-7-O-glucuronosyltransferase; F6H, flavone-6-hydroxylase.
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(F7GAT and F6H) from E. breviscapus by genomic analysis
and completed biological total synthesis of scutellarin for the
first time. As shown in Figure 4, although the biosynthetic
pathway from L-phenylalanine to naringenin in N. benthamiana
has been well characterized, it does not produce scutellarin due
to the lack of FNSII, F6H, and F7GAT. As a consequence, we
constructed the flavones synthesis pathway in N. benthamiana
by introducing these three genes (Figure 4, blue box). Among
them, FNSII catalyzes the first step of scutellarin biosynthesis.
Subsequently, F7GAT functions together with F6H to produce
scutellarin from apigenin. In addition to the introduction of
genes necessary for the biosynthesis pathway, recent research
has underlined the importance of optimizing precursor supply
for the production of secondary metabolites in heterologous
hosts. AtMYB12 was found to activate multiple genes of the
flavonoid metabolic pathway (Figure 4, red arrow represents
partial genes), which provided fluxes for the production
of genistein and scutellarin. Besides, Zhang et al. (2015)
demonstrated that the key genes (ENO and DAHPS, enolase
and 3-deoxy-D-arabinoheptulosonate 7-phosphate synthase) of
primary metabolism were significantly activated in AtMYBI2-
overexpressed tomatoes. Moreover, combined expression of
AtMYBI2 and stilbene synthase (StSy) in tomato increased
the concentration of resveratrol and its derivatives to 5-6 mg
g~ ! DW, while in tomatoes expressing StSy alone, only small
amounts of resveratrol (0.5 mg g~! DW) were found (Zhang
et al,, 2015). Similarly, Luo et al. (2008) found a 46-fold and an
83-fold increase in endogenous rutin and kaempferol rutinoside
levels, respectively, after introducing AfMYBI2 into tobacco.
Accordingly, AtMYBI12 was also appended to the biosynthetic
modules due to its dual role (Figures 1E, 4).

General overview of the assembly
based on golden gate cloning

GGC provides a precision module-based cloning technique
that allows the creation at will and with high efficiency
of any eukaryotic multigene construct. In this study, we
designed special overhangs to achieve directional assembly
of multiple fragments. Bsal recognition sites and specific
fusion sites were introduced by primers on both sides of
each Level-0 module (Figure 1B and Supplementary Table 3).
Additionally, in addition to the use of constitutive CaMV35S-
P and NOS-T, we also added the modified 5-UTR and
the 3-UTR from CPMV RNA2, which dramatically increase
protein expression levels (Sainsbury and Lomonossoff, 2008;
Liu et al, 2020). In the presence of T4 DNA ligase and
Bsal, multiple Level-0 modules were directionally cloned
into the destination vectors (Level-1 vectors) (Figure 1C).
Furthermore, as shown in Figure 1D, all Level-1 modules
contain Bpil recognition sites and special overhangs so that
multiple Level-1 vectors containing pathway genes can be
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directionally integrated into the Level-2 module (pAGM4723).
The restriction-ligation was efficient. Engler et al. (2009)
achieved 95-100% positive monoclonal results when assembling
up to 10 fragments. Based on the GGC, we constructed two
independent pathways to produce genistein (Figure 1E, part A)
or scutellarin (Figure 1E, part B) in N. benthamiana. Through
the assembly of multi-gene pathways, successful heterologous
synthesis of PNPs has been accomplished in recent years
thanks to the advancement of synthetic biology. Examples
include cannabinoids (N. benthamiana) (Giilck et al., 2020),
CoQio (Solanum lycopersicum) (Fan et al,, 2021), nootkatone
(Artemisia annua) (Gou et al, 2021), taxa-4(5),11(12)-diene
(Physcomitrella patens) (Anterola et al, 2009), etc. These
successful studies further strengthened our confidence in the
application of the assembly of multi-gene pathways.

Production of plant natural products in
the Nicotiana benthamiana E-platform

Over the past decades, tremendous progress has been
made in the production of medicinal proteins and PNPs
based on green plants. Unlike the microbial chassis, plant-
based production systems are attractive, having a number
of advantages such as cost-effectiveness, membrane protein
expression, coenzyme and precursor supply, product tolerance,
metabolic compartmentalization, and sustainable production
(Stephenson et al,, 2018), providing a unique model system
for the synthesis of medicinal proteins and PNPs. Stable
and transient expression systems of host plants are the main
production modes. However, the stable expression system has
a long cycle and low yield. In recent years, as a rapid and
efficient production method, the transient expression system has
attracted more and more attention of the scholars. Furthermore,
transient expression systems of different plant species have been
gradually established. For instance, Primula vulgaris (Hayta
et al,, 2018), Panicum virgatum (Chen et al,, 2010), Artemisia
annua (Li et al, 2021), and Citrus reticulata (Gong et al,
2021). Compared with these plants, N. benthamiana is one
of the most popular hosts and has been recognized by the
scientific community as a green and efficient production chassis.
N. benthamiana is especially well-suited for the synthesis
of plant-based PNPs due to its versatile and effective gene
transformation system, high quantities of soluble protein, and
substantial biomass (up to 100 t ha=!) (Tremblay et al,
2010). Although the traditional transient expression systems
are widely used, some shortcomings of the system are worth
discussing. First, the majority of agroinfiltration procedures
are artificially injected with syringes, which damage the leaves
and prevent normal growth. In severe cases, foreign genes
won’t be expressed normally (Supplementary Figures 3B,E).
Moreover, manual injection leads to uneven distribution of
agrobacterium, which makes it hard to spread to the whole
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leaf (Supplementary Figure 3D). Furthermore, when handling
numerous plant materials, manual injection might waste a lot of
time and supplies. Last but not least, some leaves are difficult
to inject manually due to their structural properties (e.g., the
leaf surface is rich in wax). To address these problems, Osbourn
and her team developed a simple vacuum infiltration system
(Reed and Osbourn, 2018). On the basis of that system, we
improved certain parts. As shown in Figure 2, more leaves can
be infiltrated simultaneously by connecting different shelves in
tandem in a bigger vacuum chamber. In our study, the device
is equipped with two vacuum pumps, which can make the air
pressure reach a preset value in a short time. In addition, all
parts are controlled by touching the LED “one-touch control”
function. We produced two high-value PNPs by combining
synthetic biology techniques with this rapid and effective
agroinfiltration device (Figure 2-2D). Different from traditional
manual injections, the device can automatically complete a
large amount of leaf infiltration in a short time, and the post-
infiltration leaves are undamaged and filled with agrobacterium.
However, automated technologies must be incorporated into the
system in order to achieve large-scale industrial production.

The “test unit” verifies the feasibility of
the novel E-platform

The synthesis of the target products requires the
combination of the multi-gene expression systems and the
transformation systems. In order to reduce the time cost
caused by the lack of collaboration between the two systems,
we designed a simple “test unit” to analyze the feasibility of
the novel E-platform from both qualitative and quantitative
aspects (Figure 3A). As shown in Figure 3B, N. benthamiana
leaves with transient expression of “test unit” showed strong
green fluorescence under blue light irradiation, which was
not detected in the W', suggesting that the novel E-platform
can produce the functional enzymes for the synthesis of target
metabolites. Moreover, several TFs have been shown to promote
anthocyanidin (flavonoids) accumulation (e.g., Rosea 1 and
Delila, SIMYB75, SIAN2-Like, etc.) (Butelli et al., 2008; Jian et al.,
2019). In order to further check whether the two expression
cassettes were expressed simultaneously in the E-platform,
SIAN2-Like was designed into the “test unit.” Phenotypically,
“transient” leaves exhibited an intense purple color compared
to WT (Figure 3C). Subsequently, the content of flavonoids
was further measured. The results showed a 2.41-fold increase
in flavonoids content in the “transient” leaves compared to
the WT, which was consistent with the results presented in
the color reactions (Figures 3D,E). Taken together, the above
results indicate that the two target proteins can function
simultaneously, revealing the feasibility of the E-platform.
Trial-and-error experiments based on this unit will lay the
foundation for subsequent experiments and improve the overall
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work efficiency. Furthermore, the complexity of synthetic
biology research dictates the need to engineer trial-and-error
experiments, which is also an integral part of the “design-
construct-test-learn” closed-loop system advocated by synthetic
biology (Clarke and Kitney, 2016).

Detection of genistein in infiltrated
Nicotiana benthamiana plants

Metabolic engineering and synthetic biology offer the
technical support for the production of genistein on different
platforms. Currently, although the microbial platform is still
the predominant route for genistein production owing to its
high yield (Liu et al,, 2022), microbial fermentation requires a
constant supply of nutrients, which significantly increases the
economic cost. In order to evaluate the production of genistein
in N. benthamiana, infiltrated and wild type (WT) leaves from
N. benthamiana were analyzed by UPLC-MS to determine
their flavonoid profiles. An authentic genistein standard was
detected at a retention time of 6.12 min (Figure 5A). The
results of the extracted ion chromatogram (EIC) showed
the presence of a characteristic peak in the infiltrated leaf
samples when compared to WT leaves (Figures 5B,C), which
was consistent with that of the authentic genistein standard.
Subsequently, we confirmed that the molecular weight of the
compound in the new peak was the same as that of genistein
by LC-MS (Figures 5D,E; details of the ionic fragments are
shown in Supplementary Figure 5). Taken together, these
data supported the production of genistein in N. benthamiana,
and the production of genistein via a transient production
platform has not been reported previously. Furthermore, the
quantitative analysis showed that the approximate content of
genistein in infiltrated N. benthamiana was 5.51 nmol g~ !
fresh weight (FW), which was higher than that in transgenic
petunia leaves (3.4 nmol g~! FW) and transgenic Arabidopsis
leaves (5.4 nmol g_1 FW) (Liu et al, 2007). Even so, the
current level of genistein is still unsatisfactory. Shih et al. (2008)
obtained significant content of genistein (90 nmol g=! FW)
in leaves by introducing an isoflavone synthesis pathway into
S. lycopersicum. And beyond that, researchers also synthesized
higher levels of genistein in various plant chassis by blocking
competitive metabolic branches and/or transferring additional
TFs (e.g., AtMYBI12). Liu et al. (2002) introduced GmIFS into
Arabidopsis tt6/tt3 double mutants, leading to the accumulation
of much greater amounts of genistein (31-169 nmol g~! FW).
Pandey et al. (2014) obtained transgenic tobacco lines by co-
expressing AtMYBI2 and GmlIFS, producing large amounts
of genistein in leaves ("219.2 nmol g~! FW). Notably, the
use of AtMYBI2 in our study did not enhance the yield
of the genistein. Based on the principle of transient protein
expression, we speculate that there are two possible reasons
for the results. First, the duration of AtMYBI2’s presence in

frontiersin.org


https://doi.org/10.3389/fpls.2022.994792
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Yao et al.

10.3389/fpls.2022.994792

A a3 EIC: m/z = 269.0460 || D 290usss e
le6- 11e7
Genistein
167
7.5¢5-]
7 9e6
H HO o
- . L
& SeS-
y LY O
- 5 OH
2.5¢5 3 s Genistein
-
ses ]
o ]
1 2 3 4 s 5 7 8 10 1 12 aes
Retention time [min]
B .. EIC: m/z = 269.0460 e
2 -270.04884
6000 1e6
S 200 400 600 800 1000
\_; 4000 Observed mass [m/z]
E I
20004 70000 -
355
28 508 Ajn 493 60000
T T T T AI T T T T T T
1 2 3 4 5 6 7 8 10 1 1
Retention time [min] HO o
50000~ O |
c - EIC: m/z = 269.0460
i _ OH ©
8000 gmi OH
= Genistein
Genistein g
- 6000 30000 -
3
gaooo— 20000
2000 10000 270.04884
04 A A i
1 2 3 2 5 6 7 8 10 11 12 13 omeneaman v
Retention time [min]
FIGURE 5
UPLC-MS analysis of genistein in the leaf extracts from infiltrated N. benthamiana (Detection wavelength, 254 nm). The EIC (m/z = 269.0460) of
the genistein in the standard sample (A), WT (B), and infiltrated N. benthamiana (C). MS fragmentation patterns of (-)-genistein in the leaves of
infiltrated N. benthamiana (E), and it was identical to the genistein standard (D).

tobacco cells is unknown, and even some of the proteins
are degraded in just a few days, which greatly reduces the
effectiveness of AtMYBI2. Therefore, the difference in sampling
time may lead to different results. Second, unlike stable
expression systems, transient expression systems have difficulty
in ensuring that the target protein (AtMYB12) is expressed
in all cells, which results in lower protein expression levels
than the former. Nevertheless, the stable expression system still
has many drawbacks, such as time-consuming, laborious, and
inefficient. In the future, we will continue to optimize and
improve the E-platform. Industrial-scale plant factories built
on this concept have been used for commercial production
of vaccines or natural products. The Medicago plant factory
has the capacity to produce 10 million doses of pandemic
H5N1 vaccine per month (Lomonossoff and D’Aoust, 2016).
Based on this, we can manipulate higher production of PNPs
in a short time.
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Scutellarin production in Nicotiana
benthamiana plants

To date, the synthesis of scutellarin has only been reported
in yeast (Liu et al, 2018; Wang et al,, 2022). Cost-wise, the
production of scutellarin through the E-Platform is necessary.
In order to assess the scutellarin production in engineered
plants of N. benthamiana, we used the same extraction and
detection approach as for genistein. As expected, scutellarin was
detected in N. benthamiana leaves after infiltration (Figure 6).
The EIC profile of the authentic scutellarin sample shows the
presence of a distinct peak (4.66 min) (Figure 6A), which
was not found in the leaf extracts from the WT (Figure 6B).
However, the result of EIC showed that the characteristic peak
(4.66 min) of the extracts from the infiltrated leaves was similar
to the authentic scutellarin standard (Figure 6C). The identity
of scutellarin was also confirmed by comparing the parent
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FIGURE 6

N. benthamiana infiltrated tissues (E).

Heterologous production of scutellarin in N. benthamiana tissues. EIC (m/z = 461.0727) of scutellarin in standard (A), WT (B), and infiltrated
N. benthamiana tissues (C). MS fragmentation patterns of (-)-scutellarin standard (D). MS fragmentation patterns of (-)-scutellarin in

ions and daughter ions of the authentic standards with that
of the experimental group (Figures 6D,E and Supplementary
Figure 5). Subsequently, we established the standard curve
to determine the content of scutellarin (Supplementary
Figure 4). The yield of scutellarin in the leaves of infiltrated
1 FW. Besides this,
apigenin-7-O-glucuronide (intermediates) was also detected

N. benthamiana was 11.35 nmol g

(data not shown), which is also a kind of bioactive compound
that possesses remarkable antioxidant, anti-inflammatory,
anticarcinogenic, and antispasmodic properties (Wang et al,
2018). To the best of our knowledge, this is the first report on
the heterologous biosynthesis of scutellarin in plants. Only Liu
et al. (2018) had previously reported synthesizing scutellarin
(108 mg L7!) in engineering yeast using methods from
genomic analysis and synthetic biology. Although scutellarin
was successfully synthesized in N. benthamiana, its yield
was still lower than that of microbial production platforms.
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The possible reasons for this disparity could be: Firstly,
some exogenous proteins may be degraded by the defense
system in plant cells, which is also one of the possible
reasons why satisfactory yield was not obtained in this study
despite the use of AtMYBI12. Secondly, the synthesis of target
products by plant platforms usually requires substrates present
in the plant, which are catalyzed by multiple downstream
enzymes at the same time. Thats why the yield of the
target products is reduced. In contrast, substrates can be
additionally provided in microbial platforms, which is also
one of the reasons for the high cost of these platforms.
Thirdly, the design route of the target product is relatively
independent of the microbial platform, so that the entire
metabolic flux can be efficiently utilized. In contrast, the
presence of branching enzymes in the plant may break down the
metabolic flow and weaken the ability of the plant platform to
synthesize the products.
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Our work provided a rapid, efficient, and alternative
production platform for scutellarin, which can also be applied
to the “green production” of other PNPs with high value
and low abundance (especially in plants). Furthermore, based
on the concept of “smart agriculture” and combined with
Al technology, the whole production process will be fully
automated. In the future, large-scale transient production
platforms will exert greater advantages to contribute to
sustainable agricultural development.

Conclusion

In this study, genistein and scutellarin were produced
rapidly and efficiently using the E-platform. Unlike microbial
production systems, this novel E-platform requires only
sunlight, H,O, and CO, to produce the desired products
without additional nutrient feeding. Uniquely, this is the first
report on the synthesis of scutellarin in a heterologous plant.
This work not only demonstrates the power and potential of
this novel E-platform, but also provides a reference for the
large-scale industrial production of high-value PNPs.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories

and accession number(s) can be found in the

article/Supplementary material.

Author contributions

KT conceived and supervised the project. KT and
XY generated the ideas and performed the experiments.

References

Anterola, A., Shanle, E., Perroud, P. F., and Quatrano, R. (2009). Production
of taxa-4(5),11(12)-diene by transgenic Physcomitrella patens. Trans. Res. 18,
655-660. doi: 10.1007/s11248-009-9252-5

Birchfield, A. S., and MclIntosh, C. A. (2020). Metabolic engineering and
synthetic biology of plant natural products - A minireview. Curr. Plant Biol.
24:100163. doi: 10.1016/j.cpb.2020.100163

Butelli, E., Titta, L., Giorgio, M., Mock, H. P., Matros, A., Peterek, S., et al. (2008).
Enrichment of tomato fruit with health-promoting anthocyanins by expression of
select transcription factors. Nat. Biotechnol. 26, 1301-1308. doi: 10.1038/nbt.1506

Chang, H. P., Hui, X,, Yeo, H. ], Ye, E. P, and Sang, U. P. (2021). Enhancement
of the flavone contents of Scutellaria baicalensis hairy roots via metabolic
engineering using maize Lc and Arabidopsis PAP1 transcription factors. Metab.
Eng. 64, 64-73. doi: 10.1016/j.ymben.2021.01.003

Chen, X., Equi, R, Baxter, H., Berk, K, and Zale, J. (2010). A high-
throughput transient gene expression system for switchgrass (Panicum

Frontiers in Plant Science

12

10.3389/fpls.2022.994792

BP designed the device. LL and XY wrote the manuscript. TC,
KW, YZ, HL, and XF analyzed the results. All authors revised
the results and approved the final manuscript.

Funding

This work was supported by grants from the National Key
R&D Program of China (2018YFA0900600), the Bill & Melinda
Gates Foundation (OPP1199872 and INV-027291), and the
SJTU Trans-med Awards Research (20190104).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.994792/full#supplementary-material

virgatum L.) Biotechnol. 3:9. doi: 10.1186/1754-6

834-3-9

Chu, S, Wang, J., Cheng, H., Yang, Q. and Yu, D. Y. (2014).
Evolutionary study of the isoflavonoid pathway based on multiple
copies analysis in soybean. BMC Genet. 15:76. doi: 10.1186/1471-2156-
15-76

seedlings. Biofuels

Clarke, L. J., and Kitney, R. L. (2016). Synthetic biology in the UK - An outline
of plans and progress. Syn. Syst. Biotechnol. 1,243-257. doi: 10.1016/j.synbio.2016.
09.003

Cotterchio, M., Boucher, B., Manno, M., and Gallinger, S. (2007). Dietary
phytoestrogen intake is associated with reduced colorectal cancer risk. J. Nutr. 136,
3046-3053. doi: 10.1093/jn/136.12.3046

Eldridge, A. C., and Kwolek, W. F. (1983). Soybean isoflavones: effect of
environment and variety on composition. J. Agric. Food Chem. 31, 394-396. doi:
10.1021/jf00116a052

frontiersin.org


https://doi.org/10.3389/fpls.2022.994792
https://www.frontiersin.org/articles/10.3389/fpls.2022.994792/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.994792/full#supplementary-material
https://doi.org/10.1007/s11248-009-9252-5
https://doi.org/10.1016/j.cpb.2020.100163
https://doi.org/10.1038/nbt.1506
https://doi.org/10.1016/j.ymben.2021.01.003
https://doi.org/10.1186/1754-6834-3-9
https://doi.org/10.1186/1754-6834-3-9
https://doi.org/10.1186/1471-2156-15-76
https://doi.org/10.1186/1471-2156-15-76
https://doi.org/10.1016/j.synbio.2016.09.003
https://doi.org/10.1016/j.synbio.2016.09.003
https://doi.org/10.1093/jn/136.12.3046
https://doi.org/10.1021/jf00116a052
https://doi.org/10.1021/jf00116a052
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Yao et al.

Engler, C., Gruetzner, R., Kandzia, R., and Marillonnet, S. (2009). Golden gate
shuffling: a one-pot DNA shuffling method based on type IIs restriction enzymes.
PLoS One 4:¢5553. doi: 10.1371/journal.pone.0005553

Enterina, J. R.,, Wu, L., and Campbell, R. E. (2015). Emerging fluorescent protein
technologies. Curr. Opin. Chem. Biol. 27, 10-17. doi: 10.1016/j.cbpa.2015.05.001

Fan, H,, Liu, Y., Li, C. Y., Jiang, Y., Song, J. ]., Yang, L., et al. (2021). Engineering
high coenzyme Q10 tomato. Metab. Eng. 68, 86-93. doi: 10.1016/j.ymben.2021.09.
007

Gong, J. L., Tian, Z., Qu, X. L., Meng, Q. N,, Guan, Y. J,, Liu, P,, et al. (2021).
Iuminating the cells: transient transformation of citrus to study gene functions
and organelle activities related to fruit quality. Hortic. Res. 8:175. doi: 10.1038/
541438-021-00611-1

Gou, Y., Zhang, F., Tang, Y., Jiang, C., Bai, G., Xie, H., et al. (2021). Engineering
nootkatone biosynthesis in Artemisia annua. ACS Synth. Biol. 10, 957-963. doi:
10.1021/acssynbio.1c00016

Giilck, T., Booth, J. K., Carvalho, A, Khakimov, B., Crocoll, C., Motawia, M. S.,
et al. (2020). Synthetic biology of cannabinoids and cannabinoid glucosides in
Nicotiana benthamiana and Saccharomyces cerevisiae. J. Nat. Prod. 83, 2877-2893.
doi: 10.1021/acs.jnatprod.0c00241

Hayta, S., Smedley, M. A,, Li, J., Harwood, W. A., and Gilmartin, P. M.
(2018). Agrobacterium-mediated transformation systems of Primula vulgaris.
Plant Methods 14:93. doi: 10.1186/s13007-018-0360- 1

He, X. Z., Blount, J. W,, Ge, S., Tang, Y. H., and Dixon, R. A. (2011). A
genomic approach to isoflavone biosynthesis in kudzu (Pueraria lobata). Planta
233, 843-855. doi: 10.1007/s00425-010-1344-1

Horinouchi, S. (2009). Combinatorial biosynthesis of plant medicinal
polyketides by microorganisms. Curr. Opin. Chem. Biol. 13,197-204. doi: 10.1016/
j.cbpa.2009.02.004

Horsch, R. B, Fry, J. E., Hoffmann, N. L., Wallroth, M., Eichholtz, D., Rogers,
S. G, etal. (1985). A simple and general method for transferring genes into plants.
Science 227, 1229-1231. doi: 10.1126/science.227.4691.1229

Jian, W., Cao, H., Yuan, S., Liu, Y., Lu, J., Lu, W,, et al. (2019). SIMYB75,
an MYB-type transcription factor, promotes anthocyanin accumulation and
enhances volatile aroma production in tomato fruits. Hortic. Res. 6:22. doi: 10.
1038/541438-018-0098-y

Jung, W., Yu, O, Lau, S. M. C,, O’Keefe, D. P., Odell, J.,, Fader, G., et al.
(2000). Identification and expression of isoflavone synthase, the key enzyme for
biosynthesis of isoflavones in legumes. Nat. Biotechnol. 18, 208-212. doi: 10.1038/
72671

Li, X,, Song, K., Yang, J., and Yi, T. (2011). Isolation and characterization of 11
new microsatellite loci in Erigeron breviscapus (Asteraceae), an important Chinese
traditional herb. Int. J. Mol. Sci. 12, 7265-7270. doi: 10.3390/ijms12107265

Li, Y. P, Chen, T. T., Wang, W, Liu, H,, Yan, X,, Wu-Zhang, K. Y., et al.
(2021). A high-efficiency Agrobacterium-mediated transient expression system in
the leaves of Artemisia annua L. Plant Methods 17:106. doi: 10.1186/s13007-021-
00807-5

Liu, C. J., Blount, J. W, Steele, C. L., and Dixon, R. A. (2002). Bottlenecks for
metabolic engineering of isoflavone glycoconjugates in Arabidopsis. Proc. Natl.
Acad. Sci. U.S.A. 99, 14578-14583. doi: 10.1073/pnas.212522099

Liu, H,, Tang, X. Q., Wang, Y., Tang, R,, Yang, X. L., Fu, X. D, et al. (2010).
Effects of scutellarin on rat cerebral blood flow determined by laser speckle
imagine system. Chin. J. Hosp. Pharm. 30, 719-722.

Liu, R, Hu, Y., Li, J,, and Lin, Z. (2007). Production of soybean isoflavone
genistein in non-legume plants via genetically modified secondary metabolism
pathway. Metab. Eng. 9, 1-7. doi: 10.1016/j.ymben.2006.08.003

Liu, W., Wang, Y., Yu, L,, Jiang, H., Guo, Z., Xu, H,, et al. (2019). MdWRKY11
participates in anthocyanin accumulation in red-fleshed apples by affecting MYB
transcription factors and the photoresponse factor MAHY?5. J. Agric. Food. Chem.
67, 8783-8793. doi: 10.1021/acs.jafc.9b02920

Liu, X,, Li, L, and Zhao, G. R. (2022). Systems metabolic engineering of
Escherichia coli coculture for de novo production of genistein. ACS Synth. Biol.
11, 1746-1757. doi: 10.1021/acssynbio.1c00590

Liu, X. N., Cheng, J., Zhang, G. H.,, Ding, W. T., Duan, L. J.,, Yang, J., et al.
(2018). Engineering yeast for the production of breviscapine by genomic analysis
and synthetic biology approaches. Nat. Commun. 9:448. doi: 10.1038/s41467-018-
02883-z

Liu, Z., Cheema, J., Vigouroux, M., Hill, L., Reed, J., Paajanen, P., et al. (2020).
Formation and diversification of a paradigm biosynthetic gene cluster in plants.
Nat. Commun. 11:5354. doi: 10.1038/s41467-020-19153-6

Lomonossoff, G. P., and D'Aoust, M. A. (2016). Plant-produced
biopharmaceuticals: a case of technical developments driving clinical deployment.
Science 353, 1237-1240. doi: 10.1126/science.aaf6638

Frontiers in Plant Science

13

10.3389/fpls.2022.994792

Luo, J., Butelli, E,, Hill, L., Parr, A., Niggeweg, R., Bailey, P., et al. (2008).
AtMYB12 regulates caffeoyl quinic acid and flavonol synthesis in tomato:
expression in fruit results in very high levels of both types of polyphenol. Plant
J. 56, 316-326. doi: 10.1111/j.1365-313X.2008.03597.x

Marco, A., Herbert, M., Letteria, M., Francesca, P., Alessandra, B., Domenica,
A., et al. (2007). Effects of the phytoestrogen genistein on some predictors
of cardiovascular risk in osteopenic, postmenopausal women: a two-year
randomized, double-blind, placebo-controlled study. J. Clin. Endocrinol. Metab.
92, 3068-3075. doi: 10.1210/j¢.2006-2295

Marini, H., Minutoli, L., Polito, F., Bitto, A., Altavilla, D., Atteritano, M., et al.
(2007). Effects of the phytoestrogen genistein on bone metabolism in osteopenic
postmenopausal women: a randomized trial. Ann. Intern. Med. 146, 839-847.
doi: 10.7326/0003-4819-146-12-200706190-00005

Nestel, P. J., Pomeroy, S., Kay, S., Komesaroff, P., Behrsing, J., Cameron, J. D.,
etal. (1999). Isoflavones from red clover improve systemic arterial compliance but
not plasma lipids in menopausal women. J. Clin. Endocrinol. Metab. 84, 895-898.
doi: 10.1210/jcem.84.3.5561

Pandey, A., Misra, P., Khan, M. P., Swarnkar, G., Tewari, M. C., Bhambhani,
S., et al. (2014). Co-expression of Arabidopsis transcription factor, AtMYB12,
and soybean isoflavone synthase, GmIFSI, genes in tobacco leads to enhanced
biosynthesis of isoflavones and flavonols resulting in osteoprotective activity. Plant
Biotechnol. ]. 12, 69-80. doi: 10.1111/pbi.12118

Prince, M. J., Wu, F., Guo, Y., Robledo, L. M. G., O’'Donnell, M., Sullivan,
R., et al. (2015). The burden of disease in older people and implications for
health policy and practice. Lancet 385, 549-562. doi: 10.1016/S0140-6736(14)6
1347-7

Reed, J., and Osbourn, A. (2018). Engineering terpenoid production through
transient expression in Nicotiana benthamiana. Plant Cell Rep. 37, 1431-1441.
doi: 10.1007/s00299-018-2296-3

Reed, J., Stephenson, M. J., Miettinen, K., Brouwer, B., Leveau, A., Brett, P., et al.
(2017). A translational synthetic biology platform for rapid access to gram-scale
quantities of novel drug-like molecules. Metab. Eng. 42, 185-193. doi: 10.1016/j.
ymben.2017.06.012

Sainsbury, F., and Lomonossoff, G. P. (2008). Extremely high-level and rapid
transient protein production in plants without the use of viral replication. Plant
Physiol. 148, 1212-1218. doi: 10.1104/pp.108.126284

Saxena, M., Saxena, J., Nema, R, Singh, D., and Gupta, A. (2013).
Phytochemistry of medicinal plants. J. Pharmacogn. Phytochem. 1, 168-182.

Shao, J., Li, J., Wang, K., and Wang, Y. (2017). Plant chassis: new hotspots of
natural product synthetic biology. Chin. J. Bioproc. Eng. 15, 24-31. doi: 10.3969/j.
issn.1672-3678.2017.05.003

Shih, C. H., Chen, Y., Wang, M., Chu, I. K,, and Lo, C. (2008). Accumulation
of isoflavone genistin in transgenic tomato plants overexpressing a soybean
isoflavone synthase gene. J. Agric. Food Chem. 56, 5655-5661. doi: 10.1021/
j£800423u

Shimamura, M., Akashi, T., Sakurai, N., Suzuki, H., Saito, K., Shibata, D., et al.
(2007). 2-Hydroxyisoflavanone dehydratase is a critical determinant of isoflavone
productivity in hairy root cultures of Lotus japonicus. Plant Cell Physiol. 48,
1652-1657. doi: 10.1093/pcp/pem125

Stephenson, M. J., James, R., Bastiaan, B., and Anne, O. (2018). Transient
expression in Nicotiana benthamiana leaves for triterpene production at a
preparative scale. J. Vis. Exp. 138:¢58169. doi: 10.3791/58169

Sun, C, Deng, L., Du, M., Zhao, J., Chen, Q., Huang, T., et al. (2020). A
transcriptional network promotes anthocyanin biosynthesis in tomato flesh. Mol.
Plant 13, 42-58. doi: 10.1016/j.molp.2019.10.010

Suntichaikamolkul, N., Tantisuwanichkul, K., Prombutara, P., Kobtrakul, K.,
and Sirikantaramas, S. (2019). Transcriptome analysis of Pueraria candollei var.
mirifica for gene discovery in the biosyntheses of isoflavones and miroestrol. BMC
Plant Biol. 19:581. doi: 10.1186/s12870-019-2205-0

Tremblay, R., Wang, D., Jevnikar, A. M., and Ma, S. (2010). Tobacco, a highly
efficient green bioreactor for production of therapeutic proteins. Biotechnol. Adv.
28, 214-221. doi: 10.1016/j.biotechadv.2009.11.008

Van Breemen, R. B., Muchiri, R. N, Bates, T. A., Weinstein, J. B., Leier, H. C.,
Farley, S., et al. (2022). Cannabinoids block cellular entry of SARS-CoV-2 and
the emerging variants. J. Nat. Prod. 85, 176-184. doi: 10.1021/acs.jnatprod.1c0
0946

Wang, B., Kashkooli, A. B., Sallets, A., Ting, H. M., de Ruijter, N. C., Olofsson,
L., et al. (2016). Transient production of artemisinin in Nicotiana benthamiana
is boosted by a specific lipid transfer protein from A. annua. Metab. Eng. 38,
159-169. doi: 10.1016/j.ymben.2016.07.004

Wang, L., and Ma, Q. (2018). Clinical benefits and pharmacology of scutellarin: a
comprehensive review. Pharmacol. Ther. 190, 105-127. doi: 10.1016/j.pharmthera.
2018.05.006

frontiersin.org


https://doi.org/10.3389/fpls.2022.994792
https://doi.org/10.1371/journal.pone.0005553
https://doi.org/10.1016/j.cbpa.2015.05.001
https://doi.org/10.1016/j.ymben.2021.09.007
https://doi.org/10.1016/j.ymben.2021.09.007
https://doi.org/10.1038/s41438-021-00611-1
https://doi.org/10.1038/s41438-021-00611-1
https://doi.org/10.1021/acssynbio.1c00016
https://doi.org/10.1021/acssynbio.1c00016
https://doi.org/10.1021/acs.jnatprod.0c00241
https://doi.org/10.1186/s13007-018-0360-1
https://doi.org/10.1007/s00425-010-1344-1
https://doi.org/10.1016/j.cbpa.2009.02.004
https://doi.org/10.1016/j.cbpa.2009.02.004
https://doi.org/10.1126/science.227.4691.1229
https://doi.org/10.1038/s41438-018-0098-y
https://doi.org/10.1038/s41438-018-0098-y
https://doi.org/10.1038/72671
https://doi.org/10.1038/72671
https://doi.org/10.3390/ijms12107265
https://doi.org/10.1186/s13007-021-00807-5
https://doi.org/10.1186/s13007-021-00807-5
https://doi.org/10.1073/pnas.212522099
https://doi.org/10.1016/j.ymben.2006.08.003
https://doi.org/10.1021/acs.jafc.9b02920
https://doi.org/10.1021/acssynbio.1c00590
https://doi.org/10.1038/s41467-018-02883-z
https://doi.org/10.1038/s41467-018-02883-z
https://doi.org/10.1038/s41467-020-19153-6
https://doi.org/10.1126/science.aaf6638
https://doi.org/10.1111/j.1365-313X.2008.03597.x
https://doi.org/10.1210/jc.2006-2295
https://doi.org/10.7326/0003-4819-146-12-200706190-00005
https://doi.org/10.1210/jcem.84.3.5561
https://doi.org/10.1111/pbi.12118
https://doi.org/10.1016/S0140-6736(14)61347-7
https://doi.org/10.1016/S0140-6736(14)61347-7
https://doi.org/10.1007/s00299-018-2296-3
https://doi.org/10.1016/j.ymben.2017.06.012
https://doi.org/10.1016/j.ymben.2017.06.012
https://doi.org/10.1104/pp.108.126284
https://doi.org/10.3969/j.issn.1672-3678.2017.05.003
https://doi.org/10.3969/j.issn.1672-3678.2017.05.003
https://doi.org/10.1021/jf800423u
https://doi.org/10.1021/jf800423u
https://doi.org/10.1093/pcp/pcm125
https://doi.org/10.3791/58169
https://doi.org/10.1016/j.molp.2019.10.010
https://doi.org/10.1186/s12870-019-2205-0
https://doi.org/10.1016/j.biotechadv.2009.11.008
https://doi.org/10.1021/acs.jnatprod.1c00946
https://doi.org/10.1021/acs.jnatprod.1c00946
https://doi.org/10.1016/j.ymben.2016.07.004
https://doi.org/10.1016/j.pharmthera.2018.05.006
https://doi.org/10.1016/j.pharmthera.2018.05.006
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Yao et al.

Wang, Y., Liu, X,, Chen, B., Liu, W., Guo, Z., Liu, X,, et al. (2022). Metabolic
engineering of Yarrowia lipolytica for scutellarin production. Syn. Syst. Biotechnol.
7, 958-964. doi: 10.1016/j.synbio.2022.05.009

Wang, Y., Xu, Z, Huang, Y, Wen, X, Wu, Y, Zhao, Y, et al
(2018). Extraction, purification, and hydrolysis behavior of apigenin-7-O-

Glucoside from Chrysanthemum morifolium tea. Molecules 23:2933. doi: 10.3390/
molecules23112933

Weber, E., Engler, C., Gruetzner, R., Werner, S., and Marillonnet, S. (2011). A
modular cloning system for standardized assembly of multigene constructs. PLoS
One 6:€16765. doi: 10.1371/journal.pone.0016765

Wood, C. C., Petrie, J. R., Shrestha, P., Mansour, M. P., Nichols, P. D., Green,
A. G, et al. (2009). A leaf-based assay using interchangeable design principles to
rapidly assemble multistep recombinant pathways. Plant Biotechnol. J. 7, 914-924.
doi: 10.1111/j.1467-7652.2009.00453.x

Xia, B., Feng, M., Xu, G., Xu, ], Li, S., Chen, X,, et al. (2014). Investigation of the
chemical compositions in tobacco of different origins and maturities at harvest

Frontiers in Plant Science

14

10.3389/fpls.2022.994792

by GC-MS and HPLC-PDA-QTOF-MS. J. Agric. Food Chem. 62, 4979-4987. doi:
10.1021/jf5009204

Zeng, S., Tan, L., Sun, Q., Chen, L., Zhao, H., Liu, M., et al. (2022). Suppression
of colitis-associated colorectal cancer by scutellarin through inhibiting Hedgehog
signaling pathway activity. Phytomedicine 98:153972. doi: 10.1016/j.phymed.2022.
153972

Zhang, W., Yang, S. C., Zhang, G. H., and Su, B. (2013). Research on situation
and countermeasure of Erigeron breviscapus plant production. Chin. J. Chin.
Herbal. Med. 38, 2227-2230. doi: 10.4268/cjcmm?20131401

Zhang, Y., Butelli, E., Alseekh, S., Tohge, T., Rallapalli, G., Luo, J., et al. (2015).
Multi-level engineering facilitates the production of phenylpropanoid compounds
in tomato. Nat. Commun. 6:8635. doi: 10.1038/ncomms9635

Zhang, Y., Sun, Y., Xi, W,, Shen, Y., Qiao, L., Zhong, L., et al. (2014). Phenolic
compositions and antioxidant capacities of Chinese wild mandarin (Citrus

reticulata Blanco) fruits. Food Chem. 145, 674-680. doi: 10.1016/j.foodchem.2013.
08.012

frontiersin.org


https://doi.org/10.3389/fpls.2022.994792
https://doi.org/10.1016/j.synbio.2022.05.009
https://doi.org/10.3390/molecules23112933
https://doi.org/10.3390/molecules23112933
https://doi.org/10.1371/journal.pone.0016765
https://doi.org/10.1111/j.1467-7652.2009.00453.x
https://doi.org/10.1021/jf5009204
https://doi.org/10.1021/jf5009204
https://doi.org/10.1016/j.phymed.2022.153972
https://doi.org/10.1016/j.phymed.2022.153972
https://doi.org/10.4268/cjcmm20131401
https://doi.org/10.1038/ncomms9635
https://doi.org/10.1016/j.foodchem.2013.08.012
https://doi.org/10.1016/j.foodchem.2013.08.012
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

	Engineering the expression of plant secondary metabolites-genistein and scutellarin through an efficient transient production platform in Nicotiana benthamiana L.
	Introduction
	Materials and methods
	Plant material and cultivation
	Acquisition of gene elements and assembly of expression cassette
	Preparation of agroinfiltration
	The operation mode of the novel E-platform
	Color reaction and content determination of flavonoids
	Liquid chromatograph-mass spectrometer analysis of flavonoids

	Results and discussion
	Reconstitution of the genistein and scutellarin synthetic pathways in Nicotiana benthamiana
	General overview of the assembly based on golden gate cloning
	Production of plant natural products in the Nicotiana benthamiana E-platform
	The “test unit” verifies the feasibility of the novel E-platform

	Detection of genistein in infiltrated Nicotiana benthamiana plants
	Scutellarin production in Nicotiana benthamiana plants

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


