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ABSTRACT

Safflower is an important oilseed crop that has been used in traditional Chinese medicine for thousands of years because of the
clinically valuable flavonoid glycosides in its flower petals. However, the biosynthesis and molecular regulation of these compounds
are still elusive due to the lack of a high-quality reference genome and scarce identification of key biosynthetic pathway genes in a
medicinal safflower variety. Here we leveraged an integrative multi-omics strategy by combining genomic, comparative genomics, and
tissue-specific transcriptome profiling with biochemical analysis to identify uridine diphosphate glycosyltransferases (UGTs) for
flavonoid glycoside biosynthesis in safflower. We assembled and annotated a high-quality reference genome of a medicinal safflower
variety, ‘Yunhong3’. A comprehensive comparative genomic analysis indicated that an evolutionary whole-genome triplication event
occurring in safflower contributed to gene amplification of the flavonoid biosynthetic pathway. By combining comparative
transcriptome profiling with enzymatic reactions, we identified 11 novel UGTs that could catalyze the conversion of naringenin
chalcone and phloretin to the corresponding O-glycosides. Moreover, we outlined the molecular pathway of hydroxysafflor yellow A
(HSYA) biosynthesis featured by 17 newly identified UGTs with promising catalytic activity, laying the foundation for the synthetic
production of HSYA. Our study reports systemic genome and gene expression information for flavonoid glycoside biosynthesis in
medicinal safflower and provides insights into mechanisms regulating HSYA biosynthesis, which would facilitate the genetic

improvement and synthetic bioengineering design for producing clinically valuable flavonoid glycosides in safflower.
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1. Introduction

Carthamus tinctorius L. (safflower) is a globally cultivated medicinal herb revered for its therapeutic

properties (Ekin 2005; Dordas and Sioulas, 2008). The dried tubular safflower flower has long been utilized to



enhance blood circulation, alleviate blood stasis, and relieve menstrual pain, with its usage first recorded in Kaibao
Bencao (Asgarpanah and Kazemivash, 2013). Modern medical research has validated safflower’s extensive
pharmacological activities, including the dilation of coronary arteries, as well as its anticoagulatory, antithrombotic,
antioxidative, and anti-inflammatory effects (Han et al., 2009; Zhou et al., 2014; Zhang et al., 2016; Li et al., 20193;
Li et al., 2019b). The medicinal value of safflower is strongly associated with its active ingredients. To date, more
than 200 compounds have been isolated from safflower plants, including flavonoids, spermidines, alkaloids, lignin,
organic acids, and steroids (Kazuma et al., 2000; Yue et al.,, 2013; Hong et al.,, 2015). Years of clinical and
pharmacological research have revealed that most of these compounds can affect the cardiovascular,
cerebrovascular, nervous, and immune systems, making them promising drugs for various diseases (Asgarpanah
and Kazemivash, 2013; Zhou et al., 2014; Zhang et al., 2016; Martin and Li, 2017).

Flavonoid derivatives are the most abundant active compounds in safflower, and they mostly exist as
glycosides (Zhou et al., 2014). Based on their glycosylated forms, about two-thirds of flavonoids are classified as
O-glycosides, including naringenin, kaempferol, quercetin, luteolin, and their derivatives (Hattori et al., 1992; Lee
et al., 2002; Qu et al., 2015). Some other glycosides, which are associated with red and yellow pigmentation, have
been designated as quinochalcone C-glycosides (Xian et al., 2022). Among them hydroxysafflor yellow A (HSYA) is
the most valuable medicinal compound (Yin and He, 2000; Yue et al., 2014; Li et al., 2017; Zhang et al., 2020).
Specifically, HSYA has been used as an indicator of the medical value of safflower in the Pharmacopoeia of the
People’s Republic of China (from the 2015 edition). It has also been approved as a novel drug for treating
cardiovascular disease by the China State Food and Drug Administration (Li et al., 2012; Ao et al., 2018; Sun et al.,
2018).

Most plant natural products, including flavonoids, undergo various post-modifications (e.g., glycosylation,
methylation, acylation, and hydroxylation) to form their final complex and diverse structures. Glycosylation is one
of the most common modifications (Alseekh et al., 2020). Glycosylated compounds are important for plant growth
and development, metabolic regulation, maintenance of hormone homeostasis, pollination, detoxification of
internal and external toxins, and defense responses (Vogt and Jones 2000; Jones and Vogt 2001; Stevenson et al.,
2017; Brazier-Hicks et al., 2018). Additionally, compared with their precursors, the glycosylation of active
ingredients often leads to increased polarity and pharmaceutical activities (Luzhetskyy et al., 2008). Hence,
glycosylated compounds are widely used in medicine, agriculture, and other industries (Liu 2014; Hsu et al., 2018;
Itkinet al., 2018; Khan et al., 2019).

Glycosyltransferases, which transfer glycosyl groups from activated glycosyl donors to acceptors, are vital for
post-translational modifications that fully form flavonoid glycosides (Alseekh et al., 2020; Chung et al., 2020).
Generally, glycosylation occurs at positions C-3, C-6, and C-7 of the flavonoid backbone. Differences in the types of
sugars, positions of glycosidic bonds, and aglycones often give rise to structurally and functionally diverse
flavonoids (Sato et al., 2006; Xie et al., 2014; Wang et al., 2020). In the flavonoid biosynthetic pathway, naringenin

chalcone acts as an important precursor that undergoes a series of modifications (e.g., glycosylation) to generate
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flavonoids and flavonols (Tohge et al., 2017). It has also been recognized to get involved in the biosynthesis of
quinochalcone C-glycosides, including HSYA. Although glycosylation is essential for the bioactivation of flavonoid
glycosides in safflower, the glycosyltransferases have rarely been cloned or identified. How the UGT enzymes could
modify naringenin chalcone to produce glycosides remains unknown.

The rapid development of sequencing technology has significantly facilitated the exploration of genetic
information for medicinal plants and the identification of disease-related gene loci (Teng et al., 2018). A recently
published chromosome-scale safflower reference genome has provided genomic insights into flavonoid
biosynthesis (Wu et al., 2021). Previous transcriptomic studies have identified many candidate genes related to
flavonoid biosynthesis, including genes encoding chalcone synthases (CHSs), UGTs, and chalcone isomerases (CHIs)
(Chen et al., 2020; Qiang et al., 2020; Wu et al., 2021). However, there have been no systematic analyses of the
evolution and function of UGT families in safflower. Major obstacles to studying the glycosylation of flavonoid
glycosides in safflower include the limited genomic resources for medicinal species and the lack of identified
functional UGTs. In this study, we applied a multi-omics strategy involving comparative genomic and tissue-specific
transcriptomic analyses to screen for flavonoid glycoside-specific UGT genes, which was followed by in vitro
enzymatic assays to identify functional UGTs and molecular docking analysis to explore the catalytic mechanisms.
We identified a series of candidate UGT genes, of which 17 were associated with the HYSA biosynthetic pathway.
Eleven of these UGT genes encoded enzymes that could catalyze naringenin chalcone and phloretin to produce the

corresponding glycosylated compounds.

2. Materials and methods

2.1. Genome Assembly

Fresh leaf tissues of safflower were used to extract genome DNA. A 40-kb insert PacBio SMRTbell library was
prepared using SMRTBELL Express Template prep kit 2.0. The SMRTbell library was sequenced on the SMRT PacBio
Sequel Il platform and obtained 142.72 Gb of PacBio reads. The CANU software (version 1.8,
https://github.com/marbl/canu) was utilized to preprocess and assemble the PacBio reads into contigs, with
parameter “genome size=1.35G” (Koren et al., 2017). To correct and fill gaps for misassembling, the assembler
HERA (version 1.0) was applied to update the contigs to supercontigs with default parameters (Du and Liang,
2019).

Fresh young leaf tissues from living plants were collected as BioNano Genomics guidelines.
High-Molecular-Weight (HMW) DNA was extracted from the leaves with a BioNano Plant Tissue DNA isolation kit
(BioNano Genomics) and fluorescently labeled using Dpnll endonucleases (BioNano Genomics) based on the
BioNano Direct Label and Stain technology. After more than two hours of staining at room temperature, the
fluorescently labelled DNA was loaded on the Saphyr chips for scanning on the BioNano Genomics Saphyr System,
yielding 475.7 Gb of Bionano data. This data was employed to assist the scaffold construction using Bionano Solve

software (version 3.3). The resulting supercontigs and scaffolds were integrated using 202.56 Gb of Hi-C data



through Juicer and 3D-DNA (Durand et al., 2016; Dudchenko et al., 2017).

2.2. Genome Annotation

Three gene prediction methods were used to annotate the safflower genome, including ab initio, assembled
transcripts, and protein homologs. In ab initio prediction, four programs were utilized, including Glimmer-HMM,
SNAP (version 2.3), GeneMark-ET (version 4.57), and AUGUSTUS (version3.3) (Korf, 2004; Majoros et al., 2004;
Stanke et al., 2004; Ter-Hovhannisyan et al., 2008). Annotated protein sequences from C. cardunculus, S.
lycopersicum, A. thaliana, C. nankingense, H. annuus, V. vinifera, L. sativa, and T. kok-saghyz were downloaded
from phytozome database (https://phytozome.jgi.doe.gov/pz/portal.html) (Goodstein et al., 2012). These protein
sequences were employed for homology-based prediction by GeMoMa (version 1.6.1) software (Haas et al., 2008).
All predicted gene models were combined by EvidenceModeler (EVM) into a non-redundant set of gene structures
(Haas et al., 2008). In total, 35 162 genes were predicted from the safflower genome with transcript support. Gene
functional annotation was performed by searching against various functional databases, such as Swiss-Prot,
eggNOG (Evolutionary Genealogy of Genes: Non-supervised Orthologous Groups), NR (Non-Redundant Protein
Sequence Database), Pfam, and GO (Gene Ontology). Genome assembly and annotation completeness were
assessed using BUSCO (Benchmarking Universal Single-Copy Orthologs version 3.0.2) (embryophyta_odb10)
(Simao et al., 2015). We used the LTR_FINDER (x86_64-1.0.5) and LTR_retriever (v1.9) software (Xu and Wang,
2007; Ou and Jiang, 2019) to scan the long terminal repeat retrotransposons (LTR-RTs) of the safflower genome.
Among them, tRNA structures were identified using tRNAscan-SE (v1.3.1) (Lowe and Eddy, 1997) software.
Non-coding RNAs were annotated using the INFERNAL (v1.1.2) software (Nawrocki and Eddy, 2013). The
noncoding RNAs were then classified into different types containing miRNA, snRNA, and snoRNA by searching

against the Rfam database.

2.3. Analysis of Genomic Evolution and WGD Events

Paralogous gene pairs were identified using Blast-based methods, and syntenic paralogs were determined
using MCscanX (version 1.0) (Wang et al., 2012). Orthologous and paralogous gene families were assigned by
OrthoFinder (version 2.2.6) (Emms and Kelly, 2015) with default parameters. A total of 195 single-copy
orthologous genes were selected to construct the phylogenetic tree. The protein sequences of each gene family
were independently aligned by MAFFT (v7.402) (Katoh et al., 2005). The phylogenetic tree was constructed by
maximum likelihood (ML) using RAXML-NG (v. 0.9.0) (Kozlov et al., 2019) employing the best-fit model GTR+G4
which was estimated by ModelTest-NG (Darriba et al., 2020). Divergence times between species were estimated
using the MCMCTree programmed in the PAML package (v4.9). The calibration time of the divergence between

grape and coffee (111-131 Mya) was adopted from TimeTree (http://www.timetree.org). GO and KEGG pathway

enrichment analysis were conducted using the clusterProfiler package in R (version 3.6.3) (Yu et al., 2012). To
estimate the timing of the whole genome duplication event in safflower, Ks values of safflower syntenic block
genes were calculated using the YN model in KaKs_Calculator (version 2.0) (Wang et al., 2010). The synonymous

substitution rate of 8.25x10° mutations per site per year for asterids was applied to calculate the ages of the
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WGDs (Badouin et al., 2017). Gene family expansion or contraction were calculated using CAFE (version 4.2) (De

Bie et al., 2006).

2.4. Transcriptome Sequencing and Analysis

The fresh safflower plants were subdivided into five tissues: flowers, pappus, bract, leaves, and stems. All
samples were immediately frozen in liquid nitrogen, and stored at -80 °C before RNA extraction. Three biological
replicates for each tissue were collected. Total RNA was extracted from these tissues using the EasyPure® RNA Kit
(Trans, Beijing, China) following the manufacturer’s instructions. RNA purity was checked using the
NanoPhotometer® spectrophotometer (IMPLEN, CA, USA). The Qubit® RNA Assay Kit in Qubit® 2.0 Flurometer (Life
Technologies, CA, USA) was used to measure RNA concentration. RNA integrity was assessed using the RNA Nano
6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). The cDNA library was constructed
using the NEBNext® Ultra™ RNA Library Prep Kit for lllumina (NEB, USA), following the manufacturer’s
recommendations. Library preparations were sequenced on an lllumina Hiseq X Ten platform and paired-end
reads were generated. RNA-seq reads were mapped to the safflower genome using Hisat2 and assembled into
transcripts using StringTie (version 2.0.3) (Kim et al., 2015; Pertea et al., 2015). DESeq2 (version 1.30.1) was used
for differential gene expression analysis between two tissues with biological replicates. R (v4.0.3) software was
used to draw the heat maps in figures. In addition, RNA-seq data were assembled into transcripts by Trinity
(Grabherr et al.,, 2011). These transcript evidences were mapped to the assembly, and gene models were
predicted by the Program to Assemble Spliced Alignments (PASA) (version 2.0.1) (Campbell et al., 2006).
Transcriptome sequencing was previously performed using the tubular flower of safflower under the MelA
treatment from the State Key Laboratory of Characteristic Chinese Medicine Resources in Southwest China,
Chengdu University of Traditional Chinese Medicine, Chengdu, China (Chen et al., 2020). These transcriptome data

were analyzed in the current study.

2.5. Identification, Phylogenetic and Regulation Analysis of MYB Transcription Factors
The Hidden Markov Model (HMM) profile of MYB (PF00249) from the Pfam protein family database

(http://pfam.xfam.org/) was used as the query entry to perform an HMM search against the protein data of the

safflower genome (El-Gebali et al., 2019). The obtained protein sequences were further confirmed using the web

resource tools, Conserved Domain Search (https://www.ncbi.nIm.nih.gov/cdd/) (Lu et al., 2020) and matched with

annotated proteins in the Pfam database. Based on the reads of each gene in different transcriptome data, egdeR
was used to analyze the differential expression genes, and the groups for comparison were Floret-Phyllary,
Floret-Stem, Floret-Leaf, and Floret-Pappus. Then we used SPSS software to calculate the Pearson correlation
coefficient between MYB TF genes and pathway genes to construct co-expression regulatory networks to trace
back to the specific MYB genes in the pathway. The network was displayed through Cytoscape (Shannon, 2003). To
determine whether the MYB genes identified were flavonoid biosynthesis-related, all the known MYB genes of A.
thaliana, Malus domestica, Gentiana trifloral, Solanum lycopersicum, and P. hybrida were downloaded from the

GenBank database. The protein sequences were aligned using CLUSTAL-X (Larkin et al., 2007) and the
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neighbor-joining tree was constructed using MEGAX (Kumar et al., 2018) under the p-distance mode with 1 000
bootstrap samples and complete deletion. The online website ITOL (https://itol.embl.de/) was employed to

visualize the tree (Letunic and Bork, 2019).

2.6. Screening and Functional Verification of Candidate UGT Genes

According to the genes functional annotation information and the tissue expression information, we screened
187 full-length candidate UGT sequences with conserved domain and the FPKM > 5. Among them, 23 UGT genes
were narrowed down for further analysis due to their high expression level in flowers. We performed in vitro
functional identification of these 23 UGT genes and found that 8 of them had glycosyltransferase activities. In
addition, we also conducted homologous sequence alignment of the candidate UGT genes regarding a variety of
glycosyltransferases that had been reported in the previous literature (Modolo et al., 2007; Brazier-Hicks et al.,
2009; Schnable et al., 2009; Chen et al., 2015; Ito, Fujimoto et al., 2017; He et al., 2019; Mashima, et al., 2019; Gao,
et al., 2020). A total of 11 candidate genes were screened, and finally, 34 glycosyltransferases were identified.

Multiple sequence alignments were generated using DNAMAN to visualize the conserved motifs. For
phylogenetic tree analysis, the amino acid sequences of UGTs from other species were downloaded from the
National Center for Biotechnology Information (NCBI) database and aligned using ClustalW. Then, a
neighbor-joining tree was built using MEGA X software with 1 000 bootstrap iterations. The safflower cDNA was
prepared using the PrimeScript 1st Strand cDNA Synthesis Kit (Takara, Dalian, China). After designing primers, we
cloned a total of 34 UGT genes, and the PCR products were ligated into the N-terminal MBP fusion expression
vector HIS-MBP-pET28a (HIS, histidine; MBP, maltose-binding protein) according to the protocol of the Seamless
Cloning Kit (Beyotime, Shanghai, China). We transformed the successfully sequenced positive strains into E. coli
BL21 (DE3) (Transgen Biotech, Beijing, China) and maintained the cultures in Luria Bertani liquid medium with
kanamycin (50 pg - mL?) at 37 °C in a shaking incubator until the optical density at 600 nm (ODgoo) reached 0.6—0.8.
Then, isopropyl B-D-thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mmol - L%, and cultures
were induced at 16 °C and 200 r - min™ for 16 h to allow expression of recombinant proteins. pET28a-transformed
E. coli BL21 (DE3) cells were treated in parallel as a control.

To investigate the biochemical properties of CtUGT10 in vitro, recombinant CtUGT10 was purified by Ni-NTA
affinity chromatography. The recombinant cells were harvested by centrifugation at 10 000 g and 4 °C, then
resuspended in 100 mmol - L™ Tris-HCI buffer (pH 8.0) that contained 1 mmol - L' phenylmethanesulfonylfluoride
and sonicated in an ice-water bath for 10 min (lysed for 4 s, paused for 6 s). The sample lysates were centrifuged
for 40 min at 15 000 g and 4 °C to separate crude enzymes from cell debris. A UGT activity assay was performed in
a total volume of 100 pL that contained 100 mmol - L'! crude enzyme buffer (pH 8.0), 1 mmol - L' UDP-glucose,
and 0.1 mmol - L™ acceptor substrate for 12 h in 37 °C and was terminated by the addition of 200 uL methanol.
Precipitated proteins were removed by centrifugation (10 000 g for 10 min) and filtered through 0.22 um filters
before injection.

The experimental methods to explore the influence of different conditions on enzyme activity are as follows:
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Effect of pH value: The final concentrations employed (total volume, 100 pL) were as follows: UDPG, 2
mmol - L', naringin chalcone,0.2mmol - L'}, incubated with 20 pg purified protein, and 50 mmol - L' buffer. Buffers
preparation of different pH values: 50 mmol - L'citric acid-sodium citrate buffer (pH: 4.0, 5.0, 6.0); 50 mmol - L
sodium dihydrogen phosphate buffer (pH: 6.0, 7.0, 8.0); 50 mmol - L Tris-HCl buffer (pH: 7.0, 8.0, 9.0); 50
mmol - L'! sodium bicarbonate-sodium carbonate buffer (pH: 9.0, 10.0, 11.0). The reaction was performed at 37 °C
for 12 h, and each reaction was repeated three times in parallel.

Temperature effects: UDPG and naringin chalcone were added to 50 mmol - L™ Tris-HCI buffer (pH 8.0) to a
final concentration of 2 mmol - L't and 0.2 mmol - L%, respectively. Then, 20 ug purified protein was added to the
mixture. The total volume of the reaction was 100 uL. Different temperature conditions (25, 30, 37, 40, 45, 50, 55,
65 °C) were set for 12 h, and each reaction group was repeated three times in parallel.

Effects of divalent metal ions: UDPG and naringin chalcone were added to 50 mmol - L™ Tris-HCI buffer (pH
8.0) to a final concentration of 2 mmol - L' and 0.2 mmol - L%, respectively. Then, 20 ug purified protein was added
to the mixture. The total volume of the reaction was 100 uL, and the final concentration of divalent metal ion was
5 mmol - L%, Different divalent metal ions (Ba%*, Mg?*, Ca?*, EDTA) were added to the buffer and reacted for 12 h,
and each reaction group was repeated three times in parallel.

Effect of reaction time: UDPG and naringin chalcone were added to 50 mmol - L' Tris-HCI buffer (pH 8.0) to a
final concentration of 2 mmol - L't and 0.2 mmol - L', respectively. Then, 20 pg purified protein was added to the
mixture. The total volume of the reaction was 100 pL. The reaction was terminated by adding 100 pL methanol at
10 min, 30 min, 1 h, 2 h,4 h, 8 h, 12 h, 24 h, 48 h and 72 h, respectively. Each reaction was repeated three times in
parallel.

The enzymatic kinetic assay was carried out under the following conditions: (1) 4 mmol - L' UDPG (sugar
donor), naringin chalcone (substrate) at different concentrations and 20 pg purified protein were added into 50
mmol - L'! Tris-HC| buffer (pH 8.0) to incubate at 37 °C. The total volume of the reaction was 100 pL.. The final
concentrations of naringenin chalcone were 2.5, 5, 10, 20, 60, 100, 150, 200, 250, 300 umol - L'}, the reaction was
terminated after 5 h by the addition of 100 pL methanol. Each reaction was repeated three times in parallel. (2) 4
mmol - L'! naringin chalcone as substrate, UDPG of different concentrations as sugar donor, incubated with 20 ug
purified protein at 37 °C, adding 50 mmol - L Tris-HCl buffered (pH 8.0) to 100 pL total volume. The final
concentrations of UDPG were 4, 8, 20, 60, 100, 150, 200, 250, and 300 pumol - L, the reaction was terminated
after 5 h by the addition of 100 pL methanol. Each reaction was repeated three times in parallel. Glycosylated
products were detected using ultra-high-performance liquid chromatography coupled with quadrupole
time-of-flight mass spectrometry (UPLC/Q-TOF-MS, Waters, Milford, MA) using a Waters ACQUITY UPLC HSS T3
analytical column (2.1 x 100 mm, 1.8 mm). Data analysis was performed using MassLynx software (version 4.1).
The Km and Vmax of naringenin chalcone and UDPG were calculated by GraphPad Prism 7.04 software. Standards of

flavonoid glycoside compounds and UDP-glucose were purchased from Yuanye Bio-Technology (Shanghai, China).

2.7. Molecular Docking



The homology structures of UGTs were predicted by SWISS-MODEL. Molecular docking was conducted with
Autodock software (Version 4.2) (Morris et al., 2009). UDPG was docked into the sugar-binding pocket by referring
to the binding conformation of the complex crystal structures of UGTs/UDPG. The docking results were visualized

using PyMOL2 software (Schrodinger et al., 2020).

3. Results

3.1. Genome sequencing, assembly, and annotation of a medicinal safflower accession

To comprehensively explore the UGT genes related to flavonoid glycoside biosynthesis in medicinal safflower,
we selected ‘Yunhong3’, an excellent medicinal safflower variety in China (Fig. 1, A-C), for an integrative
multi-omics investigation by combining genomic, comparative genomics and tissue-specific transcriptome profiling
with biochemical analysis (Fig. 1, D). ‘Yunhong 3’ is a long-day crop native to arid environments with seasonal
rainfall (Guo et al., 2009). Its growth period is about 3—5 months (sowing to harvest maturity), which varies slightly
depending on the location, sowing time, and environmental conditions. In China, ‘Yunhong 3’ is mainly cultivated
in the northwestern region, and its petals harvested as valuable materials for traditional Chinese medicine. The
safflower flowering phase is relatively short, usually lasting 1 to 2 days. The petals collected from tubular flowers
gradually change from yellow to red during the drying and storage periods (Fig. 1, C). Unlike its seeds, which are
commonly used as a source of edible oil, ‘Yunhong3’ petals are primarily employed in Chinese medicine to
promote blood circulation and eliminate blood stasis. The tubular flowers contain many active components,
including flavonoids, alkaloids, polyalkynes, lighans, and polysaccharides. Notably, the dried petals of ‘Yunhong3’

contain high concentrations of HSYA.
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Fig. 1 The morphological and developmental characteristics of ‘Yunhong3’

(A) Active ingredients in C. tinctorius. The following representative chemical structures are provided: (i) hydroxysafflor yellow A (HSYA); (ii)
N-[2-(5-hydroxy-1H-indol-3-yl) ethyl] ferulamide; (iii) scutellarin; (iv) 6-hydroxykaempferol-3,6,7-0-8-D-glucoside; (v) kaempferol-3-0-8-D-glucoside; (vi) safflor
yellow A; (vii) quercetin-3,7-0-8-D-glucoside; (viii) carthamone; (ix) saffloquinoside A. (B) Anatomical details of C. tinctorius, including floret, pappus, phyllary,

leaf and stem. (C) Plant morphological characteristics of C. tinctorius at different stages and in the field. (D) The roadmap for identification of

glycosyltransferases in flavonoid glycoside biosynthesis in safflower.

To generate a high-quality reference genome for ‘Yunhong 3’, we combined PacBio sequencing, and Bio-nano
with Hi-C analyses. A total of 135 Gb of PacBio long reads, 475.5 Gb of Bio-nano reads, and 203.2 Gb of Hi-C data

were generated, resulting in approximately 123.9x, 436.2x, and 186.4x coverage of the C. tinctorius genome,



respectively (Fig. S1, A and Table S1). The final assembled genome (1.09 Gb) consisted of 134 super scaffolds, with
a scaffold N50 of 88.49 Mb and a contig N50 of 58.25 Mb (Fig. 2, A and Table 1). Subsequently, the assembled
sequence was anchored to 12 pseudochromosomes (66.38—-109.56 Mb), which accounted for 96.42% of the
assembled genome sequence (Fig. S1, B and Table S2). The GC content of the C. tinctorius genome was 37.13%
(Table S3). Based on Benchmarking Universal Single-Copy Orthologs (BUSCO), we evaluated the completeness of
the genome assembly, which revealed that 92.8% of the plant sets in the C. tinctorius genome were complete (1
497 of 1 614 BUSCO). Accordingly, the genome described herein represented the most complete safflower
genome assembled to date (Table S4) (Wu et al., 2021). The results of the de novo prediction analysis indicated
that 65.15% of the assembled C. tinctorius genome comprised repetitive elements, of which long terminal repeat
(LTR) retrotransposons being the most abundant, accounting for approximately 34.34% of the genome (Table S5).
Specifically, LTR Gypsy and LTR Copia were identified as the two primary types, accounting for 28.12% and 16.61%

of the genome, respectively.

Table 1 Details regarding the final C. tinctorius genome assembly and comparison with a published version

Feature SafflowerRS1 C. tinctorius
Genome assembly

Number of contigs 128 159
Contig N50 (Mb) 21.23 58.25
Longest contig (Mb) 57.98 104.11
Assembly size (Gb) 1.06 1.09
Repeat region of assembly (%) 60.13 66.96
Gene annotation

Number of protein-coding genes 33343 35162
Average exons per gene 6.54 5.5
Mean exon length (bp) 269.59 300
Average CDS length (bp) 1265.89 1380

Reference Wu et al., 2021 This study
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Fig. 2 Evolution of the C. tinctorius genome
(A) Genome characteristics and chromosomal locations. Landscape of the C. tinctorius genome (from outside to inside): chromosome number, GC content,
repeat density, gene density, and genomic synteny. The GC content is presented in a 1 Mb window (color gradient indicates 0.02-0.42). The repeat density is
presented in a 1 Mb window (color gradient indicates 0.028-0.96). The gene density is presented in a 1 Mb window (color gradient indicates 0-144). (B)

Phylogenetic tree comprising 195 single-copy genes from 10 plant species. Gene family expansions and contractions are marked in green and red, respectively.
Whole-genome duplication (WGD) and whole-genome triplication (WGT) events are marked on the tree. (C) Synonymous substitution rate (Ks) distributions in
syntenic blocks in C. tinctorius and other species are marked with different colored lines. (D) Dot plots of paralogues in the C. tinctorius genome illustrating WGT

(1-3 chromosomal relationships in red circles) events. (E) Chromosomal locations of flavonoid biosynthetic pathway genes affected by the tandem duplication

event. The genes were marked in blue. (F) Distribution of PALs affected by WGD events. The links among chromosomes represent genes in the collinear blocks.



We subsequently employed an integrated strategy to predict the protein-coding genes in the C. tinctorius
genome. A total of 35 162 genes were annotated, with an average coding sequence length of 1 380 bp and an
average of 5.5 exons per transcript (Table S6). Additionally, 32,431 genes (92.23%) were functionally classified by a
BLAST search of various databases (Table S7). We further annotated the noncoding RNA genes in the safflower
genome, resulting in the identification of 212 microRNA genes, 1 277 transfer RNA genes, 4 709 ribosomal RNA

genes, and 573 small nuclear RNA genes (Table S8).

3.2. Genome evolution and comparative genomic analysis

To explore the evolution of the safflower genome, we compared our assembled genome with those of nine
plant species: Cynara cardunculus (globe artichoke), Taraxacum kok-saghyz (Russian dandelion), Lactuca sativa
(lettuce), Chrysanthemum nankingense (chrysanthemum), Artemisia annua (sweet wormwood or Qinghao),
Helianthus annus (sunflower), Mikania micrantha (climbing hempweed) from Asteraceae, Coffea canephora from
Rubiaceae, and Vitis vinifera from Vitaceae (Fig. S2, A and Table S9). A total of 31 234 C. tinctorius genes were
clustered into 15 274 gene families, which included 11 951 gene families shared by the five Asteraceae species (Fig.
S2, B).We selected 195 single-copy genes from the aforementioned 10 species to construct a phylogenetic tree.
The phylogenetic data showed that the eight Asteraceae species were clustered into one group, reflecting their
close evolutionary relationships. In addition, C. tinctorius was most closely related to C. cardunculus, which was
consistent with the similarities in their morphological characteristics. We estimated they diverged approximately
31.91 million years ago (Fig. 2, B).

We also compared the 10 plant species with their most recent common ancestor to analyze gene family
expansions and contractions. In C. tinctorius, 1 043 gene families underwent expansion, while 2 918 gene families
experienced contraction (Fig. 2, B). The main Gene Ontology (GO) terms assigned to the genes in the contracted
families were nuclear nucleosome, plasmodesma (cellular component) (Fig. S3, A), protein heterodimerization
activity, terpene synthase activity, and ATPase-coupled transmembrane transporter activity (molecular function)
(Fig. S3, B), plant-type cell wall organization, geranyl diphosphate metabolic process, abscisic acid-activated
signaling pathway (biological process) (Fig. S3, C). On the other hand, the expanded families were enriched in GO
terms associated with chloroplast thylakoid membrane, photosystem Il (cellular component) (Fig. S3, D),
macromolecule metabolic process, primary metabolic process, DNA metabolic process (biological process) (Fig. S3,
E), ADP binding, chlorophyll binding, transferase activity, and transferring hexosyl groups (molecular function) (Fig.
S3, F). Furthermore, the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis revealed that the
genes in the contracted families were associated with the ubiquitin system and plant hormone signal transduction,
while the genes in the expanded families were related to energy metabolism and photosynthesis proteins (Fig. S3,
G, H) (Kanehisa et al., 2000).

To explore the whole-genome expansion events that occurred during the evolution of C. tinctorius, we
analyzed the synonymous substitution rate (Ks). Previous studies suggested that Asteraceae species shared a

whole genome triplication (WGT-1) event (Badouin et al., 2017a; Shen et al., 2018; Song et al., 2018). The Ks
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distribution of paralogous genes in safflower detected an obvious peak at 0.86 (approximately 52.1 million years
ago), indicating a WGT event that also occurred in chrysanthemum, lettuce, artichoke, and other Asteraceae
species (Fig. 2, C). The occurrence of this event was also supported by the triple collinearity in the safflower
genome revealed by the chromosome scatter plot (Fig. 2, D). Notably, by analyzing the distribution and the
collinear relationship of genes involved in the flavonoid biosynthetic pathway, we identified several genes affected
by tandem duplication events and whole genome duplication (WGD) events, such as F3H
(flavanone-3B-hydroxylase), 4CL (4-coumarate: coenzyme A ligase), F3’H (flavonoid 3’-hydroxylase), and PAL
(phenylalanine ammonia-lyase) (Fig. 2, E, F and Fig. S4, A). Subsequently, we performed a Ks analysis of flavonoid
biosynthetic pathway genes to examine the associated duplication events in the safflower genome. We observed
that the Ks distributions of these gene pairs were consistent with the timing of the y-WGT and WGT-1 events (Fig.

S4, B) (Badouin et al., 2017), indicating the positive impact of WGT on flavonoid biosynthesis in C. tinctorius.

3.3. Transcriptome analysis and sifting of transcription factors responsive to flavonoid biosynthesis

To comprehensively understand the expression pattern of genes involved in flavonoid glycoside biosynthesis,
a transcriptome profiling was conducted using various safflower tissues, including floret, pappus, phyllary, leaf,
and stem, collected from 1-year-old plants (Fig. 1, B and Fig. S5). We carried out a comparative transcriptome
analysis and annotated these enzyme-encoding genes according to our high-quality genome. We divided the
genes into the following three main groups: upstream (precursors), mid-downstream (intermediates), and
downstream (final or near-final products). Interestingly, these genes had distinct expression patterns. Most of the
upstream genes, such as PAL, C4H (cinnamate-4-hydroxylase), and 4CL, were found to be highly expressed in the
stem and phyllary but were expressed at low levels in the leaf. The CHS family genes were highly and usually
specifically expressed in the floret. Furthermore, most of the mid-downstream genes, including CHI, F3H, and FNS,
were more highly expressed in the floret or pappus than in the leaf and stem tissues, which was consistent with

the tissue-specific distribution of flavonoids (Fig. 3).
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Fig. 3 Expression patterns of genes encoding key enzymes in the flavonoid biosynthetic pathway
In the gene expression heatmap, increases in the intensity of the red coloration reflect increases in the expression level, whereas increases in the intensity of the
blue coloration reflect decreases in the expression level. PAL, phenylalanine ammonia-lyase; C4H, cinnamate-4-hydroxylase; 4CL, 4-coumarate: coenzyme A ligas;
CHS, chalcone synthase; CHI, chalcone isomerase; FNS, flavone synthase; F3H, flavanone-3B-hydroxylase; F3'H, flavonoid 3'-hydroxylase; FLS, flavonol synthase;
DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; UGT, uridine diphosphate glycosyltransferase.

Given that transcription factors, such as MYB and basic helix-loop-helix (bHLH) family members, were
important regulators of the flavonoid biosynthetic pathway in plants (Hichri et al., 2011; Ravaglia et al., 2013; Xu et
al., 2014; Liu et al., 2019; Sun et al., 2020), we then analyzed transcription factors from different families in
safflower to provide data support for further exploring their regulatory impacts. A total of 1,928 annotated
transcription factors from 56 families were identified. Among them, AP2/ERF (Apetala2/Ethylene Response Factor),
bHLH, FAR1 (FAR-RED Impaired Response 1), and MYB transcription factor families were the most represented
(Table S10). Based on transcriptome data, we used gene expression values to construct the correlation network
between flavonoid biosynthetic pathway genes and transcription factors (Fig. S6). The network diagram showed
that MYB, bHLH, ERF, FAR1, C2H2-ZF (Cys2-His2 zinc-finger), and WRKY transcription factors had stronger relation
with flavonoid biosynthetic pathway genes and might attribute as the predominant regulators. Previous research

indicated that MYB transcription factors were also involved in the regulation of anthocyanin biosynthesis in other
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medicinal plants (Zhou et al., 2015; Jian et al., 2019; Sun et al., 2020; Li et al., 2021). Intriguingly, during the
colour-transition, which was often used as an indicator of the maturation of flower petals with medicinal
glycosides, not only HSYA and carthamin showed a significant increase but also anthocyanins were detected a big
difference (Ren et al., 2022).

Hence, anthocyanin synthesis and medicinal glycoside production may be correlated and MYB transcription
factors as the “mediator” may play an important role in regulating the expression of these two compounds. We
identified 148 MYB genes in total and according to the comparative transcriptomic analysis we screened out 30
genes that expressed at relatively higher levels in flowers (Table S11). We evaluated the correlations between
these 30 MYB genes and the flavonoid and anthocyanin biosynthetic pathway genes by calculating their
correlation coefficients, as shown in the regulatory network diagram (Fig. S7). Six genes (MYB18, MYB2, MYB28,
MYB26, MYB19, and MYB17) had been found closely related to flavonoid and anthocyanin biosynthesis in the
tubular flower, suggestive of the regulatory effects of the encoded transcription factors on tubular flower
coloration and glycoside quality in C. tinctorius. To further explore the phylogenetic relationships among the 30
safflower MYB genes identified in this study and other known anthocyanin-related MYB genes, we constructed a
neighbor-joining phylogenetic tree following the alignment of multiple protein sequences (Fig. S8 and Table S12).
From the phylogenetic tree, we found that CtMYB2 and CtMYB10 clustered with AtMYB112 (Lotkowska et al.,
2015), a regulator that promotes anthocyanin accumulation in Arabidopsis; while CtMYB28 had a closer
relationship with PnMYB27, a suppressor of anthocyanin pigmentation. Apart from this, we found one clade that
was specific to C. tinctorius containing CtMYB16, CtMYB17, and CtMYB18. Overall, we provided these useful

candidate gene data and more experimental verification would be performed in the future.

3.4. Identification of UGT genes involved in flavonoid biosynthesis

The fact that most flavonoids exist as glycosides implies that UGTs play a critical role in the flavonoid
biosynthetic pathway. Consequently, we conducted an in-depth exploration of the highly expressed UGT genes in
floral tissues, leading to the identification of 187 highly expressed full-length candidate UGT genes (Fig. 4, A).
Subsequently, a phylogenetic analysis was performed (Fig. S9 and Table S13) by aligning the encoded amino acid
sequences with the reported functional genes from A. thaliana, Medicago truncatula, Glycine max, Vitis riparia,
and other species. All of the selected genes have glycosylation functions, and some of them are flavonoid
glycosyltransferase genes. These UGT genes were classified into different subfamilies, including previously
reported ones, such as UGT71 (Dong et al., 2014), UGT72 (Lim et al., 2005), UGT75 (Sun et al., 2018), UGT79 (Li et
al., 2017), and UGT83 (Modolo et al., 2007). This preliminary classification of UGT genes was not only useful for a
comprehensive understanding of the UGT family in safflower, but was also used to select candidate genes that
might have the function of flavonoid glycosylation. Considering the properties of the glycosyltransferase, such as
substrate promiscuity and functional diversity, a local BLAST search was additionally conducted based on all
annotated UGT genes in the safflower genome, using previously reported flavonoid biosynthesis related UGT

genes as queries to identify homologous candidate genes. Combining the tissue properties of flavonoids in



safflower, we then selected the genes that were predominantly expressed in florets according to our
tissue-specific transcriptome profiling data. Finally, 34 genes were narrowed down as our candidate genes for

further analysis. (Fig. 4, A and Table S14).
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Fig. 4 Functional characterization of the recombinant UGTs involved in the flavonoid biosynthetic pathway
(A) Candidate UGT genes involved in flavonoid biosynthesis. A total of 187 UGT genes were identified in the safflower genome, of which 23 UGT genes were
highly expressed in the floret. Additionally, 11 homologs of UGT genes reported involved in flavonoid biosynthesis were screened out as the flavonoid
biosynthesis-related candidate genes in safflower. (B) UGTs catalyzed the O-glycosylation of naringenin chalcone (1) and phloretin (2) in this study. (C) UPLC

chromatograms of the enzymatic reactions of 11 UGTs, using naringenin chalcone as the substrate. (D) UPLC-Q-TOF/MS analysis of naringenin chalcone and the
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products of the enzymatic reactions (1a, 1b). The chemical structures of the products are presented in the dashed boxes. The UPLC chromatograms were
recorded at 290 nm. (E) UPLC-Q-TOF/MS analysis of phloretin and the products of the enzymatic reactions (2a, 2b). The chemical structures of the products are
presented in dashed boxes. The UPLC chromatograms were recorded at 290 nm. (F) Molecular ion peak extracted from the products of the enzyme-catalyzed
reactions (1a, 1b, 2a, 2b). (G) Conversion rates (%) for the glycosylated products for different UGTs, using UDPG as the sugar donor. The conversion rates were
calculated based on the UPLC peak area ratio. All experiments were performed in triplicate (n = 3).

To identify the functional UGTs, we expressed and purified soluble recombinant UGT proteins using
Escherichia coli and conducted enzyme assays (Fig. S10). We used naringenin chalcone (Fig. 4, B), a vital substrate
for flavonoid glycoside biosynthesis, for the in vitro enzymatic reactions. The catalytic products were extracted and
analyzed using an ultra-performance liquid chromatography-quadrupole-time of flight mass spectrometry
(UPLC-Q-TOF/MS) system. We identified 11 novel UGTs that could catalyze the conversion of naringenin chalcone
to a new compound 1a (Fig. 4, B, C, D, and F). The genes encoding these functional safflower UGTs were named as
follows: CtUGT9, CtUGT10, CtUGT13, CtUGT20, CtUGT21, CtUGT22, CtUGT33, CtUGT35, CtUGT36, CtUGT40, and
CtUGT41 (Fig. S12, A, C). Product 1a was purified from a preparative-scale reaction and identified as prunin
(naringenin-7-0-glucoside) by an NMR (Nuclear Magnetic Resonance) analysis and a comparison with an authentic
reference standard (Fig. S13, A and Fig. S14). Notably, CtUGT10, CtUGT20, CtUGT36, CtUGT40, and CtUGT41 were
revealed to add a glucosyl group to the hydroxyl group at the C4’ position of naringenin chalcone to generate 1b,
which was identified as choerospondin (naringenin-4'-O-B-glucopyranoside) based on a comparison with an
authentic reference standard (Fig. 4, B, C, D, F, Fig. S12, A, D and Fig. S13, A). Intriguingly, when naringenin
chalcone was employed as the substrate in the reaction, it initially underwent a spontaneous cyclization in the
buffer, which converted the chalcone skeleton into a dihydroflavone in a reaction reportedly catalyzed by CHI in
plants (Liu et al., 2015; Elarabi et al., 2021).

We then used the common flavonoid precursor phloretin (Fig. 4, B), which was structurally similar to
naringenin chalcone, as a substrate to identify whether these enzymes had the same catalytic functions.
Surprisingly, 10 of the 11 UGTs (i.e., all except CtUGT33) catalyzed the addition of glucose to the hydroxyl group at
the C4' position of the dihydrochalcone skeleton to generate 2a, which was identified as trilobatin
(phloretin-4'-O-glucoside) following a comparison with the standards (Fig. 4, B, E, and F and Fig. S12, B, Fig. S13, B,
Fig. S13, C and Fig. S12, F). Some of the UGTs catalyzed reactions that modified phloretin at two positions.
Furthermore, CtUGT9, CtUGT10, CtUGT13, CtUGT20, CtUGT21, CtUGT22, CtUGT35, and CtUGT36 also mediated
the addition of glucose to the hydroxyl group at the C2' position to generate 2b, which was identified as phlorizin
(phloretin-2'-O-glucoside) based on a comparison with an authentic reference standard (Fig. 4, B, D, F and Fig. S12,
B, E and Fig. S13, B, C). The catalytic functions of these UGTs are reminiscent of the functions of F7GAT in Erigeron
breviscapus (Liu et al., 2018) and OcUGT1 in Ornithogalum caudatum (Yuan et al., 2018), but these are the first
reported safflower UGTs. Overall, these enzymes can glycosylate multiple sites (e.g., 7,4-OH of the flavonoid
skeleton and 2',4-OH of the chalcone skeleton), suggesting that different glycosyltransferases possess diverse
catalytic activities, allowing them to modify specific substrates. This diversity may be related to the active pockets

and binding sites of proteins.



3.5. Molecular docking and enzymatic kinetic analyses of UGTs

The molecular docking approach has emerged as an increasingly vital and effective computational strategy for
drug discovery due to its ability to model the interaction between a small molecule and a protein at the atomic
level (McConkey et al., 2002). To characterize the substrate behavior after binding to UGTs and to elucidate
fundamental biochemical processes, we selected CtUGT9, CtUGT10, CtUGT13, and CtUGT20 for the molecular
docking analysis (Fig. $S10, B) because of their high activities (i.e., glycosylation of naringenin chalcone and
phloretin; Fig. 4, G). Naringenin chalcone was used as the feeding substrate and uridine diphosphate glucose
(UDPG) served as the sugar donor. During the docking analysis, naringenin chalcone and UDPG were detected in
the binding pocket of CtUGT10 and CtUGT13 (Fig. 5, A, B). The amino acid residues surrounding the substrate
determined the shape of the binding pocket. The docking results for CtUGT10 revealed that Trp332, Cys333,
Leu336, and Ser355 of the plant secondary product glycosyltransferase (PSPG) box formed hydrogen bonds with
naringenin chalcone, whereas His350, Trp353, Asp374, and GIn375 formed hydrogen bonds with UDPG (Fig. 5, A).
Previous studies have reported that a conserved histidine that was often present in the active site of UGTs was
positioned close to the glucose moiety of the sugar donor and the acceptor (Wang, 2009). A multiple sequence
alignment identified His19 of CtUGT10 as a conserved histidine among the different UGTs (Fig. S11). Furthermore,
a hydrogen bond between His19 and UDPG was detected. Similarly, in CtUGT13, Trp362, Asn363, and Ser364 of
the PSPG box formed hydrogen bonds with naringenin chalcone, while Ala342, GIn344, Ala345, and Glu367
formed hydrogen bonds with UDPG (Fig. 5, B). Additionally, many amino acids in the PSPG box of CtUGT9 and
CtUGT20 were observed to form hydrogen bonds with the two substrates (Fig. S15). These amino acids
surrounding the binding site may be crucial for catalytic activities and could be targeted and modified to optimize

UGT catalytic functions.
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Fig. 5 Molecular docking and enzymatic kinetic analyses of UGTs with catalytic functions

(A) CtUGT10 (using 5ubm as a template) binds naringenin chalcone at the active site for the addition of glucose. The CtUGT10 protein structure is presented,

with the residues around the substrate (within 3 A) marked by violet sticks. Hydrogen bonds are indicated by a yellow dashed line, with distances marked in
black. The residues in the PSPG box binding to naringenin chalcone are in red, whereas the residues binding to UDPG are in blue. (B) CtUGT13 (using 793s as the

template) binds naringenin chalcone at the active site for the addition of glucose. (C) Enzymatic kinetic parameter investigation for CtUGT10. The Km value was
calculated using naringenin chalcone and UDPG as the substrate and sugar donor, respectively.

From our analyses of CtUGT9, CtUGT10, CtUGT13, and CtUGT20, CtUGT10 emerged as the most active
enzyme (i.e., up to 100% and 84% glycosylated naringenin chalcone and phloretin, respectively, according to the
UPLC analysis). Furthermore, it catalyzed the reactions leading to all four products (Fig. 4, G). These findings

prompted us to select it for the subsequent enzymatic kinetic analysis. We expressed and purified recombinant

CtUGT10 proteins for the in vitro enzymatic kinetic assay, using naringenin chalcone as the substrate and UDPG as



the sugar donor. The recombinant CtUGT10 protein exhibited the highest activity at pH 8.0 (50 mmol - L™ Tris-HCl
buffer) and 37 °C. Its activity did not require divalent metal ions (Fig. S16). The kinetic parameters of CtUGT10
were calculated. The maximum reaction rates for naringenin chalcone and UDPG were 5.64 x 10™* and 2.45 x 10™*
umol - mintwith Ky, and ke values of 92.53 pumol - L'! and 9.14 x 10 s7%, and 170 pmol - L' and 3.97 x 107 571,

respectively, reflecting the adequate affinity of CtUGT10 for naringenin chalcone and UDPG (Fig. 5, C).

3.6. Identification of key genes involved in HSYA biosynthesis

Hydroxysafflor yellow A is the most medicinally valuable flavonoid glycoside in safflower, but there are a few
reports on glycosyltransferase involved in the biosynthesis of HSYA (Xie et al., 2014). The plant hormone methyl
jasmonate (MelJA) promotes the production of quinone chalcones, such as HSYA, by up-regulating the expression
of the upstream genes in the flavonoid biosynthetic pathway and down-regulating the expression of specific
downstream genes (Chen et al., 2020). We conducted a comparative transcriptomic analysis by integrating the
publicly available RNA-seq data for safflower flowers treated with or without MelJA with our tissue-specific
transcriptome data to screen for candidate genes encoding proteins with key functions associated with HSYA
formation. In the initial step of the HSYA biosynthetic pathway, PAL catalyzes the conversion of phenylalanine to
cinnamic acid. The expression levels of seven of the eight PAL genes annotated in our safflower genome were
up-regulated after the MelA treatment (Fig. 6, A). Notably, seven of the 21 annotated 4CL genes, which encoded
enzymes that converted cinnamic acid to p-coumaroyl CoA, had MelA-induced up-regulated expression levels.
Moreover, four of seven CHS genes, which were responsible for the conversion of p-coumaroyl CoA and three
malonyl-CoA molecules to naringenin chalcone, had MelJA-induced up-regulated expression levels.

A recent study reported that the HSYA concentration in safflower inflorescences increased substantially in
response to exogenous MeJA (Chen et al., 2020), which compelled us to perform an in-depth comparative analysis
of UGT genes. Of the examined genes, the expression levels of 21 candidate UGT genes were up-regulated by a
MelA treatment (2-fold higher than the control expression level) and were higher in the florets than in the other
tissues [logy(fold-change) > 1] (Fig. 6, B). Furthermore, four candidate UGT genes encoded proteins that were
observed to catalyze O-glycosylations rather than C-glycosylations in this study. Therefore, we finally identified 17

candidate UGTs that may catalyze C-glycosylations during the production of HSYA (Fig. 6 and Table S15).
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Fig. 6 Expression patterns of candidate genes encoding key enzymes in the HSYA biosynthetic pathway
(A) In the gene expression heatmap, increases in the intensity of the red coloration reflect increases in the expression level, whereas increases in the intensity of
the blue coloration reflect decreases in the expression level. CK represents the flower treated without MeJA, whereas MeJA represents the flower treated with
MelA. Genes marked with a red circle encode the key enzymes in the HSYA biosynthetic pathway. PAL, phenylalanine ammonia-lyase; C4H,

cinnamate-4-hydroxylase; 4CL, 4-coumarate: coenzyme A ligas; CHS, chalcone synthase. (B) Venn diagram of the overlap genes among different gene sets.

4. Discussion

Safflower is one of the oldest known cultivated crops. It was first used as a clothing and food dye and now a
cooking oil and an important Chinese herb. The dried tubular corolla derived from its flower has been used in
traditional Chinese medicine for thousands of years (Delshad et al., 2018). Modern pharmacological research
demonstrated that flavonoids contributed to its significant clinical activities. Notably, the most representative

compound HSYA is potentially useful for medical research and the development of therapeutic agents. However,



the biosynthesis and regulation of these flavonoids remain relatively uncharacterized in safflower. And the lack of
comprehensive molecular genetics and gene-editing systems hampered the development of safflower. In this
study, we conducted a multi-omics analysis to clarify the biosynthesis of flavonoids and generate data regarding
valuable medicinal safflower germplasm resources. Using high-throughput sequencing technology, we constructed
a high-quality chromosome-level reference genome for ‘Yunhong3’, which was an excellent medicinal safflower
variety, as well as a tissue-specific transcriptome. Based on the substantial abundance of genetic data produced in
this study, we conducted a comparative genomic analysis to explore the phylogenetic relationships between
safflower and other plant species as well as the effects of evolutionary processes on flavonoid biosynthesis. A WGT
event was shared between safflower and other Asteraceae plants, which positively affected the flavonoid
biosynthesis in safflower. Our presented findings may be used as supporting material in future systematic
investigations of the evolution and divergence of Asteraceae plant species.

In addition, we compared the expression patterns of pathway genes in different tissues and found that partial
copies of PAL, C4H and 4CL genes in the upstream of the pathway were highly expressed in stem, leaf, bract and
pappus, and a few were highly expressed in flowers, but CHS, CHI, FNS, F3H, and FLS genes were specifically
expressed in flowers, including some post-modification UGT genes. Based on the above results, we speculated that
the precursors of flavonoids might be firstly synthesized in the stems or leaves and then transferred to the flowers
or finally modified in flowers, which needed further research contents to support. Besides the pathway genes, we
were also interested in the transcription factors of safflower and focused on MYB family genes for analysis. Many
reports suggest that MYB transport factors regulate the biosynthesis of secondary metabolites, for example,
tanshinones and phenolic acid from Salvia miltiorrhiza (Deng et al., 2020; Zhou et al., 2021; Liu et al., 2022; Liu et
al., 2023). By comparing the expression levels of genes in different tissues and their correlations with flavonoids
and anthocyanin biosynthesis pathway genes, a series of candidate MYB genes were screened out, which might be
involved in the formation of safflower color and active ingredients. We focused on elucidating the process leading
to flavonoid formation in safflower, particularly the key glycosyltransferase genes. Based on our annotated
genome and the tissue-specific transcriptome data, we first identified 187 UGT genes. By conducting BLAST
analysis using published functional UGTs as queried and selecting highly expressed genes in florets, we narrowed
down the initial 187 UGT genes to 34 candidate genes. The full-length sequences of these UGT genes were used to
express recombinant proteins in E. coli for in vitro enzyme assays. Mass spectrometry and NMR data showed that
11 of these novel UGTs catalyzed the production of prunin (naringenin-7-O-glucoside) from naringenin chalcone. In
addition, five of  these 11 UGTs also produced another  glycoside, choerospondin
(naringenin-4'-0-B-glucopyranoside). Notably, the spontaneous cyclization of the chalcone backbone was
observed during this process, which was consistent with the reported structural changes for other similar
reactions, such as isoflavone glucosyltransferase from Pueraria thomsonii (Duan et al., 2022), indicative of the
complexity and unpredictability of flavonoid biosynthesis. When phloretin was used as a substrate, 10 of the 11

UGTs catalyzed the production of trilobatin (phloretin-4'-O-glucoside). Moreover, eight UGTs also produced



Multiomics driven identification of glycosyltransferases in flavonoid glycoside biosynthesis in safflower

another glycoside, phlorizin (phloretin-2'-O-glucoside), reflecting the diversity in enzyme functions, which
explained the structural variability among glycosidesin safflower. To further explore the catalytic mechanism of the
functional UGTs, we selected four highly active enzymes for simulated molecular docking experiments, which
identified candidate amino acid residues that may form key active sites for substrates or glycosyl donors. The
generated molecular-level data provide the foundation for future studies on directed evolution and enzyme
modifications.

To further explore the enzymes involved in the biosynthesis of HSYA, we conducted a comparative
transcriptomic analysis of our data and publicly available data regarding the effects of MeJA. We screened a series
of genes that may contribute to the formation of HSYA (e.g., 3 4CL genes, 7 CHS genes, and 21 UGT genes). These
genes were evaluated in terms of whether their expression was up-regulated by an exogenous application of MelA.
Four of these 21 candidate UGT genes were determined in this study. Therefore, we identified UGT genes
responsible for the biosynthesis of flavonoids in safflower, while also screened out promising candidate UGT genes
involved in the HSYA biosynthetic pathway. The gene resources described herein could be used in future research
on the sustainable development of safflower (e.g., synthetic biology and the breeding and cultivation of
high-quality varieties). The strategy used in this study will also give examples in the investigation of natural active

ingredients from other valuable medicinal plants.
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