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in flavonoids biosynthesis in Scutellaria
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Abstract

Background 2-oxoglutarate-dependent dioxygenase (20DD) superfamily is the second largest enzyme family in the
plant genome and plays diverse roles in secondary metabolic pathways. The medicinal plant Scutellaria baicalensis
Georgi contains various flavonoids, which have the potential to treat coronavirus disease 2019 (COVID-19), such

as baicalein and myricetin. Flavone synthase | (FNSI) and flavanone 3-hydroxylase (F3H) from the 20DDs of DOXC
subfamily have been reported to participate in flavonoids biosynthesis. It is certainly interesting to study the 20DD
members involved in the biosynthesis of flavonoids in S. baicalensis.

Results We provided a genome-wide analysis of the 20DDs of DOXC subfamily in S. baicalensis, a total of 88 20DD
genes were identified, 82 of which were grouped into 25 distinct clades based on phylogenetic analysis of At20DDs.
We then performed a functional analysis of Sb20DDs involved in the biosynthesis of flavones and dihydroflavonols.
Sb20DD1 and Sb20DD2 from DOXC38 clade exhibit the activity of FNSI (Flavone synthase 1), which exclusively
converts pinocembrin to chrysin. Sb20DD1 has significantly higher transcription levels in the root. While S620DD7
from DOXC28 clade exhibits high expression in flowers, it encodes a F3H (flavanone 3-hydroxylase). This enzyme

is responsible for catalyzing the conversion of both naringenin and pinocembrin into dihydrokaempferol and
pinobanksin, kinetic analysis showed that Sb20DD?7 exhibited high catalytic efficiency towards naringenin.

Conclusions Our experiment suggests that Sb20DD1 may serve as a supplementary factor to SbFNSII-2 and

play a role in flavone biosynthesis specifically in the roots of S. baicalensis. Sb20DD?7 is mainly responsible for
dihydrokaempferol biosynthesis in flowers, which can be further directed into the metabolic pathways of flavonols
and anthocyanins.
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Background

Scutellaria baicalensis Georgi is a perennial herb belong-
ing to Scutellaria genus in the Labiaceae family. It is
cultivated worldwide due to its remarkable therapeutic
properties. S. baicalensis contains two types of flavones:
the 4’-hydroxyflavones like scutellarein and scutella-
rin accumulate in aerial tissues, while 4’-deoxyflavones
such as baicalein, baicalin, wogonin and wogonoside, are
abundant in the roots [1]. In addition, S. baicalensis also
contains various flavonoids like naringenin, pinocembrin,
dihydrokaempferol, kaempferol, and so on [2, 3]. These
flavonoids exhibit anti-bacterial, anti-inflammatory, anti-
cancer and anti-viral effects [2]. The ongoing COVID-19
pandemic, caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) poses a serious threat to
human health, and the 3 C-like protease (3CLP™) of
SARS-CoV-2 is a primary target for the development
of broad-spectrum antiviral drugs [4]. Baicalein and
myricetin, found in S. baicalensis, have been identified
as inhibitors of the SARS-CoV-2 3CLP*, demonstrating
inhibition of viral replication in Vero cells [5]. It has been
reported that a total of 100 flavonoids have been found in
S. baicalensis, with flavones being the major compounds
[3]. Recent studies have provided genomic and transcrip-
tome data for S. baicalensis, which serve as a robust foun-
dation for the analysis of flavonoid biosynthesis in the
medicinal plant [6].

Flavonoids are a class of secondary metabolites widely
distributed in plants. They possess a common C6-C3-C6
skeleton with two aromatic rings connected by a three-
carbon chain, typically arranged in a phenylchromane
configuration [7]. Based on the degree of unsaturation
and the substitution pattern, the structures of flavonoids
are diverse. The major types of flavonoids include fla-
vones, flavonols, flavanones, flavanols, dihydroflavonols,
anthocyanins, isoflavones and chalcones [8]. In addition
to serving as the primary source of plant pigments, flavo-
noids play a crucial role in influencing the colors of flow-
ers and fruits, thus contributing to the process of plant
reproduction [9]. Furthermore, flavonoids offer protec-
tion against various external stresses, such as drought
[10], low temperature [11], diseases [12] and UV-B radia-
tion [13].

The classic flavonoid biosynthesis pathway starts with
L-phenylalanine, which is catalyzed by phenylalanine
ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H),
4-coumarate CoA ligase (4CL), chalcone synthase (CHS)
and chalcone isomerase (CHI), resulting in the formation
of naringenin (4'-hydroxyflavanone), a crucial intermedi-
ate compound in the pathway (Fig. 1) [1]. Naringenin can
subsequently serve as a substrate for various enzymes,
leading to the production of different types of flavonoids,
such as isoflavones, flavones, dihydroflavonols and so
on [14]. However, S. baicalensis has evolved a specific
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4'-deoxyflavones pathway for the biosynthesis of baica-
lein and wogonin (Fig. 1). In this pathway, L-phenylala-
nine is converted into 4’'-deoxyflavanone pinocembrin
by SbPAL, cinnamate CoA ligase (SbCLL-7), SbCHS-2
and SbCHI. Pinocembrin is also an important intermedi-
ate product, which is further converted into 4’-deoxyfla-
vones through flavone synthase, flavone hydroxylases and
methyl-transferases.

The 20DD superfamily is the second largest enzyme
family in the plant genome, after the cytochrome P450
superfamily (CYP450). Members of the 20DD family
catalyze various oxidative reactions in plants, such as
hydroxylations, demethylations, desaturations, epimer-
ization, rearrangement, halogenation ring closure and
ring cleavage [15]. The plant 20DD family can be catego-
rized into three distinct evolutionary subfamilies based
on amino acid sequence similarity: DOXA, DOXB and
DOXC [16]. Plant homologs of Escherichia coli AlkB are
DNA repair proteins [17], and they are classified into
the DOXA subfamily. The DOXB subfamily includes
Prolyl 4-hydroxylases (P4Hs), which participate in the
synthesis of cell wall proteins in plants [18]. The DOXC
subfamily is involved in secondary metabolisms, such as
alkaloids and flavonoids [19]. The 20DDs involved in fla-
vonoid biosynthesis are further classified into two clades:
DOXC28 and DOXC47 [16]. DOXC28 clade comprises
the classic FNSI and F3H enzymes, while the DOXC47
clade consists of flavonol synthase (FLS) and anthocyani-
din synthase (ANS), which function downstream of F3H
in the biosynthesis of flavonoids. Early studies of classic
ENSI enzymes primarily focused on Apiaceae and mono-
cots [20, 21]. It has been reported that PcFNSI and PcF3H
have a high level of sequence identity, and PcFNSI may
have evolved from PcF3H by gene duplication [22]. How-
ever, there is another type of 20DD subfamily that has
been reported to have FNSI (AtDMR®6) activity, which
belongs to the DOXC38 clade in Arabidopsis thaliana.
AtDMREG is involved not only in salicylic acid catabolism
but also in apigenin (4'-hydroxyflavone) biosynthesis [23,
24]. S. baicalensis is rich in various flavonoids. However,
it is still unclear whether any member of the 20DD fam-
ily is involved in the biosynthesis of flavones in this plant.
Furthermore, the role of F3H, an important enzyme
involved in the flavonoid pathway, has not been studied
in S. baicalensis.

Here, we carried out a genome-wide study of 20DD
DOXC family members in S. baicalensis by phyloge-
netic analysis and expression profiles. Subsequently, we
identified and characterized the Sb20DD1-Sb20DD7 of
DOXC28 and DOXC38 clades, and performed enzyme
assays. Our findings elucidated the relationship between
the Sb20DDs and flavonoids accumulation patterns in S.
baicalensis.



Zhu et al. BMC Plant Biology (2024) 24:804

HO.
FNSII-1
e
OH (o}
Naringenin
X
OH O
Dihydrokaempferol ..
-3’3.,
L4
7o
Aerial parts

Page 3 of 12

F3'5’'H

Myricetin

OH
HO. o, O
I O A OH
7 om

OH

Delphinidin

HO o
O )
Z on
OH

Cyanidin

HO. 0.
O FNSII-2
e
FNSI
OH o
Pinocembrin
A%

OH
Pinobanksin

Fig. 1 Two Pathways for biosynthesis of Flavonoids in S. baicalensis

Wogonin

FNSII, flavone synthase II; FNSI, flavone synthase [; F3H, flavanone 3-hydroxylase; F6H, flavone 6-hydroxylase; F8H, flavone 8-hydroxylase; OMT, 8-O-methyl
transferase; FLS, flavonol synthase; F3'5'H, flavonoid 3'5'-hydroxylase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase. The enzymes high-

lighted in red are still under investigation

Materials and methods
Genome-wide identification, sequence alignment and
phylogenetic analysis of Sb20DD genes.

The HMM profile of 20DD domain (PF14226 and
PF03171) from Pfam database (https://www.ebi.ac.uk/
interpro) was used to extract full-length 20DD candi-
dates from the S. baicalensis genome by the HMM algo-
rithm (HMMER) [25]. Multiple sequence alignments and
phylogenetic analysis were performed using MEGA 11
[26]. The neighbor-joining tree was constructed under
the default parameters with Sb20DD candidates and
At20DD sequences. The maximum-likelihood tree was
constructed under the default parameters with Sb20DD
sequences and reported F3H and FNSI. The bootstrap
statistics were calculated with 1,000 replications.

Gene location visualization
The location of the Sh20DD genes on the chromosome
was determined by TBtools [27].

Gene cloning and expression vector construction

Based on the transcriptome data of different organs
and the genome of S. baicalensis [6], we amplified the
full-length coding regions of Sb20DDI1 using specific
primers (Table S2). Sb20DD2, Sb20DD3, Sh20DD4,
Sb20DDS5, Sb20DD6 and Sb20DD7 were obtained by
de novo synthesis (GenScript, Nanjing, China). Accord-
ing to the manufacturer’s instructions, fragments were
cloned into the entry vector pPDONR207 using the Gate-
way BP Clonase II Enzyme Kit (Invitrogen, MA, USA).
These fragments were then cloned into the yeast expres-
sion vector pYesdest52 and prokaryotic expression vector
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pYesdestl7 using the Gateway LR Clonase II Enzyme Kit,
respectively.

In vivo yeast enzyme assays

S. cerevisiae WAT11 was used as the host strain for in
vivo enzyme assays. The pYesdest52 empty vector or con-
structs were transformed into the yeast using the Yeast
Transformation II Kit (ZYMO, CA, USA). Transformants
were selected on synthetic drop-out medium without
uracil (SD-Ura) containing 20 g/L glucose and grown
at 28 °C for 48 h. The recombinant strains were initially
grown in SD-Ura liquid medium with 20 g/L glucose at
28 °C for 24 h until the ODy, reached 2-3. Yeast cells
were centrifuged at 4000 rpm for 10 min, then resus-
pended in the SD-Ura liquid medium with 20 g/L galac-
tose to induce expression of the target proteins. Different
substrates and a-ketoglutaric acid were supplemented in
the medium. After fermentation for 48 h, yeast cells were
harvested by centrifugation, extracted with 1 mL of 70%
MeOH (pH 5.0) for metabolite analysis.

Enzyme assays and kinetic studies
The empty vector or constructed prokaryotic expres-
sion vector was transformed into E. coli Rosetta (DE3).
Transformants were initially grown in 10 mL of LB liq-
uid medium with 100 pg/mL ampicillin at 37 °C for 12 h
and then transferred to 300 mL of LB liquid medium
until the ODy,, reached 0.6—0.8. Recombinant protein
expression was then induced with 1 mM Isopropyl -D-
thiogalactopyranoside (IPTG) at 16 °C for 16 h. After
harvesting the E. coli cells, high-pressure cell disrup-
tion equipment (Constant Systems, Northants, UK) was
used to crush the cells. The crude protein lysate was cen-
trifuged and purified by affinity chromatography with
Ni-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen, Ger-
many). The protein concentration was determined using
the Bradford method and analyzed by SDS-polyacryl-
amide gel electrophoresis. The target protein concentra-
tion was further determined by Image J software.

The enzyme assays in vitro was performed according to
a previously described protocol with some modifications
[23]. The reaction mixture contained 100 mM NaH,PO,
(pH 6.8), 2 mM DTT, 1 mM a-ketoglutaric acid, 2 mM
ascorbic acid, 1 mM ATP, 0.25 mM ferrous sulfate, 50 pM
substrate and 1 pg of recombinant purified protein in a
final volume of 100 pL. Enzyme assay was performed at
37 °C for 1 h in open tubes with shaking. The reaction
was initiated by the addition of the enzyme and termi-
nated by adding methanol. After centrifugation at the
top speed for 10 min, the supernatant was analyzed by
HPLC.

For kinetics measurements, naringenin or pinocembrin
were used at concentrations ranging from 1 to 250 pM.
The reaction time was reduced to 10 min. Km and Vmax
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values were obtained by using GraphPad Prism version
8.0.2 for Windows (GraphPad Software, San Diego, Cali-
fornia USA, www.graphpad.com).

Standard compounds

Naringenin and pinocembrin were purchased from
Sigma-Aldrich (MO, USA), dihydrokaempferol, pino-
banksin, salicylic acid and 2, 5-dihydroxybenzoic acid
were purchased from Yuanye-Biotech (Shanghai, China).
All of the above standard compounds were dissolved in
dimethyl sulfoxide (DMSO).

Metabolite analysis

An Agilent 1260 Infinity II HPLC system was used for
metabolite analysis. Flavones were detected at 280 nm.
Separation was carried out on a 100x2 mm, 3 p Luna
C18 (2) column. The column was maintained at 35 °C.
The flow rate of the mobile phase consisting of 0.1%
(v/v) formic acid in water (A) and 1:1 MeOH/Acetoni-
trile+0.1% formic acid (B) was set to 0.26 mL/min. The
gradient program was as follows: 0—3 min, 20% B; 20 min,
50% B; 20—30 min, 50% B; 36 min, 70% B; 37 min, 20% B
and 37-43 min, 20% B.

Salicylic acid and 2, 5-dihydroxybenzoic acid were
detected at 300 nm. Separation was carried out on a
250x4.6 mm, 5 um Eclipse XDB-C18 column. The col-
umn was maintained at 35 °C. The flow rate of the
mobile phase consisting of 0.1% (v/v) formic acid in
water (A) and 0.1% (v/v) formic acid in Acetonitrile (B)
was set to 0.8 mL/min. The gradient program was as fol-
lows: 0—5 min, 10% B; 25 min, 40% B; 25—-30 min, 40% B;
36 min, 60% B; 37 min, 10% B and 37—43 min, 10% B.

Based on the retention time of standard substances
and standard curves, metabolites were confirmed and
measured.

Results

S. baicalensis contains 88 20DD genes belonging to the
DOXC subfamily

It has been reported that S. baicalensis is rich in not
only flavones, but also in flavonols and anthocyanins [3,
28, 29]. Considering the structures of these compounds
(Fig. 1), it can be inferred that S. baicalensis harbors
Sb20DDs involved in their biosynthetic pathway. Based
on a HMMER search of the S. baicalensis genome, a total
of 88 protein sequences were identified as members of
the 20DD enzyme family. By conducting a phylogenetic
analysis of Sb20DDs and At20DDs, 82 candidates were
grouped into 25 clades while 6 candidates remained
unclassified (Fig. 2). We annotated these clades based on
those annotation of A. thaliana enzymes, including gib-
berellin biosynthesis (DOXC3, DOXC7 and DOXC22),
gibberellin catabolism (DOXC12 and DOXC13), auxin
metabolism (DOXC15), glucosinolate metabolism
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Fig. 2 Phylogenetic analysis of 20DDs proteins
Clades were annotated with 20DDs of AtDOXC. The neighbor joining method was used to construct the tree with bootstrap (n=1000). A gray circle in the
middle of each branch indicated bootstrap values greater than 0.5. Red asterisks indicated the DOXC28 and DOXC38 clades for further study

(DOXC20 and DOXC31), alkaloid metabolism Chromosomal location of Sb20DDs in S. baicalensis
(DOXC31, DOXC41 and DOXC52), salicylic acid catabo- ~ We conducted chromosomal localization mapping of
lism (DOXC38), coumarin biosynthesis (DOXC30), fla- Sh20DDs using gene annotation files and found that
vonoid biosynthesis (DOXC28 and DOXC47), ethylene they were distributed unevenly across the S. baicalensis
biosynthesis (DOXC53) [16]. However, further research  genome (Fig. 3). Chromosomes 01-09 contained 22, 9,
is needed to determine the functional classification of 15,8,9, 6, 5,4 and 7 Sb20DDs, respectively. Additionally,
other clades (DOXC14, DOXC17, DOXC19, DOXC21, 3 Sb20DDs were not anchored onto any specific chro-
DOXC23, DOXC24, DOXC27, DOXC37, DOXC45, mosomes.Some Sh20DDs were located in close proxim-
DOXC46, DOXC54 and DOXC55). ity to specific regions on the chromosomes, indicating
possible tandem gene duplication events. A gene cluster
is defined as the existence of two neighboring Sb20DD
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genes on a chromosome with a distance of less than 50 kb
[16]. According to the annotation of DOXC, these gene
clusters located on chromosomes 01, 05, 08 and 09 were
found to be involved in flavonoid biosynthesis, glucosino-
late metabolism and alkaloid metabolism, respectively.

Tissue-specific expression patterns of Sb20DDs in S.
baicalensis

The expression patterns of the Sb20DDs were deter-
mined based on FPKM values from the transcriptome
of flowers, flower buds, leaves, stems, roots and MeJA-
treated roots of S. baicalensis [6]. These Sb20DDs were
classified into five groups based on their tissue-spe-
cific expression patterns (Fig. 4 and Table S1). Group
A consisted of only 1 Sh20DD, which exhibited high
expression levels across all the tissues. Group B showed
relatively high expression levels specifically in flowers
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and flower buds. Notably, DOXC47, which includes
anthocyanidin synthase (ANS), was clustered in Group
B, suggesting a potential association between these genes
and anthocyanidin biosynthesis in S. baicalensis flowers.
Groups C and D displayed low transcript levels across all
the tissues, with Group D showing relatively higher lev-
els compared to Group C. Group E showed predominant
expression in roots and their transcripts could be induced
by MeJA treatment, indicating its potential involvement
in the accumulation of specific flavones in the roots of
S. baicalensis, as we previously showed that MeJA treat-
ment leads to increased flavones in S. baicalensis roots

[1].
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Fig. 4 Tissue-specific expression heatmap of S620DDs in S. baicalensis

The color scale on the right represents the FPKM values normalized with log10. F, flower; FB, flower bud; L, leaf; S, stem; RJ, MeJA-treated root; R, root; the
numbers behind indicated biological replicates. Colored rectangles represent genes clustered in different groups (group A-E) based on their expression

patterns
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Identification of the candidate genes encoding FNSI and
F3H in S. baicalensis
The DOXC28 clade includes the classic FNSI and F3H,
which are involved in the biosynthesis of flavones and
dihydroflavonols, respectively [16]. It has been reported
that AtDMR6 from the DOXC38 clade can also be
involved in the biosynthesis of flavone and the catabo-
lism of salicylic acid [23, 24]. To analyze the phylogenetic
relationship of the Sb20DDs in DOXC38 and DOXC28,
a phylogenetic tree was constructed with previously stud-
ied enzymes from other species (Fig. 5A). The results
showed that 4 putative Sb20DDs (Sb20DD1-Sb20DD4)
were clustered with AtDMR6 (AtFNSI/S5H) on the
DOXC38 clade, while Sb20DD5-Sb20DD7 clustered
with AtF3H and PcFNSI on the DOXC28 clade (Fig. 5A).
Sequence alignment of Sb20DDs and other homolo-
gous proteins revealed that they all had ferrous iron
binding domain (HxDxnH) and 2-oxoglutarate bind-
ing domain (RxS, Fig. S1). Expression heat-map based
on FPKM values showed that Sb20DDI was highly
expressed in roots and JA-treated roots, while Sb20DD3
and Sb20DD4 had relatively higher transcripts in root
tissues, Sh20DD2 had very low expression levels in

Sb2-ODD1

A

Sb2-ODD2
Sb2-ODD3

100 | sh2-ODD4

DOXC38

AtDMR6

92 ZmFNS |

AtDLO1

100

AtDLO2

o8 | Sb2-ODD5
9 | | sb2-0DD6
Sb2-0DD7

ZmF3H

100

49 AtF3H

PcFNS |

PcF3H

AtAOP1

0.20

DOXC28

Page 8 of 12

all the tissues analyzed. The expression of Sb20DDS,
Sb20DD6 and Sb20DD7 were higher in flowers and
flower buds than in other tissues. Therefore, Sb20DD]1,
3, 4 and Sb20DD5-7 might be involved in the biosynthe-
sis of flavones and anthocyanidins in roots and flowers,
respectively. We isolated the ORFs of the 7 Sb20DDs by
RT-PCR (Table S2).

Enzyme assays of recombinant Sb20DD proteins

To explore the activities of the Sb20DDs, we expressed
coding regions of the 7 enzymes in yeast. As AtDMR6
in DOXC38 can converse naringenin and salicylic acid
to apigenin and 2, 5-dihydroxybenzoic acid (2, 5-DHBA)
[23]. We assayed the enzymes of Sb20DD1-4 by feeding
naringenin, salicylic acid and pinocembrin as substrates.
The yeast strains expressing Sb20DD1 and Sb20DD2
fermented with pinocembrin produced new compound
(Peak I) with the same retention time as the chrysin stan-
dard (Fig. 6A). We then expressed the proteins in E. coli
and purified them from the strains, the enzyme activi-
ties were also confirmed through in vitro enzyme assay.
Liquid chromatography-mass spectrometry (LC-MS)
analysis showed that peaks I had the same mass charge
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Fig. 5 Phylogenetic analysis and expression patterns of SbDOXC28s and SbDOXC38s in S. baicalensis

Phylogenetic tree of SODOXC28 and SbDOXC38 proteins. The maximum likelihood method was used to construct the tree with bootstrap (n=1000).
AtAOP1 from At20DD was used as an outgroup. At, Arabidopsis thaliana; Zm, Zea mays; Pc, Petroselinum crispum. Accession numbers are as follows:
AtDMR6, NP_197841; AtDLOT, NP_192788; AtDLO2, NP_192787; ZmFENSI, NP_001151167; PcCFNSI, AAX21541; AtF3H, NP_190692; ZmF3H, NP_001130275;
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Sb05g01401; Sb20DD6, Sb05g01404; Sb20DD7, Sb05g01631. B. Tissue-specific expression heatmap of SbDOXC28s and SbDOXC38s. The color scale on
the right represents the FPKM values normalized with log10. F, flower; FB, flower bud; L, leaf; S, stem; RJ, MeJA-treated root; R, root; the numbers behind

indicated biological replicates
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(See figure on previous page.)
Fig. 6 Enzyme assays of Sb20DDs
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(A) HPLC analysis of Sb20DD1-4 from DOXC38 using pinocembrin as a substrate in vivo yeast enzyme assays. Top, chrysin standard; EV, empty vector
control; Sb20DD1-4, assays with corresponding Sb20DD proteins. (B) The reaction was catalyzed by Sb20DD1-2 from DOXC38 using pinocembrin as a
substrate. (C) HPLC analysis of Sb20DD5-7 from DOXC28 using naringenin as a substrate in vivo yeast enzyme assays. Top, dihydrokaempferol standard;
EV, empty vector control; Sb20DD5-7, assays with corresponding Sb20DD proteins. (D) The reaction was catalyzed by Sb20DD7 from DOXC28 using
naringenin as a substrate. (E) HPLC analysis of Sb20DD5-7 from DOXC28 using pinocembrin as a substrate in vivo yeast enzyme assays. Top, pinobanksin
standard; EV, empty vector control; Sb20DD5-7, assays with corresponding Sb20DD proteins. (F) The reaction was catalyzed by Sb20DD7 from DOXC28
using pinocembrin as a substrate. (G) Kinetic analysis of Sb20DD?7 to naringenin and pinocembrin. (H) Enzymatic kinetic curve of Sb20DD?7, naringenin
as substrate. (I) Enzymatic kinetic curve of Sb20DD?7, pinocembrin as substrate

ratio (m/z) and MS/MS patterns as the chrysin standard
(Fig. S2A, B). Sb20DD1 and Sb20DD2 could specifi-
cally catalyze the conversion of pinocembrin to chrysin,
but no new products were detected when naringenin was
used as substrate (Fig. 6B and Fig. S3A, B). The FNSI’s
activity (catalyzed 4’'-deoxyflavanone) of Sb20DD1 and
Sb20DD2 in S. baicalensis were different from the clas-
sic FNSIs (catalyzed 4’'-hydroxyflavanone) in other spe-
cies, as the previously reported FNSIs use naringenin as
natural substrate. When we fed yeasts with salicylic acid
as a substrate, no new products were detected by high-
performance liquid chromatography (HPLC), but a very
tiny peak was detected in the yeast extracts of Sb20DD1
and Sb20DD2 in mass spectrometry (MS), which had
the same MS patterns as 2, 5-DHBA standard (Fig. S3C,
D, E). Compared with the empty vector (EV) control,
the transformed yeast cells expressing Sb20DD3 and
Sb20DD4 showed no activity to the 3 substrates (Fig. 6A
and Fig. S3A, C).

We then supplemented flavanones naringenin
and pinocembrin into the yeasts transformed with
Sb20DD5-7, respectively, and two new products (Peak
II and Peak III) were detected in the strains expressing
Sb20DD7, which had the same retention time and MS/
MS patterns as dihydrokaempferol and pinobanksin stan-
dards (Fig. 6C, E), showing it is a F3H. The results were
also verified through in vitro enzyme activity experi-
ments, (Fig. S2C, D, E, F). However, Sb20DD5 and
Sb20DD6 had no activity to naringenin and pinocembrin
substrates (Fig. 6C, E). Therefore, Sb20DD7 was involved
in the biosynthesis of dihydroflavonols, which not only
catalyzed naringenin to dihydrokaempferol, but also cat-
alyzed pinocembrin to pinobanksin (Fig. 6D, F).

Kinetic analysis of Sb20DD7

We then conducted a study to explore the kinetic param-
eters of Sb20DD?7 to naringenin and pinocembrin (Fig.
S4). The results demonstrated that the apparent Michae-
lis constant (Km) values of Sb20DD7 were 57.48 uM and
36.55 uM for naringenin and pinocembrin, respectively.
Additionally, the apparent maximal velocity (Vmax)
values were 2032 pkat mg protein~! and 114.1 pkat mg
protein~! for naringenin and pinocembrin, respectively
(Fig. 6G, H, I). While Sb20DD7 exhibited a lower Km for
pinocembrin, it displayed significantly higher Vmax for

naringenin, resulting in an 11.33-fold higher Vmax/Km
ratio for naringenin compared to pinocembrin. So
Sb20DD7 had a higher catalytic efficiency to naringenin.
Moreover, the expression level of Sb20DD7 was found
to be higher in flowers than in roots, so this enzyme is
involved in the conversion of naringenin in flowers of S.
baicalensis, subsequently entering the biosynthesis path-
way of anthocyanidins and flavonols.

Discussion
S. baicalensis is known to contain a variety of flavonoids,
including classic 4'-hydroxyflavonoids and root-specific
4'-deoxyflavonoids [1]. Flavonoids exhibit significant
pharmacological activity and have been utilized to treat
a variety of diseases. Recently, baicalein and myricetin
have been reported to possess anti-COVID-19 properties
[5]. The DOXC subfamily of 20DD family is involved in
the biosynthesis of the flavonoids, which are of particular
interest to us. The number of 20DD genes varies in each
plant genome, for example, 7, 49, 56, and 99 20DD genes
of the DOXC subfamily have been identified in Chlam-
ydomonas reinhardtii, Physcomitrella patens, Selaginella
moellendorffii and Arabidopsis thaliana respectively
[16]. In our study, 88 20DDs of the DOXC subfamily
were identified by searching the genome of S. baicalen-
sis [6, 30]. Compared to A. thaliana, S. baicalensis lacks
the DOXC21 and DOXC24 clades (Fig. 2). Most mem-
bers of the DOXC subfamily are involved in the biosyn-
thesis of specialized metabolites, such as flavonoids and
phytohormones [16]. This suggests that there has been a
large-scale duplication of 20DD genes related to specific
metabolism, occurring from green algae to higher plants.
In S. baicalensis, we found Sb20DD gene tandem dupli-
cations on chromosomes 01, 05, 08, and 09, which are
annotated as being associated with flavonoid biosynthe-
sis, glucosinolate metabolism, and alkaloid metabolism,
respectively (Fig. 3). The Sb20DD gene tandem duplica-
tion (Sb05g11050) on chromosome 05 shows relatively
high expression levels in flowers and flower buds, it was
annotated as FLS belonging to DOXC47 clade, which is
most likely to be involved in flavonol biosynthesis (Fig. 4).
Pinocembrin and naringenin are central intermediates
in the biosynthesis of root-specific flavonoids (4'-deoxy-
flavonoids) and classic flavonoids (4'-hydroxyflavonoids),
respectively [1, 31]. There are two types of FNSs in
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plants that convert flavanones to flavones, namely FNSI
(20DD) and FNSII (CYP450). In S. baicalensis, a FNSII
member enzyme (SbFNSII-2) can specifically catalyze the
conversion of pinocembrin into chrysin in the roots [1].
ENSI was firstly characterized in parsley (PcFNSI), this
gene belongs to the DOXC28 clade, catalyzes the desatu-
ration reaction of naringenin to form apigenin [21]. How-
ever, most members from the DOXC28 clade exhibit only
E3H enzyme activity (Fig. 5A). On the other hand, Ara-
bidopsis AtDMR6, belonging to the DOXC38 clade, has
been discovered to hydroxylate salicylic acid and plays a
role in the degradation of plant hormones [23, 24], while
also exhibiting tiny FNSI activity. So the 20DD enzymes
from both DOXC28 and DOXC38 may be involved in fla-
vonoids metabolism. We then isolated all the Sb20DDs
from the two clades. Phylogenetic analysis showed that
four Sb20DDs formed a cluster with AtDMR6 in the
DOXC38 clade, while three Sb20DDs were grouped with
AtF3H and PcFNSI in the DOXC28 clade (Fig. 5A). Nota-
bly, Sb20DD1 and Sh20DD?7 exhibited high expression
levels in the roots and flowers, respectively, suggesting
their different function in the biosynthesis of flavonoids
in the different organs (Fig. 5B).

The Sb20DDs that belong to the DOXC38 encode
proteins homologous to the AtDMR6 protein (Table
S2). Interestingly, while Sb20DD1 and Sb20DD2 were
involved in the conversion of pinocembrin to chrysin,
they did not exhibit any catalytic activity towards narin-
genin (Fig. 6A, B and Fig. S3A). Unlike AtDMR®6, which
mainly takes salicylic acid as the substrate, Sb20DD1 and
Sb20DD2 can only produce a tiny amount of 2, 5-DHBA
when salicylic acid is supplemented (Fig. S3C, D, E). Our
previous studies have demonstrated that SbFNSII-2,
belonging to the CYP450 family, is primarily responsible
for the biosynthesis of chrysin in the S. baicalensis roots.
Now, our results show that Sb20DD1 and Sb20DD2
also have flavone synthase activity (FNSI). As Sb20DD1
is highly expressed in the roots, while S620DD2 has
very low transcripts in all the tissues studied, S620DD1
may function as a supplement to participate in the
root-specific biosynthesis of 4’-deoxyflavones in S.
baicalensis. The FNSI activity has been found in mosses,
gymnosperms, monocotyledons, and dicotyledons, and
the enzymes belong to different 20DD subfamilies, indi-
cating FNSI might have undergone multiple independent
evolutionary events, to resist biotic or abiotic stress dur-
ing land plant colonization and radiation [32].

There are 3 Sb20DDs belonging to the DOXC28 clade
(Table S2). Sb20DD7 could catalyze the conversion
of naringenin (4’-hydroxyflavanone) and pinocembrin
(4’-deoxyflavanone) into dihydrokaempferol and pino-
banksin, respectively, indicating that the enzyme is a
typical F3H (Fig. 6C, E). Kinetic analysis revealed that
Sb20DD7 possessed high catalytic efficiency towards
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naringenin, producing dihydrokaempferol (Fig. 6G), the
precursor of anthocyanidin and myricetin. Sb20DD7
was highly expressed in flowers and flower buds (where
anthocyanins accumulate), suggesting this enzyme is
involved in anthocyanins biosynthesis (Figs. 1 and 5B) in
flowers of S. baicalensis.

Conclusions

Our work provides a genome-wide analysis of the 20DDs
of DOXC subfamily in the S. baicalensis genome. We
identified 88 20DD genes of DOXC subfamily. We also
performed functional analysis of Sb20DDs involved in
the biosynthesis of flavones and dihydroflanonols. These
findings complement the flavonoid biosynthesis path-
way in S. baicalensis, providing genetic resources for the
modification of biological chassis and large-scale produc-
tion of medicinal active ingredients in synthetic biology.
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