Hoang NQV et al. (2021)
‘@l Notulac Botanicae Horti Agrobotanici Cluj-Napoca
Volume 49, Issue 4, Article number 12509
AcademicPres DOL:10.15835/nbha49412509 A e oo,

Research Article

Genome-wide identification and expression profiling of duplicated
flavonoid 3"-hydroxylase gene family in Carthamus tinctorius L.

Nguyen Q.V. HOANG", Kong JIE', Naveed AHMAD",
Ma XINTONG!, Zhang XINYUE!, Wu YUHANG/', Wang NAN',
Yao NA!, Liu XIUMING"*#*, Jin LIBO***

! Jilin Agricultural University, College of Life Sciences, Engineering Research Center of the Chinese Ministry of Education for
Bioreactor and Pharmaceutical Development, Changchun, 130118, China; viethoangjlau@gmail.com; 245976302@qq.com;
naveedjlau@gmail.com; mxt7142020@163.com; 2977201634@qq.com; 2778935775@qq.com; 41459462@qq.com;
nayaol103@jlau.edu.cn; xiumingl211@163.com (*corresponding author)

*Wenzhou University, Institute of Life Sciences, Wenzhou, Zhejiang, 325035, China; libo9518@126.com (*corresponding author)
*Institute of crop germplasm resources, Shandong Academy of Agricultural Sciences; Shandong Provincial Key Laboratory of Crop
Genetic Improvement, Ecology and Physiology, Jinan 250100, China
“Collaborative Innovation Center of Wenzhou, Wenzhou, Zhejiang, China 325035
*b<These authors contributed equally to this work.

Abstract

Flavonoid 3Njydroxylase (F3’H) enzyme is essential in determining the flavonoids B-ring hydroxylation
pattern. It is mainly implicated in the biosynthetic pathway of cyaniding-based anthocyanins, flavonols, and
flavan-3-ols. However, the evolution and regulatory mechanism of these important flavonoid hydroxylases have
not been systematically investigated in safflower (Carthamus tinctorius L.). In this study, we identified 22
duplicated CtF3'H-encoding genes from safflower through genome-wide prediction and conservation analysis.
Phylogenetic analysis revealed the pattern of conservation and divergence of CtF3'Hs encoding proteins and
their homologs from different plant species. The distribution of conserved protein motifs and cis-regulatory
units suggested several structural components that could be crucial in deciphering the final function of CtF3'H
proteins. Furthermore, the results of RNA-seq and qRT-PCR assay in different flowering tissues suggested
differential expression level of CtF3’H genes during flower development. Based on the unique homology of
CtF3’H5 with flavonoid 3" hydroxylases from other plant species, further validation of CtF3’HS5 was carried
out. The transient expression of CtF3’H5 in onion epidermal cells implied that the subcellular localization of
the fusion construct containing CtF3’H5 and GFP was predominantly detected in the plasma membrane.
Similarly, the prokaryotic expression and western blot hybridization of CtF3’H5 demonstrated the detection
of a stable 50.3kD target protein. However, more efforts are needed to further extend the functional validation
of CtF3’H5 in safflower. This study provides a fundamental gateway for future functional studies and
understanding the genetic evolution of F3'Hs in plants.
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Introduction

Safflower ( Carthamus tinctorius L.) belongs to the Asteraceac family and is widely known as one of the
essential self-pollinated species comprising a diploid genome (2n = 24). To date, researchers identified seven
‘centres of similarity’ in safflower based on morphological variability including the Middle East, Far East,
Europe, Egypt, Sudan, Ethiopia, and India-Pakistan and) that contain prevalent morphotypes of safflower at
cach centre (Knowles, 1969). In contrast to other states, China has been employing its flowers as a therapeutic
herb for years and has already established a particular growing centre. In addition, safflower contains various
active ingredients, including flavonoids, quinolones, alkaloids, and safflower polysaccharides (Ambreen et al,
2018), with biological effects, including antioxidant, anti-inflammatory (Alaiye et al,, 2020), and antibacterial
activities (Cho et al, 2017). It has been reported that safflower improves acute cerebral infarction and ischemic
stroke (Wang et al, 2019). Among flavonoids, Safflower Yellow is the main active ingredient of safflower, and
it has a variety of pharmacological effects such as dilating blood vessels and protecting myocardial ischemia.
Flavonoids are an important class of natural products (Cerqueira et al,, 2021); In particular, they belong to the
polyphenolic group of plant metabolites, which are widely found in fruits, vegetables, and some beverages. The
biochemical effects and antioxidant abilities of flavonoids are directly related to various diseases such as cancer,
atherosclerosis, and Alzheimer's diseases (Du et al, 2021). They also sometimes act as potent inhibitors of
different groups of enzymes, such as xanthine oxyase (Lin et al, 2021), cyclo-oxyase, lipoxygenase, and 3-kinase
phosphoinositide (Panche et al, 2016). However, the identification of essential genes that regulate the
biosynthetic pathway of safflower yellow and anthocyanin in safflower is still underway. Hence, the discovery
of new genes will facilitate the underlying principles of the accumulation of plant specialized metabolites such
as anthocyanins, luteolins, cyanadins to unravel the mechanism of pigmentation in flower petals, seed coats, or
hypocotyls.

The flavonoid 3-hydroxylase (F3'H) is the core enzyme of the flavonoid metabolic pathway, which
belongs to the superfamily of cytochrome P450 (Choudhary et al, 2016; Ren et al,, 2021). F3'H hydroxylation
of position 3 'of the B ring of flavonoids (Guo et al, 2019) directs the production of cyanide red pigments.
Several F3'H genes have been cloned and well investigated in various plant species such as hybrid Petunia (De
Palma cr al, 2014) and Arabidopsis thaliana (Gao et al, 2020). Furthermore, it was also suggested that the
precursor's molecules of flavonols are usually hydroxylated using 3'-hydroxylation via the overexpression of
SbF3'H in sorghum. Similarly, the incredible loss of Glycine max fuzz was achieved by viral-mediated silence
of the F3'H gene (Nagamatsu et al,, 2009). The results of the ectopic expression level of the MdF3'H identified
from Malus x domestica stimulated the accumulation pattern of anthocyanin (Han et al, 2010). Recently, it
is reported that the late branches of the flavonoid biosynthetic pathway produce flavanols or anthocyanins.
The difference in the content of flavonoids found at the pubescence stages was attributed to F3'H enzyme
during the onset of pigmentation (Iwashina et al, 2006). The roles of F3’H and F3’5’H have been shown to
regulate the formation of the two important classes of flavonoids i.e., dihydroxylated and trihydroxylated. The
transcription of these genes has been demonstrated to have a direct effect on the deposition of
cyanidin/delphinidin during anthocyanin accumulation in grapevine, which causes colour differences
(Castellarin et al, 2006). However, to date, no study has been established on the genome-wide identification
and systematic characterization of F3’H genes in safflower.

The integration of metabolomics and transcriptomics studies facilitates the discovery of gene-metabolite
crossroads, resulting in the identification of essential genes underlying their regulatory pathways. Recently, a
combination of HPLC and RNA-seq approaches, several catechin biosynthetic genes tightly linked with their
respective catechins in C. sinensis were recently discovered (Wu et al, 2014). Another study revealed the
systematic identification of F3’H and F3’5’H genes using the RNA-seq analysis in shrubs or small trees (Wei
etal,2015). We also previously identified different classes of transcription factors involved in the downstream
regulatory pathway of flavonoid biosynthesis (Hong et al, 2019; Li et al, 2020). Therefore, it is essential to
fully understand and investigate the identification, evolution and regulation of flavonoid 3-hydroxylase genes,
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which are of great significance for the downstream regulation of flavonoid in safflower. In this study, we present
the genome-wide identification and the evolutionary relationship of CtF3’H-encoding genes in safflower. We
uncovered several regulatory networks underlying the control mechanism of CtF3’H using comprehensive
bioinformatic analyses including physico-chemical characterization, phylogenetic classification, conserved
protein motifs, and promoter analysis. The differential expression of CtF3’H in different flowering stages of
safflower was also investigated from RNA-seq data and qRT-PCR assay. We also confirmed the experimental
validation of a candidate CtF3’HS5 gene using routine molecular biology techniques such as molecular cloning,
subcellular localization, prokayotic expression, and western blot hybridization. This study not only
consolidated the preliminary work in understanding the regulation scheme of the 3' B-ring containing
flavonoids but also presented a complete model for future studies on F3’H-econding genes in plants.

Materials and Methods

Plant materials, vectors, and strains

The safflower Jihong early-maturing variety was used as the experimental source in this study. The seeds
were purchased from Xinjiang Honghuayuan Technology Co., Ltd, China and planted in the experimental
station of the Jilin Agricultural University. The petals of safflower bud, initial, flowering, and fade stages were
used for expression analysis. Agrobacterium tumefaciens strain EHA105, E. coli BL21, E. coli DH5z cells, the
prokaryotic expression vector (PET28a+ CtF3’HS), subcellular localization vector pPCAMBIA1302-CeF3°’H5-
GFP) were constructed and stored in 75% glycerol at -80 °C refrigerator until further use.

Identification and characterization of CtF3’H in safflower

The database of Hidden Markov Model (HMMsearch) was utilized to screen all putative CeF3'H genes
in the safflower genome by providing the family domain identifiers PF00067 and PR00385 in the Pfam
database available online at (htep://pfam.xfam.org/). Further classification was performed in the BioEdit
software to BLAST the putative CtF3’H genes in safflower genome. The genomic and protein sequences of
CtF3'Hs were retrieved for further analysis. In addition, we also investigated the presence of two highly

conserved regions including “GGEK” and “-
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