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The kernel of Torreya grandis (T. grandis) is a rare nut with a variety of bioactive compounds. Flavonoids are a
very important class of bioactive compounds with high antioxidant activity in T. grandis kernels. However, the
flavonoid compositions which mainly contribute to antioxidant capacity and the molecular basis of flavonoid

Transcrip m,me biosynthesis in T. grandis remain unclear. Here, transcriptome sequencing and metabolomics analysis for kernels
Metabolomics . . i . . .
Torreya grandis were performed. In total, 124 flavonoids were identified. Among them, 9 flavonoids were highly correlated with

antioxidant activity. Furthermore, unigenes encoding CHS, DFR and ANS showed significant correlation with the
9 flavonoids. Transient overexpression of TgDFR1 in tobacco leaves resulted in increased antioxidant activity.
Moreover, several transcription factors from MYB, bHLH and bZIP families were identified by co-expression
assay, suggesting that they may regulate flavonoid biosynthesis. Our findings provide a molecular basis and

new insights into the flavonoid biosynthesis in T. grandis kernels.

1. Introduction

As dietary antioxidants, flavonoids are a class of secondary metab-
olites occurring ubiquitously in food plants, with over 6000 individual
compounds known (Harborne & Williams, 2000). The basic flavonoid
structure is a C6-C3-C6 system, the three rings are labeled A, C and B.
The level of oxidation and pattern of substitution of the C ring divide
flavonoids into six categories including flavones, flavonols, flavanones,
proanthocyanidins, isoflavones and anthocyanins, while the pattern of
substitution of the A and B rings determine individual compounds
within a class (Lepiniec et al., 2006). Due to the chemical structure, most
flavonoids exhibit strong antioxidant activity (Li et al., 2008). In human
beings, flavonoids play important roles in protecting against liver injury,
oxidative stress, vascular disease, the occurrence of diabetes and hy-
pertension, and cancer (Giménez-Bastida & Zielinski, 2015; Hu et al.,
2015; Hu et al., 2016; Lee et al., 2013). There are several antioxidant
mechanisms flavonoids were found. Flavonoids stabilize the reactive
oxygen species by reacting with the reactive compound of the radical.
Because of the high reactivity of the hydroxyl group of the flavonoids,
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radicals are made inactive. Some flavonoids, such as quercetin and sil-
ibin, inhibit xanthine oxidase activity, thereby resulting in decreased
oxidative injury. Several flavonoids, including quercetin, result in a
reduction in ischemia-reperfusion injury by interfering with inducible
nitric-oxide synthase activity. Some flavonoids can inhibit degranula-
tion of neutrophils without affecting superoxide production. In addition,
some flavonoids attenuated the free radicals-induced damage on anti-
oxidant enzymes by scavenging the radicals and flavonoids bound with
the antioxidant enzymes and caused direct activation of these enzymes,
where any of these mechanisms will result in increased activity of the
antioxidant enzyme (Nijveldt et al., 2001).

The flavonoid biosynthesis pathway is initiated by the condensation
of one molecule of 4-coumaroyl-CoA with three molecules of malonyl-
CoA by the chalcone synthase (CHS) enzyme. Then the involvement of
chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), dihydro-
flavonol 4-reductase (DFR), and anthocyanidin synthase (ANS) lead to
the synthesis of anthocyanidin pigments. Flavone synthase (FNS) and
Isoflavone synthase (IFS) produces flavones and isoflavones. Flavonol
synthase (FLS) catalysis dihydroflavonols to flavonols, while
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leucoanthocyanidin reductase (LAR) and anthocyanidin reductase
(ANR) synthesize trans- or cis- flavan-3-ols, the precursors of proantho-
cyanidin (PA) polymers. Numerous studies have indicated that the
expression of the genes involved in the flavonoid biosynthetic pathway
is controlled by distinct mechanisms in a tissue- or species-specific
manner. In vegetative tissues, anthocyanin biosynthesis is regulated
by different MYB-bHLH-WDR (MBW) complexes involving PAP1/
MYB75 and PAP2/MYB90, in combination with GL3/bHLHO00, EGL3/
bHLHO002, TT8/bHLHO042 and TTG1 (Appelhagen et al., 2011). In seeds,
TT2/MYB123, TT8 and TTG1 are the main PA biosynthesis regulators. In
Arabidopsis thaliana, the TT2-TT8-TTG1 complex plays the major role in
the development of seeds by regulating DFR, LDOX, BAN, TT19, TT12
and AHA10 in all the PA accumulating cells (i.e. micropyle, chalaza and
endothelium), whereas the MYB5-TT8-TTG1 complex is only active in
the endothelium where it regulates DFR, LDOX and TT12 expression (Xu
et al., 2014).

T. grandis Fort. ex Lindl is an evergreen tree belonging to the Tax-
aceae family, of which T. grandis cv. Merrillii is the only grafted and
thoroughbred species. As one of the rare nuts and the important tradi-
tional medicine, the kernels of T. grandis are rich in tocopherols, un-
saturated fatty acids and flavonoids (Dai et al., 2007; Ding et al., 2020;
Heetal., 2016; Lou et al., 2019). Studies have identified that the kernels
or leaves of T. grandis have multiple biological properties, such as anti-
inflammatory (Saeed et al., 2010), antioxidative (Cui et al., 2018), and
anthelmintic activity (Liu et al., 2018). These studies suggest both high
nutritional and medicinal value of T. grandis seeds. However, the com-
positions, biosynthesis pathway and transcriptional regulation of
flavonoid in T. grandis seeds remain completely unknown.

In this study, we took advantage of metabolite profiling and tran-
scriptomic analysis to investigate flavonoid biosynthesis in developing
T. grandis kernels. In total, 124 flavonoids were identified including 53
flavones, 31 flavonols, 3 proanthocyanidins, 20 flavanones, 9 iso-
flavones and 8 anthocyanins, among which, 9 flavonoids were highly
correlated with antioxidant activity. Furthermore, the unigenes of
flavonoid biosynthesis pathway were also identified. The key genes
controlling the 9 flavonoids biosynthesis and antioxidant ability of
T. grandis kernels were revealed by Pearson correlation analysis. The
function of TgDFR1 in improving antioxidant activity was confirmed by
transient overexpression of it in tobacco leaves. The data in this study
largely expanded our knowledge of flavonoid biosynthesis in developing
T. grandis kernels at both metabolic and molecular levels, and also
provided valuable information for the further development of new
health products based on T. grandis.

2. Material and methods
2.1. Plant material

Three T. grandis cv. "Merrillii’ grafting trees planted at Donggiao
Town, Fuyang City, Zhejiang Province were used in this study. The seeds
of T. grandis were harvested 450, 480 and 510 days after pollination,
respectively (July to September 2018, marked as Stage 1, Stage 2 and
Stage 3, respectively). After collection, the arils and seed coats were
removed and the remaining kernels were immediately frozen in liquid
nitrogen and stored at —80 °C until use. In each biological replicate, 10
kernels were ground into powder together in liquid nitrogen, and then
divided into three parts, which were used for RNA sequencing, metab-
olite profiling and physiological assay, respectively. Three biological
replicates were used for each experiment. About 0.5 g kernels were
ground with liquid nitrogen, then added 3 mL methanol, drew super-
natant after ultrasound (800 W) for one hour. The supernatant were
used for total flavonoid content, DPPH and FRAP determination.

2.2. Total flavonoid content determination

The total flavonoid content was determined according to the method
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of Bonvehi et al with modifications (Bonvehi et al., 2001). Briefly, 0.5
mL solution of T. grandis kernel in methanol was separately mixed with
0.1 mL of 2% aluminum chloride, 1.5 mL of methanol, 0.1 mL of 1 M
potassium acetate, and 2.8 mL of distilled water. The absorbance was
measured at 415 nm using a spectrophotometer at room temperature.
The total flavonoid content was expressed as rutin equivalents in mil-
ligrams per gram fresh weight of T. grandis kernel. Three biological
replicates were performed.

2.3. DPPH radical scavenging activity determination

DPPH radical scavenging activity was analyzed by the method of Lu
et al with modifications (Lu et al., 2010). The methanol extracts (0.1 mL)
of T. grandis kernel or flavonoid standards (spiraeoside, chrysoeriol,
hesperetin, naringenin and rutin) with the same content to total flavo-
noids of kernels in the stage 2 in were reacted with 7.9 mL of 0.03 g/L
DPPH (2, 2-diphenyl-1-picrylhydrazyl) ethanol solution at room tem-
perature. The absorbance was measured at 517 nm against an ethanol
blank after 30 min of reaction in the dark at room temperature. The
scavenging activity was expressed as (SA, %) = 100x(1 — As/Ac), where
Ac is the absorbance of 7.9 mL DPPH with 0.1 mL methanol and As is the
absorbance of 7.9 mL DPPH added to 0.1 mL sample. Three biological
replicates were performed.

2.4. FRAP assay

FRAP assay was used based upon the methodology described previ-
ously (Benzie & Strain, 1996). FRAP reagent was freshly prepared to
comprise 1 mM 2,4,6-tripyridyl-2-triazine (TPTZ) and 2 mM ferric
chloride in 0.25 M sodium acetate (pH 3.6), besides, TPTZ was dissolved
in 40 mM HCL. A 0.1 mL aliquot of T. grandis kernel was added to 0.9 mL
of FRAP reagent and mixed. After standing at room temperature (25 °C)
for 4 min, absorbance was determined at 593 nm. The standard curve
(100-600 mM ferrous ion) was produced by the addition of freshly
prepared ammonium ferrous sulphate to FRAP reagent. FRAP values are
presented as micromolar ferrous ion (ferric reducing power) of a 100%
extracts, and three biological replicates were performed.

2.5. RNA extraction and transcriptome analysis

Total RNA was isolated from the kernels of T. grandis using the
RNAprep Pure Plant Kit (DP441, Tiangen), mRNA was purified using
poly(A) selection, and chemically fragmented and converted into single-
stranded cDNA using random hexamer priming. Next, the second strand
was generated to create double-stranded cDNA. Then, an A base was
added to the blunt ends to make them ready for the ligation of
sequencing adapters. After size selection of the ligation products using
AMPure XP beads, the ligated cDNA fragments that contained adapter
sequences were enhanced via PCR using adapter-specific primers. After
diluting the library to 1.5 ng/pL, the insertional fragments of the library
were detected by Agilent 2100 Bioanalyzer. Three biological replicates
were used for transcriptome sequencing.

After filtering the original sequencing data, high-quality reads were
obtained and the transcriptome of the species was obtained by splicing
(Trinity, 2.6.6). Then we compared the high-quality reads with the
spliced transcriptome (Bowtie2, 2.3.4.1), calculated the gene expression
using RSEM (1.2.28), and annotated and enriched the differentially
expressed genes using DESeq2 (1.20.0) and clusterProfiler (3.8.1). The
false discovery rate (FDR) was obtained by using the Benjamin-Hoch-
berg method to correct the hypothesis test probability (P value). The
screening criteria for differential gene were |log2FC| > 1 and FDR <
0.05. BLAST software was used to compare cDNA or protein sequences
to the KEGG database to obtain the KO number of the genes, and then,
the KEGG pathways for the genes were determined. The screening cri-
terion for the KEGG enrichment analysis was a corrected P-value <0.05.
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2.6. Metabolite extraction and profiling

Extraction and analysis of metabolites were carried out by the Met-
ware Biotechnology Co. Ltd. (Wuhan, China). Three biological replicates
were used. The prepared samples were freeze-dried and then were
ground for 1.5 min at 30 Hz using a mixer mill (MM400, Retsch) with a
zirconia bead. 100 mg of each sample was extracted in 1.0 mL 70%
aqueous methanol overnight at 4 °C. During the extraction process, the
sample was vortexed three times for improving extraction rate.
Following centrifugation at 10,000g for 10 min, all the supernatants
were pooled and filtered with a membrane (SCAA-104, 0.22 mm pore
size; ANPEL, Shanghai, China) before LC-MS/MS analysis. An LC-ESI-
MS/MS system (UPLC, Shim-pack UFLC SHIMADZU CBM30A system,
www.shimadzu.com.cn/; MS/MS, Applied Biosystems 6500 Q TRAP,
www.appliedbiosystems.com.cn/) was used to analyze the extracts. The
UPLC conditions were as follows: Column, Waters ACQUITY UPLC HSS
T3 C18 (1.8 um, 2.1 mm*100 mm); solvent system, water (0.04% acetic
acid):acetonitrile (0.04% acetic acid); gradient program,95:5V/V at 0
min, 5:95 v/v at 11.0 min, 5:95 v/v at 12.0 min, 95:5 v/v at 12.1 min,
95:5 V/V at 15.0 min; flow rate, 0.40 mL/min; temperature, 40 °C; in-
jection volume, 2 pl. The effluent was connected to an ESI-triple quad-
rupole-linear ion trap (Q TRAP)-MS. LIT and triple quadrupole (QQQ)
scans were acquired on a triple quadrupole-linear ion trap mass spec-
trometer (Q TRAP), API 6500 Q TRAP LC/MS/MS System, equipped
with an ESI Turbo Ion-Spray interface, operating in a positive ion mode
and controlled by Analyst 1.6.3 software (AB Sciex). The ESI source
operation parameters were as follows: ion source, turbo spray; source
temperature 500 °C; ion spray voltage (IS) 5500 V; ion source gas I (GSI),
gas II (GSII), curtain gas (CUR) were set at 55, 60, and 25.0 psi,
respectively; the collision gas (CAD) was high. Instrument tuning and
mass calibration were performed with 10 and 100 pmol/L poly-
propylene glycol solutions in QQQ and LIT modes, respectively. QQQ
scans were acquired as MRM experiments with collision gas (nitrogen)
set to 5 psi. A scheduled multiple reactions monitoring method was used
to quantify metabolites. To generate maximal signal, collision energy
(CE) and de-clustering potential (DP) were optimized for each precursor-
product ion (Q1-Q3) transition. A specific set of MRM transitions was
monitored for each period on the basis of the eluted metabolites.

2.7. MS data and statistical analysis

Using a self-built database, the Metware MS2 spectral tag (MS2T)
library (Wuhan Metware Biotechnology Co., Ltd., Wuhan, China; htt
p://www.metware.cn), and the public database of metabolite informa-
tion, the isotope signals, repeated signals containing K ©, Na " and NH, *
ions, and the repeated signals of fragment ions with higher molecular
weights were removed prior to the analysis. Metabolite quantification
was performed by a MRM analysis using the triple quadrupole MS. After
obtaining the MS data of metabolites from different samples, the peak
areas of all the mass spectral peaks were integrated, and peaks repre-
senting the same metabolite in different samples were integrated and
corrected.

The metabolite content data were normalized with the range method
using R software (www.r-project.org). Cluster analysis was used to
analyze the accumulation patterns of metabolites among different
samples. Fold change (FC) and variable importance in projection (VIP)
value of orthogonal partial least squares discriminant analysis (OPLS-
DA) model were used to screen the differential metabolites. Screening
criteria were as follows: when FC > 2 or FC < 0.5 and VIP > 1 occurred,
the difference was significant. The Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway database was used to annotate the different
metabolites. The web-based sever Metabolite Sets Enrichment Analysis
(http://www.msea.ca) was used for the pathway enrichment analysis. A
P-value <0.05 was considered to indicate significant enrichment.
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2.8. Vector construction and transient expression of TgDFR1 and TgDFR2
in tobacco leaves

The c¢DNA libraries of T. grandis were prepared using SuperScript II
reverse transcriptase (Vazyme) with random primers. TgDFRI and
TgDFR2 were amplifified from cDNA using Phanta Max Super-Fidelity
DNA polymerase (Vazyme) and cloned into a 35S::GFP (modified from
pCAMBIA1300) for sequencing and introducing into Agrobacterium
tumefaciens.

The transient gene expression analysis of TgDFRI and TgDFR2 in
N. benthamiana was performed according to a previous study (Lou et al.,
2019). All constructs were transformed into Agrobacterium tumefaciens
GV3101 strain. Agrobacteria was grown overnight in LB media and
brought to ODggp of 0.8 in injection solution. After 3 days injection,
green fluorescent protein (GFP) fluorescence was observed via confocal
laser scanning microscopy (LSM510, Karl Zeiss).

Tissues used for DPPH radical scavenging activity and FRAP analyses
were sampled from leaves after injection for 7 days. About 0.4 g injected
leaves were ground with liquid nitrogen, then added 4 mL methanol,
drew supernatant after ultrasound for one hour. The supernatant was
used for DPPH and FRAP determination. Three biological replicates
were used.

2.9. Quantitative real-time PCR (qRT-PCR)

Total RNA used for qRT-PCR was extracted using RNAprep Pure
Plant Kit (DP441, Tiangen). Then the RNA was reverse transcribed to the
first-strand cDNA using the Reverse Transcription Kit (PrimeScript™ RT
Master Mix, Takara). The qRT-PCR was performed with a C1000
Touch™ Thermal Cycler system (Bio-Rad) and the ChamQ SYBR qPCR
Master Mix kit (Vazyme). Relative expression level was calculated ac-
cording to the 2-AAC method. The actin gene was used as a reference
gene. Ct represents the PCR cycle number at which the amount of target
reaches a fixed threshold. Three biological and technical replications
were performed.

2.10. Identification of candidate transcription factors by co-expression
assay

To search for the transcription factors that were coexpressed with
candidate genes, Pearson’s correlation analysis between the expression
level of all the transcripts annotated as transcription factors and candi-
date genes was performed using SPSS, version 16.0 (SPSS, Inc., Chicago,
IL, U.S.A)). The transcription factors with Pearson’s correlation co-
efficients >0.9 were selected for further analysis.

2.11. Statistical and sequence analyses

Correlations among data were calculated by Pearson’s correlation
coefficients (r), using SPSS, version 16.0 (SPSS, Inc., Chicago, IL, U.S.A.).
Significant differences were determined using Duncan’s new multiple
range test at p < 0.05. Phylogenetic analysis was done using a bootstrap
neighbor-joining evolutionary tree by MEGA 7.0 software with 1000
bootstrap replicates. Amino acid sequence alignment was conducted
with DNAMAN software (version 9).

3. Results

3.1. Differentially accumulated metabolites (DAM:s) of T. grandis kernels
in the three maturation stages

The changes in metabolites during T. grandis kernel maturation were
studied using a UPLC-MS/MS analysis. A total of 612 metabolites were
detected in the metabolic analysis on the basis of widely targeted
metabolomics (Table S1). A heatmap was used to show the DAMs be-
tween the three maturation stages (Fig. 1A). To analyze the specific
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Fig. 1. The variations in the metabolites among three kernel development phases. (A) A heatmap of the relative amounts of DAMs from the three kernel development
phases. (B) Clustering of the DAMs into four Clusters. (C) MeV cluster analysis of DAMs from the widly targeted metabolomic profiles.

metabolites accumulated during kernel development, all DAMs were
grouped into four clusters (I-IV) (Fig. 1B). DAMs belonging to Cluster I
and Cluster II predominantly accumulated in the stage 1; DAMs grouped
into Cluster III were highly accumulated in the stage 3; DAMs in Cluster
IV were abundant in the stage 2 (Fig. 1B). In Cluster I, the major DAMs
were amino acid derivative, nucleotide, and amino acids; all the pre-
dominant DAMs in Cluster II, Cluster III and Cluster IV were flavonoids
(Fig. 1C), suggesting that flavonoids were predominantly changed
among the three maturation stages.

3.2. Total flavonoid content, DPPH radical scavenging activity and FRAP

The seed development of T. grandis can be divided into four stages:
slow-growing stage, expansion stage, filling stage and mature stage.
Among them, the filling stage and mature stage are the key periods for

material transformation and accumulation. Stage 1 is the early filling
stage, stage 2 is the late filling stage, and stage 3 is the mature stage.
Total flavonoid content, DPPH radical scavenging activity and FRAP
were further determined in these stages.

During the period of the Stage 1 to Stage 3, flavonoids content
increased from 0.423 mg/g to 8.29 mg/g. (Fig. 2A). DPPH radical
scavenging activity and FRAP both represented total antioxidant activ-
ities based on different measurement methods. Both DPPH radical
scavenging activity and FRAP were increased at stage 2 and decreased at
Stage 3 (Fig. 2B and C), however, their changing trend is not consistent
with that of total flavonoid content.

3.3. Transcriptome analysis of the developmental kernels of T. grandis

To further investigate the potential molecular mechanisms of
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flavonoid biosynthesis in the development of T. grandis kernels, 9 sam-
ples were used for RNA-seq analysis. All of the transcriptional data were
deposited in the NCBI Sequence Read Archive (BioProject:
PRJNA672806). PCA showed a low variability among biological repeats,
which indicated that there was a high correlation between repetitions
(Fig. 3A). The 9 libraries (stage 1-stage 3) produced over 8 G of clean
base, which Q30 percentages (percentage of sequences with sequencing
error rates <0.1%) and GC percentages ranging from 92% to 93% and
44% to 46%, respectively (Table S2). All bases were assembled into
282,988 unigenes (longest transcript of each gene) with a mean length
of 643 bp (Table S3). KEGG, GO, NR, Swiss prot, TrTEMBL and KOG
database were used to annotated the predicted protein sequence with an
E-value threshold of 1e-5, identity and sequence coverage was more
than 30%. Finally, 43,975 (15% of total unigenes) unigenes were an-
notated by at least one database (Table S4). These data showed that
RNA-seq was high quality and could be used for further analysis.

We further studied the changes in gene expression profiles of samples
taken during the three kernel developmental stages. Similar to the

differential metabolite analysis, we screened the differentially expressed
genes (DEGs) under the criteria of |log2FC| > 1, and FDR < 0.05. A total
of 2469 DEGs, including 1689 up- and 780 down-regulated genes, were
identified in stage 2 compared with in stage 1 kernels (Fig. 3B). In the
stage 3 vs stage 2 comparison group, 758 genes were up-regulated and
705 genes were down-regulated (Fig. 3C). A total of 267 DEGs were
identified among the three comparisons (Fig. 3D). Many DEGs were
grouped into various KEGG metabolic pathways. Interesting, “flavonoid
biosynthesis” was significantly enriched in stage 1 vs stage 2 and stage 2
vs stage 3 comparison groups (Fig. 3E and F).

3.4. Flavonoids showing different concentrations in the developmental
kernels of T. grandis

In total, 124 flavonoids were detected in all the three stages,
including 53 flavones, 31 flavonols, 3 proanthocyanidins, 20 flavanones,
9 isoflavones and 8 anthocyanins (Table S1). To identify the flavonoid
compounds with differential accumulation among the three
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developmental stages of T. grandis kernels, the flavonoids from these
stages were subjected to a pairwise comparison according to their
relative contents. A comparison between stage 1 and stage 2 showed that
26 flavonoids increased and 27 decreased (Fig. 4A), while in the com-
parison between stage 2 and stage 3, 12 and 18 flavonoids were up-
regulated and down-regulated, respectively (Fig. 4B). As the antioxi-
dant activities were stronger in stage 2 stage than stage 1 and stage 3
stages (Fig. 2B and C), flavonoids which down-regulated in stage 1
versus stage 2 and up-regulated in stage 2 versus stage 3 were found
(Table S5), including two flavones (butin and chrysoeriol), two flavonols
(quercetin 3-O-glucoside and quercetin 4'-O-glucoside), five flavanones

(hesperetin, homoeriodictyol, hesperetin 5-O-glucoside, naringenin and
naringenin chalcone). Moreover, 4 of the 9 flavonoids (chrysoeriol,
quercetin 4’-O-glucoside, hesperetin and homoeriodictyol) were signif-
icantly correlated with FRAP or DPPH (Table S5), indicating that they
may play important roles in antioxidation in the developmental kernels
of T. grandis. In order to shed light on the contribution of flavonoids on
the total antioxidant activity measured in the kernels, the flavonoid
content of T. grandis kernels in stage 2 with the highest antioxidant ac-
tivity was expressed as equivalents of spiraeoside, chrysoeriol, hesper-
etin, naringenin and rutin, respectively. The results of DPPH radical
scavenging activity determination showed that the antioxidant activity
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Fig. 4. Differential accumulated flavonids and flavonoid biosynthetic pathway genes analysis. (A) Heatmap of relative content of differential accumulated flavonids
in stage 1 vs stage 2. (B) Heatmap of relative content of differential accumulated flavonids in stage 2 vs stage 3. Square on heatmaps represents one of the three
repetitions of a T. grandis kernel development stage. (C) Biosynthetic pathway of flavonoids. This pathway shows the major flavonoid metabolic intermediates and
their synthetases. CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-p-hydroxyalse; IFS, isoflavone synthase; FNS, Flavonoid synthase; FLS, flavonol
synthase; DFR, Dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; LAR, leucoanthocyanidin reductase; ANR, anthocyanidin reductase. The heatmaps next to
these enzymes are made by FPKM values of unigenes annotated as corresponding gene. Square on heatmaps represents one of the three repetitions of a T. grandis
kernel development stage.

of spiraeoside, hesperetin and rutin was significantly higher than that of
the extracts, and the antioxidant activity of chrysoeriol and naringenin

and flavonoid

was at least 1/3 higher than that of the extracts. The results indicated

that flavonoids contributed greatly to the total antioxidant activity of

the extract (Fig. S1).

3.5. Correlation analysis between flavonoid biosynthetic gene expression

derivatives

In this study, 41 unigenes that encode enzymes associated with

flavonoid biosynthesis were identified based on the enriched KEGG
pathways and Gene Ontology function analysis, including 6 CHS genes,
4 CHI genes, 3 F3H genes, 5 FLS genes, 2 LAR genes, 3 ANR genes, 6 ANS
gene, 4 IFR genes, and 12 DFR genes (Fig. 4C). Pearson’s correlations
were performed between the expression of unigenes of flavonoid
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biosynthesis pathway and relative content of the nine flavonoids shown
in Table S5. The results showed that 2 unigenes for CHS (TRINI-
TY_DN106242 c1 g2 and TRINITY DN120726_c4_gl), 1 unigene for
DFR (TRINITY_DN115252 c0 gl), 2 wunigenes for ANS (TRINI-
TY_DN123310_c2_g1 and TRINITY_DN124327_c0_g2) were significantly
correlated with at least 7 of the 9 flavonoids, respectively (Fig. 5A),
suggesting that these unigenes were key indirect contributors to anti-
oxidant capacity. In addition, in order to find more other genes that may
regulate the 4 flavonoids (chrysoeriol, quercetin 4’-O-glucoside, hes-
peretin and homoeriodictyol) significantly correlated with FRAP or
DPPH, Pearson’s correlations were performed between all tran-
scriptomic data and these 4 flavonoids. Genes significantly correlated
with  chrysoeriol, quercetin  4'-O-glucoside, hesperetin  or

Food Chemistry 374 (2022) 131558

homoeriodictyol with a Pearson’s correlation coefficient >0.9 were
shown in Fig. S2 and Table S6.

3.6. Sequence and phylogenetic analyses of TgDFR1 and TgDFR2

Using the BLAST and ORFfinder tools in NCBI, the coding regions of
TgDFR1  (TRINITY_DN115252 c0 gl i4) and TgDFR2 (TRINI-
TY_DN99574_c0_g1_i1) were identified from the sequences of unigenes.
The expression of TgDFR2 was not significantly correlated with flavo-
noids (here it was used as control). Unfortunately, the length of unigenes
annotated as CHS and ANS were too short to obtain complete coding
regions. Therefore, only T¢gDFR1 and TgDFR2 were used for subsequent
experiments.

100 FVDFR
A B 100 RMDFR
TRINITY_DN102951_c1_g2 | | 84
TRINITY_DN106242_c1_g2 - --- --- MabFR
TRINITY_DN114475_c1_g1 B8l 00 69| L——— V\DFR
CHS | TRiNITY DN117512 1 g4 81 1% PIDFR
TRINITY_DN120726_c4_g1 Bl 57
TRINITY_DN123732_c1_g2 R EOI RS = 57 MsDFR
TRINITY_DN102180_c0_g1 Il [ | ADFRA
CHI | TRINITY_DN105548 c1_g7 [ 98
TRINITY_DN121005_c0_g1 [l | ] Bo DcDFR2
TRINITY_DN123795_c2_g1 | | [— StDFR
TRINITY_DN109687_c1_g1 I I [ 100 100— SIDFR
FaH | TRINITY_DN113260_c1_g1 =
TRINITY_DN114285_c0_g6 = OsDFR
TRINITY_DN110231_c0_g2 Bl | ] ZmDFR1
TRINITY_DN110494_c0_g1 100
FLs | TRINITY_DN113489_c1_g5 37 HWDFR
TRINITY_DN114285_c0_g4 @ TgDFR1
TRINITY_DN119967_c0_g2 4| P
LAR | TRINITY_DN103134_c0_g1 TgDFR2
TRINITY_DN110101_c0_g2
TRINITY_DN109250_c0_g3
0.05
ANR | TRINITY_DN111927_c1_g1 Iz C
TRINITY_DN113586_c0_g2 NADP-binding domain
TRlNITY_DN1 15252_00_91 TgDFR1 MSSRPPNHKEELPACCPRHTNKMDHSQQAEKRELRVCVTAAAGYIGSSIVRNLLORGY IVHATLRDPGNPAKCNH 75
TRINITY_DN105345 c1_g1 ] S OO e S B L 1
TRINITY_DN108940_c1_g2 HNIENINNENENENEE . . 001l ikocABSKaPVVVICASGFVGSHLMALLGAGY TVRATVRDEENVGKTRE 50
TRINITY_DN108565_c0_g2 - -.- .- VUDER  tteeeenie et MGSQSETVCVIGASGFIGSWLVMRLLERGY TVRATVRDPTNVKKVKH 47
TRINITY_DN108979 c0_g1
TRINITY_DN115453 c1_g1 TgDFR1  LESLPGAKGRLHLFKADVFQHGSEDSATEGCDFVINLATALDEOR. . . . . DLVQBATIEGTLDILRACKKAKSVRR 145
TRINITY DN115943 c1 92 - -- TgDFR2 LLRLPGAHERLCFFKADLCEEGSFDSAVDGCEGVFHVAGPMDETKNHLE . DFVVPAVTGVONVLKACTRAKSVKR 125
DFR = = —g AtDFR1 LLDLPNAKTLLTLWKADLSEEGSYDDAINGCDGVFHVATPMDFESKDPENEVIKPTVNGMLGIMKACVKAKTVRR 122
TRINITY_DN123629 c3_g1 ZmDFR1  LLDLPGATERLSIWKADMADEDSFDEAIRGCTGVFHVATPTDFESKDPENEVIKPTVEGMIRILRACKEAGTVRR 125
TRlNITY DN124015 ca 91 VVDEFR LLDLPKAETHLTLWKADLADEGSFDEAIKGCTGVFHVATPMDFESKDPENEVIKPTIEGMLGIMKSCAAAKTVRR 122
TRINITY_DN97430_c0_g1 [l -- _Presumed subsirate binding site
TgDFR1 VVHTSSLGAAFPLKENGE . HKELLDESCWTPVDYLTSKNPSFGMYCVSKTLAEQAALRYGAEEGIEVVTVLVAMV 219
TRINITY_DN98196_CO_Q1 . ---- TZDFRQ FTSTGGAASPVNDKGEFVHSCMDESCWTPVDYVTSLPCKSMMYLAAKTLAEQEAVKYGTENDLEVVTIGPAVV 200
TR|N|TY_DN99574_CO_92 — AtDFR1 FVETSSAGTVN .VEEHQK. . . NVYDENDWSDLEF IMSKKMTGWMYFVSKTLAEKAAWDFAEEKGLDFISIIPTLV 193
TRINITY_DN104429 _c4_g2 | ZmDFR1  IVFTSSAGTVC.VEERRR. . .PVYDHDNWSDVDECRRVKMTGWMYFVSKSLAEKAAMAYAAEHGLDLYSVIPTLY 196
VVDFR LVFTSSAGTVN.IQEHQL. ..PVYDESCWSDMEFCRAKKMTAWMYFVSKTLAEQAAWKYAKENNIDFITIIPTLV 193
TRINITY_DN104492_c2_g2 [
T 1
ANS RINlTY_DN 4285_01_93 --= - . TgDFR1 GGSCLTPIFAETASLMLAPLTGDR. TFYETLVSSQSLMGTVTLVHVEDVSNAHVLLMEHPSASGRYVCCSEGVTI 293
TR'NITY_DN123310_CZ_Q1 TgDFR2 AGPWLTHIPPMTAAETTLALLGENPQFFEMLKNLQDVLGSIPLVHIEDVCNAHIFLMEQPNMKGRHICCVESATV 275
TRINITY_DN124327_c0_g2 AtDFR1  VGPFITTSMPPSLITALSPITRNE.AHYSIIROGQ. . . YVHLDDLCNAHIFLYEQARAKGRY ICSSHDATI 260
ZmDFR1 VGPFLSAAMPPSLVTALALVTGNE . AHYSILKQVQ . FVHLDDLCDAEIFLFEHPAAAGRYVCSSHDATI 263
TR'N'TY_DN95864_CO_Q1 = !!E = ! 5 E VVDFR VGPFIMSSMPPSLITALSPITGNE .AHYSIIRQGQ. . . FVHLDDLCNAHIYLFENPKAEGRYICSSHDCII 260
C 0O c c b o QO O T
= = =
3 g g % ‘g § -§ 8 % TgDFR1 ADMKAFFRKRYPEIPLVFGDSEETEVKKVMPISSKKLTDLGFSYKYGMEEILSDTVECAKRMKVL. . .. .. ... 358
22 2% 2 g 0 8 TgDFR2  RRLTDILSQRYPQFMTLPKLGNHDYIEPRVPVSSKKLEDLGFSYKYSMETILDESIQCALSSGILKARPSPE. . . 347
6' 5 5 E = B 2 e AtDFR1 LTISKFLRPKYPEYNVPSTFEGVDENLKSIEFSSKKLTDMGFNFKYSLEEMFIESIETCROKGFLPVSLSYQSIS 335
=3 w Jh_ 2 3 3 239 ZmDFR1 HGLAAMLRDRYPEYDIPQKLRGIEDDLQPVHFSSKKLLDHGFTFRYTVEDMFDAGIRTCREKGLIPLATAGGVGS 338
‘% Io c') g- g VVDFR LDLAKMLREKYPEYNIPTEFKGVDENLKSVCFSSKKLTDLGFEFKYSLEDMFTGAVDTCRAKGLLPP. ... .. .. 327
S b 4 2 ;
= 2 Q
§ g ?ID c TGDFRL ottt ate e et et et e e e 358
a @ 3 TGDFR2 ettt et e e e e 347
a o g AtDFR1 EIKTKNENIDVKTGDGLTDGMKPCNKTETGITGERTDAPMLAQQMC 381
® @ [) ZmDFR1 ASLRTPGETDVTNGA. . ¢ ittt it tneesannanannsnnnnns 353
VVDFR “.SHEKPVBGKT . . .+ttt iteennnransnnnansoancnnans 337
E - ia

0z'o

000

Fig. 5. Flavonoid biosynthesis related unigenes positively correlated with key flavonoids. (A) The heatmap is made by correlation coefficients between FPKM value
of flavonoid biosynthetic pathway genes and relative content of 9 flavonoid metabolites listed in Table S5. *, p < 0.05, **, p < 0.01. (B) Phylogenetic analysis of
TgDFR with other DFRs from diverse organisms constructed by the neighbor-joining method based on 1000 bootstrap replicates. (C) Alignment of the deduced amino
acid sequences of TgDFR1(TRINITY_DN115252_¢c0_g1) and TgDFR2(TRINITY_DN99574 _c0_g1) along with other DFRs. The GenBank accession numbers of the DFR
protein sequences are as follows: Arabidopsis thaliana AtDFR (NM_123645), Dianthus caryophyllus DcDFR2 (Z67983), Fragaria vesca FVDFR (AHL46446), Hordeum
vulgare HvDFR (S69616), Malus domestica MADFR (NP_001280868), Medicago sativa MsDFR (AEI59122), Oryza sativa OsDFR (AB003495), Populus trichocarpa PtDFR
(XP_006383711), Rosa multifiora RmDFR (AJT55524), Solanum tuberosum StDFR (NP_001274988), Solanum lycopersicum SIDFR (NP_001234408), Vitis vinifera VVDFR

(NP_001268144), Zea mays ZmDFR1 (Y16040).
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To further investigate the amino acid sequence homology of TgDFR1
and TgDFR2 to other known DFRs, a phylogenetic tree was generated by
the neighbor-joining method, and the results showed that DFRs from
monocots, dicots and gymnosperms were clearly classified into different
branches (Fig. 5B), TgDFR1 and TgDFR2 clustered within a separate
subgroup on account of T. grandis belongs to gymnosperms (there were
no report of DFRs in other gymnosperms), indicating that these two
DFR-like proteins might participated in the catalyzing of dihydrofl-
flavonols to leucoanthocyanidins in the flavonoid biosynthetic pathway.

Multiple alignment of TgDFR1 and TgDFR2 along with DFRs from
other species indicated that N-terminus regions of the two DFRs con-
tained putative NADP-binding region which was conserved in all
NADPH-dependent reductases (Fig. 5B). DFR proteins was reported to
have a substrate-binding region which was composed of 26 amino acid
residues such as 131-156 region in grape DFR (Petit et al., 2007;
Johnson et al., 2001), while TgDFR1 and TgDFR2 also had some
conserved amino acid residues in the corresponding region.

3.7. Overexpression of TgDFR1 in tobacco leaves resulted in increased
DPPH activity and FRAP

TgDFR1 and TgDFR2 were transient expressed in leaves of
N. benthamiana to verify its function on antioxidant activity. Subcellular
localization was observed via confocal laser scanning microscopy,
Fig. 6A showed that TgDFR1 and TgDFR2 widely expressed in cell
membrane and cytoplasm. In order to further validate the performance
of TgDFR1 and TgDFR2, tissues used for DPPH radical scavenging ac-
tivity and FRAP analyses were sampled and tested. The results showed
that only TgDFR1 could dramatically increase DPPH activity and FRAP
(Fig. 6B).

3.8. Identification of candidate transcription factors involved in flavonoid
biosynthesis pathway

Transcription factors are critical to regulate gene expression. To
search for the transcription factors that were co-expressed with unigenes
for CHS (TRINITY_DN106242 c1_g2 and TRINITY DN120726_c4_gl),
DFR (TRINITY_DN115252 _c0_g1) and ANS (TRINITY_DN123310_c2 g1
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and TRINITY_DN124327_c0_g2), Pearson’s correlation analysis was
performed between the expression level of all the transcripts annotated
as transcription factors and the candidate genes (Fig. S3A-E). The
transcription factors with Pearson’s correlation coefficients >0.9 were
selected. From these selected transcription factors, there are six MYB
family (one positive correlation and five negative correlation), seven
bHLH family (three positive correlation and four negative correlation),
three bZIP family (negative correlation) and eight other family tran-
scription factors may play positive or negative regulatory roles in
T. grandis kernel (Fig. S3).

3.9. Validation of RNA-seq data using qRT-PCR

To validate the gene expression patterns from RNA-Seq results, 7
genes involved in flavonoid biosynthesis and other 51 genes were
randomly selected from RNA-seq data and their transcriptional abun-
dance was detected using qRT-PCR. Primer pairs used were listed in
Table S7. As expected, the qRT-PCR and RNA-Seq data were highly
correlated with an r of 0.730 (p < 0.001), suggesting that the expression
data from RNA-seq were reliable (Fig. S4).

4. Discussion

T. grandis seeds have used as traditional medicine for thousands of
years in China due to its abundant bioactive components, such as to-
copherols, unsaturated fatty acids and flavonoids (Dai et al., 2007; Ding
etal., 2020; He et al., 2016; Lou et al., 2019). In this study, we found that
flavonoids content of T. grandis kernels was increased from 0.423 mg/g
to 8.29 mg/g from stage 1 to stage 3 (Fig. 2A), which meaned that
T. grandis kernels were rich in flavonoids, especially in mature stage 3.
However, very little is known about flavonoid composition and the
molecular mechanism of flavonoid biosynthesis in T. grandis kernels.
Previous studies have shown that T. grandis seed oils and seed extracts
have strong antioxidant activity, but detailed studies on antioxidant
substances phenols and flavonoids are rarely reported (Cui et al., 2018).
In this study, we performed transcriptome sequencing and metab-
olomics analysis on the three development stages of T. grandis kernels
(stage 1, stage 2 and stage 3). A total of 124 flavonoids were detected.

Fig. 6. Overexpression of TgDFRI and
50 TgDFR2 in the leaves of N. benthamiana.
(A) Subcellular localization of TgDFR1
40 * and TgDFR2. Subcellular localization
T experiments were conducted with
L a0 # TgDFR1 (middle panel) and TgDFR2
; (lower panel) fused GFP as well as with
& 20 GFP control vector (upper panel). (B)
0 Changes in DPPH radical scavenging
activity and FRAP values. TgDFR1 and
10 TgDFR2 fused GFP as well as GFP con-
trol vector were transiently expressed in
12000 the leaves of N. benthamiana for one
= * week. Then DPPH and FRAP were
'g 10000 # T detected in methanol extracts of leaves.
5 8000 Data are means + SEM (n = 3), asterisk
i, (*) means p < 0.05.
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Flavones (53) and flavonols (31) were the main components, of which
70 were glycosides, which were similar to those of Tartary buckwheat
seeds (Li et al., 2019). It is worth noting that nine isoflavones were also
detected in T. grandis kernels. According to previous studies, isoflavones
mainly exist in legumes, which can not only help legumes to form root
nodules (Kosslak et al., 1987), but also act as estrogens to resist cancer
(Duffy et al., 2007), indicating that T. grandis kernels can also be used as
a source of isoflavones.

The antioxidant activities of extracts from T. grandis kernels were
determined by DPPH and FRAP, respectively. Nine flavonoids related to
antioxidant activity were identified by the analysis of differential me-
tabolites in three periods, which were chrysoeriol, naringenin, butin,
hesperetin5-O-glucoside, hesperetin, naringenin chalcone, quercetin4’-
O-glucoside (spiraeoside), quercetin3-O-glucoside (isotrifoliin), and
homoeriodictyol respectively. The main flavonoids in the leaves of
Ginkgo biloba, which is also a gymnosperm, include quercetin, quercetin-
3-O-a-rhamnopyranoside and myricetin-3-O-rhamnopyranoside (Xu
et al., 2018). Studies have shown that some of them also have the po-
tential to treat multiple diseases. Hesperetin can prevent neuro-
inflammation and memory loss by regulating TLR4/NF-kB signal
pathway (Ikram et al., 2019; Muhammad et al., 2019). Naringenin and
quercetin possess anti-inflammatory and antiallergic activity in mice
and have therapeutic potential for sepsis, fulminanthepatitis, fibrosi-
sandcancer caused by inflammation (Escribano-Ferrer et al., 2019; Zeng
et al., 2018). Myricitrin can reduce the adverse metabolic reactions of
mice fed with long-term high-fat diet, thus showing anti-atherosclerotic
and anti-hyperlipidemiceffects (Gao et al., 2019; Kim et al., 2019). This
is the first time that flavonoids related to antioxidant activity have been
found in T. grandis kernels, which deepens our understanding of flavo-
noid metabolism during T. grandis kernel development, and is of great
significance for the development of better T. grandis seed products.

Through KEGG enrichment analysis and gene functional annotation
of transcriptome, some enzyme genes and transcription factors related to
flavonoid biosynthesis were found, in which the expression pattern of
the unigenes for CHS (TRINITY_DN106242cl g2, TRINI-
TY_DN120726_c4 gl and TRINITY_DN123732.c1_g2), DFR (TRINI-
TY_DN115252 c0 gl) and ANS (TRINITY_DN123310c2gl and
TRINITY_DN124327_c0_g2) was significantly related to the 7 differen-
tial flavonoid metabolites which have high correlation with antioxidant
activity. Further studies showed that overexpression of TgDFR1 in to-
bacco leaves could significantly increase DPPH activity and FRAP,
suggested that DFR might be related to the change of antioxidant ac-
tivity during kernel development of T. grandis. Previous studies have
shown that DFR and CHS play key roles in flavonoid biosynthesis in
strawberry (Miosic et al., 2014), apple (Tian et al., 2017), grape (Wang
et al., 2016) and many other plants.

Previous studies have identified several transcription factors that
positively or negatively regulate flavonoid biosynthesis in plants. For
example, overexpression of FtMYB1 and FtMYB2 in Nicotiana tabacum
accumulated more proanthocyanidins through affecting the expressions of
PAL, CHI, F3H, FLS, DFR, and ANS (Bai et al., 2014). It was also found that
FtMYB15 and FtWDA40 induced the expressions of the early and late
flavonoid biosynthesis genes (Luo et al., 2018; Yao et al., 2017). In
addition, FtMYB116 was demonstrated to accumulation of rutin by
directly regulating the expression of F3H and indirectly regulating the
expression of PAL, F3H, FLS and CHS under red and blue light in Tartary
buckwheat (Zhang et al., 2019). In contrast, FtMYB3 interacting with
FtJAZ2 could repress anthocyanin biosynthesis under cold stress (Luo
et al.,, 2017). In this study, Pearson correlation analysis between tran-
scripts annotated as transcription factors and candidate unigenes revealed
that the expression levels of some transcription factors were closely
correlated to the flavonoid biosynthesis pathway genes, indicating that
these transcription factors may regulate the expression of flavonoid
biosynthesis pathway genes and indirectly contribute to flavonoid accu-
mulation in development T. grandis kernels. Notably, there are
six MYB transcription factors (DN106512_c2 g5, DN112
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790_c2 g1, DN114418_c4 g3, DN115383 c1 g3, DN117171 cl_gl and
DN97942_¢c0_g1) were found to be closely correlated to the candidate
unigenes for FDR, ANS and CHS. In addition to MYBs, we also found other
transcription factors, such as bHLH, HD-ZIP, GATA family members
(Fig. S3F), suggesting that these transcription factors may act as new
candidate regulators for flavonoid biosynthesis.

5. Conclusions

In summary, transcriptome sequencing and metabolomics analysis
were performed to identify key regulators of flavonoid biosynthesis and
main contributors for antioxidant activity. It was found that chrysoeriol,
naringenin, butin, hesperetin5-O-glucoside, hesperetin, naringenin
chalcone, quercetin4’-O-glucoside, quercetin3-O-glucoside, and homo-
eriodictyol were highly correlated with antioxidant activity, indicating
that they are the flavonoid compositions mainly contributing to anti-
oxidant capacity. Further correlation analysis showed that the unigenes
for CHS, DFR and ANS significantly correlated with the 9 flavonoids,
suggesting that CHS, DFR and ANS play key roles in regulating the 9
flavonoids biosynthesis and further contributed indirectly to antioxidant
capacity of T. grandis kernels. We further confirmed that overexpressed
TgDFRI1 in tobacco leaves resulted in increased antioxidant activity.
Moreover, the candidate regulatory genes for flavonoid biosynthesis in
development T. grandis kernels were also identified via Pearson corre-
lation analysis. These results are helpful for us to better understand the
flavonoid biosynthetic pathway in T. grandis kernels, and will provide a
platform for future molecular biological research and molecular
breeding on T. grandis.
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