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Abstract

Aster tataricus (L.) is an important medicinal plant in China. Its roots are rich in flavonoids, the main medicinal components.
However, the molecular basis of flavonoid biosynthesis in the roots of A. fataricus remains unclear. In this study, the content
of total flavonoid of A. tataricus roots at different developmental stages was measured first, and the results showed that the
content of total flavonoid gradually decreased from September to November, which may be caused by the stagnation of
A. tataricus growth due to the decrease in temperature after September. Then, an integrated analysis of transcriptome and
metabolome was conducted on five developing stages of A. tataricus roots to identify flavonoid compositions and potential
genes involved in flavonoid biosynthesis. A total of 80 flavonoid metabolites, of which 75% were flavonols and flavonoids,
were identified in metabolomic analyses, among which isorhamnetin, kaempferol, quercetin, and myricetin were the main
skeletons of these flavonoids. Cluster analysis divided these 80 flavonoids into 3 clusters. The compounds in cluster I mainly
accumulated in S1, S3, and S5. In cluster II, the relative content of the flavonoid metabolites showed an upward trend from
S2 to S4. In cluster 111, the flavonoids decreased from S1 to S5. A total of 129 structural genes, including 43 PAL, 23 4CL, 9
C4H,4 CHS, 18 CHI, 3 F3H,5 F3’H, 1 F3'5'H, 21 FLS, and 2 FSII, and 65 transcription factors, including 22 AP2/ERF, 7
bHLH, 5 bZIP, 8 MYB, 11 NAC, and 12 WRKY, showed significant correlation with total flavonoid content. Eighteen genes
(74CL,5 C4H,2 CHI, 1 F3H, and 3 FLS) and 30 genes (5 PAL,9 4CL, 1 C4H,2 CHI, 1 F3H, 1 DFR, 7 3AT, 1 BZI, and
3 UGT79B1) were identified as key structural genes for kaempferol and anthocyanins biosynthesis, respectively. Our study
provides valuable information for understanding the mechanism of flavonoid biosynthesis in A. tataricus root.
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Aster tataricus (L.) (known as ‘Ziwan' in Chinese) is an
important medicinal plant in the Compositae family. In
China, A. tataricus is mainly distributed in Anguo City,
Hebei Provinces, the genuine producing area of aster, and
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and relieving asthma (Chen et al. 2020b; Ren et al. 2021).
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The roots of A. tataricus are rich in chemical compo-
nents, including phenolic acids, organic acids, flavonoids,
terpenoids, and coumarin (Sun et al. 2018; Zhao et al. 2015).
Flavonoids, such as quercetin and kaempferol, are important
active ingredients in A. tataricus roots. Chen et al. identi-
fied 31 flavonoids from A. tataricus by UHPLC-Q-TOF-MS
(Chen et al. 2019). Sun et al. extracted 31 flavonoids from
rhizomes of A. fataricus by UHPLC-Q-TOF-MS and showed
quercetin may have antidepressant effects (Sun et al. 2018).
(2R,2'R)-7-O-methyl-2,3,2",3"—tetrahydrorobustaflavone,
a new flavonoid isolated from A. tataricus, can significantly
inhibit A594 cancer cells proliferation (Chen et al. 2022). As
the largest group of secondary metabolites in plants, flavo-
noids not only contribute to diverse human health benefits,
but also provide plants with a variety of biological functions,
such as diseases treatment for humans and stress resistance
for plants (Ng et al. 2003; Treutter 2005; Wang et al. 2020;
Wen et al. 2021). Flavonols may facilitate maize (Zea mays)
seedling drought tolerance by scavenging H,0, and stomatal
closure (Li et al. 2021a). Quiroz et al. reported that flavo-
noids formononetin and genistein protect plants by eliciting
an antifeedant effect on H. obscurus (Quiroz et al. 2017).
In addition, anthocyanins are flavonoids that impart bright
color to plant tissues (Olivas-Aguirre et al. 2016).

However, the current research on A. tataricus mainly
concentrates on the pharmacological and chemical com-
ponents, and very little research focuses on the molecular
mechanism of accumulation of flavonoids (Cheng and Shao
1993; Su et al. 2019; Yu et al. 2015). Therefore, it is impor-
tant to dissect the biosynthesis pathway of flavonoid in the
roots of A. tataricus, which will be helpful for guiding the
quality breeding and increasing the content of flavonoids.
In recent years, with the development of UPLC-MS/MS
and sequencing technology, the combination of metabo-
lomics and transcriptomics has been widely used to inves-
tigate the metabolites and reveal the biosynthesis pathway
of metabolites in plants (Li et al. 2019). In this study, we
integrated the analysis of metabolomics and transcriptomics
to investigate flavonoid biosynthesis in developing roots of
A. tataricus at 5 different stages. The purpose of our study
was to examine the species of flavonoids, and analyze the
differentially expressed genes involved in flavonoid biosyn-
thesis in the roots of A. tataricus during development. Our
results revealed the accumulation pattern of flavonoids dur-
ing root development of A. tataricus, identified the key genes
involved in the flavonoid biosynthesis pathway, and provided
valuable information for the further study of flavonoids in
A. tataricus.
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Materials and methods
Plant materials

The A. tataricus ‘Qiziwan’, which is a landrace grown in
Anguo, China, were grown at the germplasm resource center
at Chinese Medicine Capital Expo Park, Anguo, China, in
2019 and subjected to normal field management during the
growth periods. A. tataricus grow rapidly from August to
September. The growth of A. tataricus became slow after
September, and the aerial parts of A. tataricus gradually
began to dry up. Only the underground part remains in
December. We speculate that the content of flavonoids in
A. tataricus roots is not constant from August to December.
Therefore, roots were harvested on the 15th of August (S1),
September (S2), October (S3), November (S4), and Decem-
ber (S5), respectively (Fig. 1a). For each sample, the mixed
roots were collected from five independent plants and had
three independent biological replicates. All materials were
frozen in liquid nitrogen and stored at — 80 °C until further
use.

Measurement of total flavonoid content

Total flavonoid measurement was carried out by the alu-
minum nitrate colorimetric method (Hossain and Rahman
2011). The freeze—dried roots were crushed using a mixer
mill (MM 400, Retsch) with a zirconia bead for 1.5 min
at a frequency of 30 Hz. Approximately 1.0 g root pow-
der was weighed and extracted 15 min at 30 °C with 15 mL
80% methanol aqueous solution to obtain the crude extract.
300 pL crude extract was mixed with 90 pL of 5% NaNO,
solution and 1.5 mL deionized water. Then 180 pL 10%
AI(NOs); solution was added after 6 min of incubation, and
the mixture was incubated for another 5 min. Subsequently,
600 pL of 1 mol L™' NaOH solution was added and the
final volume of the mixture solution was 3 mL. Then the
absorbance was measured at a wavelength of 510 nm by the
microplate reader. Rutin was used as a standard solution to
prepare a calibration curve, and the results were expressed
as rutin equivalent on a dry weight basis.

Metabolite extraction and profiling analysis

Metabolite extraction and profiling analyses were performed
by Metware Biotechnology Co., Ltd. (Wuhan, China). The
experimental procedure was done following the company's
standard instruction (Chen et al. 2013; Dong et al. 2014,
2019). In brief, 100 mg root powder was weighed and
extracted overnight at 4 “C with 0.6 mL 70% methanol aque-
ous solution. After centrifugation at 10,000 g for 10 min,
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Total flavonoid concents (mg g DW-')

Fig. 1 Phenotypes, total content of flavonoid, and number of flavo-
noid metabolites of A. tataricus “Qiziwan” at different developmental
stages. S1, S2, S3, S4, and S5 represent A. tataricus were harvested
on the 15th of August, September, October, November and Decem-
ber, respectively. a Phenotypes of A. tataricus “Qiziwan” at different
developmental stages. b Changes in total content of flavonoid during

the supernatant was filtered through a 0.22 pm microporous
membrane for UPLC-MS/MS analysis.

Chromatographic separation was carried out on a Waters
ACQUITY UPLC HSS T3 system (Shim-pack UFLC SHI-
MADZU CBM30A), which was equipped with an Agilent
SB-C18 column (1.8 um, 2.1 mm X 100 mm), at 40 °C. The
injection volume was 4 pL at a flow rate of 0.35 mL min~".
The mobile phase was ultrapure water (with 0.1% formic
acid): acetonitrile. The elution gradient was as follows:
0 min, 95:5 water/acetonitrile (v/v); 9.0 min, 5:95 water/ace-
tonitrile; 10.0 min, 5:95 water/acetonitrile; 11.1 min, 95:5
water/acetonitrile; and 14.0 min, 95:5 water acetonitrile. The
effluent was alternatively connected to an ESI-triple quad-
rupole-linear ion trap (QTRAP)-MS.

Number of flavonoid metabolite

A. tataricus root development. Error bars represent + standard devia-
tion (n=3). Statistical analyses were performed by Duncan’s multiple
range tests, P <0.05. (¢) Number of flavonoid metabolites detected in
A. tataricus roots in each categorie. The number above the column
represents the number of the categories

Metabolites were detected using an Applied Biosystems
4500 QTRAP LC/MS/MS system equipped with linear ion
trap (LIT) and triple quadrupole (QQQ) scans. This system
was controlled by Analyst 1.6.3 software. The ESI source
operation parameters were as follows: ion source, turbo
spray; source temperature, 550 °C; ion spray voltage (IS),
5,500 V; curtain gas (CUR) 25.0 psi; and collision—acti-
vated dissociation (CAD), high. Ten and 100 pmol L~}
polypropylene glycol solutions were used in the QQQ and
LIT modes, respectively, for the instrument tuning and mass
calibration. QQQ scans were acquired as multiple reaction
monitoring (MRM) experiments with collision gas (nitro-
gen) set to medium. Declustering potential (DP) and colli-
sion energy (CE) measurements for individual MRM transi-
tions were completed with further DP and CE optimization.
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A specific set of MRM transitions was monitored for each
period according to the metabolites eluted within the period
(Chen et al. 2013).

Mass spectral data analysis was conducted with the soft-
ware Analyst 1.6.3. The flavonoids were qualitatively and
quantitatively analyzed by blasting with the local database.
Principal component analysis (PCA) and partial least-
squares discriminant analysis (OPLS-DA) analysis were
carried out for identifying differentially expressed flavo-
noids. Significantly different metabolites between groups
were determined by the variable importance in projection
(VIP) > 1 and fold change >2 or <0.5.

RNA extraction, quantification and sequencing

Total RNA was extracted from frozen roots using the Omini-
Plant RNA Kit (Dnase) (cwbio, Jiangsu, China). RNA integ-
rity and contamination was monitored by 2% agarose gel.
RNA purity was detected using a NanoDrop one spectropho-
tometer (Thermo Scientific, Shanghai, China). The concen-
tration of RNA was accurately measured using a Qubit 2.0
Fluorometer. The quality of RNA was detected using an Agi-
lent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA). Poly(A) mRNA was enriched from total RNA
by Oligo(dT) magnetic beads, followed by fragmentation of
poly(A) mRNA into short fragments. The first-strand cDNA
was generated by reverse transcription using the fragment
RNA as a template and using random hexamers primers.

Second-strand cDNA was synthesized using DNA poly-
merase 1. Double-stranded cDNA was then purified using
AMPure XP beads. End-repaired and addition of a poly(A)
tail of the purified double-stranded cDNA, and a sequencing
adapter was ligated. Fragments of suitable size were iso-
lated. The cDNA library was obtained by PCR enrichment.
The cDNA library was sequenced on an Illumina HiSeq™
2500 platform.

RNA sequencing data analysis

High—quality reads are the basis for accurate subsequent
analysis. To acquire high—quality reads, strict quality control
of the data was carried out. Clean reads were obtained from
raw data by removing reads with adapters, low-quality reads,
and reads containing too many N (the N content exceeds
10% of the number of bases in the read). The transcriptome
was obtained by assembling clean reads using Trinity soft-
ware. The longest cluster sequence obtained after corset
hierarchical clustering was used as unigenes for subsequent
analysis. The unigenes sequence were aligned with the
KEGG, NR, Swiss-Prot, GO, COG/KOG, and Trembl data-
bases using BLAST software. After predicting the amino
acid sequence of unigenes, the HMMER software was used
to compare with the Pfam database to obtain the annotation
information of unigenes.

Gene expression levels were estimated using bowtie 2
in RSEM software. Differentially expressed genes (DEGs)

Table 1 Classification and relative content of the top flavonoids determined during A. tataricus roots development

Compounds Class S1 S2 S3 S4 S5

Quercetin-3-O-a-L-thamnopyranoside Flavonoid 2.94x 10’ 1.17x107 1.92x 107 3.06x 10’ 2.36x 107
Luteolin 3'-O-p-p-glucoside Flavonoid 2.89x 10’ 1.16x 107 1.87x 107 3.03x 10’ 2.32x 107
Kaempferol-3-O-glucoside (Astragalin) Flavonols 2.87x 10’ 1.12x107 1.89% 107 3.03x 10’ 2.31x 10’
Luteolin-4'-O-p-p-glucoside Flavonoid 2.85x 10’ 1.15% 107 1.85%107 3.02x 10’ 2.35x 107
Kaempferol-3-O-(6""-acetyl)-glucoside Flavonols 1.50x 107 7.95x 105 1.36x 107 2.06x 107 1.02x 107
Quercetin-3-0-(6""-O-malonyl)-galactoside Flavonols 1.45x%107 8.15%10° 2.10x 107 3.09% 107 2.53%107
Kaempferol-3-O-(6""-malonyl)-glucoside Flavonols 1.07x 107 5.22x10° 9.50x 10° 1.56x 107 8.80x 10°
Isorhamnetin O-malonylglucoside Flavonoid 8.85x 10° 2.57x10° 6.40x 10° 6.51x10° 6.95% 10°
Quercetin-3-0-(6""-O-acetyl)-galactoside Flavonols 7.21x10° 4.18x10° 9.20%10° 1.59x 107 1.16x 107
6-Hydroxykaempferol-7-O-glucoside Flavonols 5.56x10° 1.87x10° 4.88x10° 1.27x 107 7.26x10°
Myricetin-O-rhamnoside Flavonoid 5.52x10° 1.68x10° 4.66x10° 1.21x 107 7.01x10°
isohyperoside Flavonols 5.50x 10° 1.81x10° 4.49%10° 1.23x 107 6.99x 10°
mlyricetin 3-O-B-p-glucopyranoside Flavonoid 4.96x10° 1.66x 10° 4.31x10° 1.11x10’ 6.21x10°
Cyanidin-3-O-(6""-Malonylglucoside) Anthocyanins 4.11x10° 3.67x10° 5.09%10’ 1.72x 108 5.73x107
Trifolin Flavonols 3.69x 10° 1.25x10° 2.44%x10° 471x10° 3.63x10°
Kaempferol-7-O-glucoside Flavonols 3.57x10° 1.31x10° 2.35%10° 4.73%10° 3.65%10°
Hyperin Flavonols 3.54x10° 1.23%10° 3.12x10% 8.38% 10° 4.66x10°
Isorhamnetin-acetyl hexoside Flavonols 2.84%10° 8.76x 107 2.40x10° 3.14x10% 3.21x10°
Diosmetin-7-O-galactoside Flavonoid 2.38%10° 1.29%10° 3.56%10° 1.51x10° 2.22x10°
Chrysoeriol-O-malonylhexoside Flavonoid 2.19x10° 1.04x 108 2.87x10° 9.78x 10° 1.68x 105
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between different sample groups were analyzed using
DESeq 2 (Love et al., 2014; Varet et al., 2016). The false
discovery rate (FDR) was obtained by multiple hypothesis
testing for hypothesis testing probability (P-value) using the
Benjamini—-Hochberg method. Significantly different genes
between groups were determined by llog, Fold Changel> 1
and FDR < 0.05.

The KEGG pathway and GO term of the DEGs were
obtained from the Kyoto Encyclopedia of Genes and
Genomes websites (KEGG, https://www.genome.jp/kegg)
and the Gene Ontology websites (GO, http://www.geneo
ntology.org/), respectively (Gene Ontology Consortium
2015; Kanehisa et al. 2016). We conducted a hypergeometric
test to find the KEGG pathways or GO terms that are sig-
nificantly enriched in DEGs compared to the whole genome
background. The DEGs were aligned to the KOG database
using Blast software to obtain the KOG annotation.

Joint analysis of transcriptome and metabolome

The DEGs and differentially accumulated metabolites
(DAMs) of flavonoid biosynthesis—related pathways in each
comparison group (S1 vs S2, ST vs S3, S1 vs S4, S1 vs
S5, S2 vs S3, S2 vs S4, S2 vs S5, S3 vs S4, S3 vs S5, and
S4 vs S5) were screened according to the relative contents
of flavonoid metabolites and gene expression values in the
roots of A. tataricus at different developmental stages. First,
the correlation of DEGs and DAMs was obtained by calcu-
lating their Pearson correlation coefficients. Pearson’s cor-
relation coefficient > 0.8 was considered to be significantly
correlated. Then, DEGs and DAMs, which with significant
correlations, were mapped to the KEGG pathway database
to gather information about their shared pathways to better
comprehend their interaction.

Weighed gene co-expression network analysis

In order to further examine the genes that are strongly con-
nected to the traits (total flavonoid content, kaempferol
content, 5 anthocyanins content, and the variation trends
of 3 clusters of flavonoid metabolites) of A. tataricus, the R
software WGCNA package was used to generate a weighted
gene co-expression network (Ghazalpour et al. 2006). The
co-expression modules were obtained by using the one—step
network construction function with following parameters:
maxBlockSize: 20,000, soft—threshold power: 13, TOMtype:
unsigned, mergeCutHeight: 0.25, minModuleSize: 300, and
other parameters: default. The correlation between the mod-
ules and the traits was further obtained by calculating the
eigenvectors of each module.

gRT-PCR analysis

Twenty DEGs involved in flavonoid biosynthesis obtained
in the RNA-seq data were selected for confirmation by qRT-
PCR. The cDNA, which was used as a template to measure
gene expression level, was obtained by reverse transcription
of the total RNA of A. tataricus root according to the TRUE-
script RT MaseterMix (OneStep gDNA Removal) (Aidlab,
Beijing, China). The A. rataricus actin gene was taken as a
reference in all experiments to normalize gene expression
level. The comparative 2~22T method was used to quantify
the gene expression level as described previously (Schmitt-
gen and Livak 2008). The primers, including the flavonoid
biosynthesis related genes and the A. tataricus actin gene
(internal control), used in qRT-PCR are listed in Table S1.

Statistical analysis

Statistical analysis was performed using Excel 2016 soft-
ware (Microsoft Office, USA). Data are presented as
means + standard deviations (SD). Differences between
samples were determined by one—way analysis of variance
(ANOVA) and the levels of statistical significance were cal-
culated by the least significant difference (P <0.05).

Results

Dynamic changes of total flavonoid content
during the root development in A. tataricus

To investigate the accumulating trends of flavonoids in the
roots of A. tataricus, the total content of flavonoid was meas-
ured at five developmental stages. As shown in Fig. 1b, the
total content of flavonoids in roots at S1 and S2 stages was
about 12.95 mg g~! of dry weight, while at S3 and S4, it
was significantly reduced to 10.85 mg g~! and 8.94 mg g™},
respectively, and it was 9.10 mg g~! at S5, which had no
significant difference from S4. These results showed that
the total flavonoid content in roots of A. tataricus began to
decrease at S2 until S4.

Flavonoids showing differential accumulated
during the root development in A. tataricus

Furtherly, we analyzed the metabolome data obtained by
UPLC/ESI-Q TRAP-MS/MS. A total of 80 flavonoid metab-
olites, including 31 flavonols, 29 flavonoids, 6 isoflavones, 5
dihydroflavones, 5 anthocyanins, 2 flavonoid carbonosides,
1 dihydroflavonol, and 1 flavanol, were identified at these
five stages (Tables 1, S2, Fig. 1c). 70% of the flavonoids
detected here are flavonoid glycosides, among which the
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most prevalent three glycosides were glucoside (37), galac-
toside (6), and hexoside (6) (Table S3).

To gain insight into the variance of metabolites in dif-
ferent developmental stages of A. tataricus roots, DAMs
were identified using the identification criterion of VIP> 1
and fold change > 2 or fold change <0.5 between pairwise
comparisons (S1 vs S2, S2 vs S3, S3 vs S4, and S4 vs S5).
Compared with S1, S2 had 4 flavonoids increased (1 fla-
vonoid, 1 flavonol, 1 dihydroflavone, and 1 flavonoid car-
bonoside) and 38 flavonoids decreased (16 flavonoid, 19
flavonols, 2 isoflavones, and 1 dihydroflavone) (Fig. 2a).
In the S2 and S3 comparison group, 27 differentially accu-
mulated flavonoids were screened, with 20 upregulated (10
flavonoid, 6 flavonols, 2 isoflavones, and 2 anthocyanins)

Group 2

mpQ01114 [ 1
;mgOOOSQS

'mdp004112 -0

mi

ol
gmectss |
mws| -2

Group
W st
82

Group 2

pmn001551 1
pmp000531 -0
Zmhp003514
pmb0608
pmp000588
pmb3012
pmp000579
mws0055
mws0789
Zmdp004112
Hmcp001658
pmb0554
pmb0550
mws1329
HJAP110
Xmbp005123
mws0091
Lmdp003286
pmp001309
mws0061
mws0856
Hmcp001859
mws0089
Hmcn001884

Group
I os3
S4
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metabolites in different comparison groups. a—d Represent the S1
vs S2, S2 vs S3, S3 vs S4, and S4 vs S5 comparison groups, respec-
tively. The content of each metabolite is represented by a different
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Table2 Summary statistics of functional annotation of unigenes in
developing roots of A. tataricus

Database Number of genes Percentage (%)
KEGG 226,372 44.8
NR 286,755 56.75
SwissProt 191,339 37.86
Trembl 283,896 56.18
KOG 174,830 34.6
GO 243,280 48.14
Pfam 197,740 39.13
Annotated in at least one 294,773 58.33
Database
Total Unigenes 505,334 100
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Fig.3 Cluster analysis of all detected flavonoid metabolites in A.
tataricus roots of five stages based on K-means clustering method.
S1, S2, S3, S4, and S5 represent A. tataricus were harvested on the
15th of August, September, October, November and December,
respectively. a Clustering heat map of all detected flavonoid metabo-
lites in A. fataricus roots of five stages based on K-means clustering

and 7 downregulated (1 flavonoid, 3 isoflavones, 2 dihydro-
flavone, and 1 flavonoid carbonoside) (Fig. 2b). The number
of differentially accumulated flavonoids between S3 and S4
was 24, of which 17 (4 flavonoid, 10 flavonols, 1 dihydro-
flavone, and 2 anthocyanins) increased and 7 (5 flavonoid, 1
flavonol, and 1 dihydroflavonol) decreased (Fig. 2¢). In the
comparison group S4 and S5, 13 flavonoids increased and
11 decreased. The increased flavonoids include 5 flavonoid,
4 flavonols, 2 isoflavones, 1 dihydroflavone, and 1 dihydro-
flavonol, and the decreased flavonoids include 1 flavonoid,
5 flavonols, and 5 anthocyanins (Fig. 2d). It is interesting
that although the total flavonoid content of S1 and S2 was
not significantly different, in the comparison group S1 vs
S2, the number of differential flavonoid compounds is the
largest. It is worth noting that all the 80 detected flavonoids

Standardised Intensity
Sjljogejew 8¢ ‘L SsSe|D

Standardised Intensity
o
ajljogelew ¢ 'z sse|D

ajljogelew 8| ‘¢ ssejD

Standardised Intensity
o

algorithm. Each column represents a sample and each row represents
a metabolite. The content of each metabolite is represented by a dif-
ferent color. Red indicates high content of metabolite, while low con-
tent metabolite is shown in green. b Line chart of flavonoid accumu-
lation patterns for three clusters

showed differentially accumulation during A. tataricus root
development (Table S2).

To understand the trends of metabolites in different devel-
opmental stages of A. tataricus roots, 80 flavonoids were
clustered into 3 clusters based on the accumulation patterns
of different metabolites using a K-means clustering algo-
rithm (Fig. 3). The relative content of flavonoids in cluster I
showed a trend of decline, rise, decline, and rise again dur-
ing the five growth periods. In cluster II, the relative content
of flavonoid metabolites showed an upward trend from S2
to S4, however, S1 to S2 and S4 to S5 showed a downward
trend. In cluster III, the flavonoids kept decreasing from S1
to S5 (Fig. 3b). Notably, 5 anthocyanins, including 2 pelar-
gonidin derivatives (Pelargonidin-3-O-(6"-acetylglucoside)
and Pelargonidin-3-O-(6"-malonylglucoside)) and 3 cyani-
din derivatives (Cyanidin-3-O-(3",6"-dimalonylglucoside),
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Fig.4 Numbers of DEGs in
different comparison groups.
S1, S2, S3, S4, and S5 represent
A. tataricus were harvested on
the 15th of August, September,
October, November and Decem-
ber, respectively

25,000

20,000

igenes

Number of un

S1VS 82

Cyanidin-3-O-(6"-Malonylglucoside), and Cyanidin-3-O-
glucoside (Kuromanin)), were detected in our study, and
they all belong to cluster II. The contents of these five
anthocyanins were higher in the later stages of A. rataricus
development (S4 and S5), especially in the S4 stage, when
most of the A. tataricus roots were purple-red (Fig. 1a and
Table S2). Pelargonidin derivatives have been reported to
change the flower to vivid red, and cyanidin derivatives
can turn fruit red (Nakatsuka et al. 2007; Olivas—Aguirre
et al. 2016). Therefore, we speculate that the accumulation
of these five anthocyanins is related to the reddening of A.
tataricus 100ts.

Analysis of differential expressed genes during root
developmentin A. tataricus

To understand the potential molecular biosynthesis path-
way of flavonoid in the developmental roots of A. ratari-
cus. Fifteen cDNA libraries were constructed and subjected
to high—throughput RNA-seq analysis. As a result, a total
of 125.56 G clean reads and 837,144,592 base pairs were
obtained from 15 independent samples of A. rataricus roots
(Table S4). These clean reads were further assembled into
631,853 transcripts with a mean length of 798 bp and N50
length of 1,204 bp, and 505,334 unigenes with a mean
length of 929 bp and N50 length of 1,307 bp using Trinity
software (Table S5). To annotate the assembled unigenes,
all unigenes were blasted with 7 publicly available nucleo-
tide and protein databases, including KEGG, NR, Swiss-
Prot, Trembl, KOG, Go, and Pfam. The results showed that
226,372 (44.8%), 286,755 (56.75%), 191,339 (37.86%),
283,896 (56.18%), 240,483 (47.59%), 163,286 (32.31%),
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and 197,740 (39.13%) of unigenes were annotated in KEGG,
NR, Swiss-Prot, Trembl, KOG, Go, and Pfam database,
respectively (Table 2).

With the criteria of |Log,Fold Change I1>1 and
FDR < 0.05 in the transcriptome of A. fataricus roots, 23,012
(12,743 up- and 10,269 down-regulation), 32,792 (13,044
up- and 19,748 down-regulated), 9,124 (3,486 up- and 5,638
down-regulated), and 23,402 (12,417 up- and 10,985 down-
regulated) DEGs were identified in S1 vs S2, S2 vs S3, S3 vs
S4, and S4 vs S5, respectively (Table S6 and Fig. 4).

To understand the biological function of the DEGs, GO
term enrichment was analyzed. 11,186 (S1 vs S2) and 16,452
(S2 vs S3) DEGs were divided into 58 functional groups,
including 18 cellular component categories, 13 molecular
function categories, and 27 biological process categories
(Fig. 5a, b, Table S7). 4,669 DEGs in S3 vs S4 were divided
into 56 functional groups, including 18 cellular component
categories, 12 molecular function categories, and 26 bio-
logical process categories (Fig. 5¢, Table S7). In S4 vs S5,
11,808 DEGs were divided into 18 cellular component cat-
egories, 11 molecular function categories, and 28 biological
process categories, a total of 57 functional groups. (Fig. 5d,
Table S7). In the category of cellular component, cell part,
cell, and organelle were most prevalent. Within the molecu-
lar function category, the most common terms were catalytic
activity, binding, and transporter activity. Among biological
process category, metabolic processes, cellular processes,
and response to stimulus were the greatest abundance terms.

To further identify the metabolic pathways of the DEGs,
they were annotated with KEGG. 7,187 (S1 vs S2), 9,930
(S2 vs S3), 2,278 (S3 vs S4), and 6,963 (S4 vs S5) DEGs
were assigned to 143, 143, 141, and 141 KEGG pathways,
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respectively (Table S8). Among these, 32, 45, 27, and 39
pathways were significantly enriched with a p-value < 0.05,
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the roots

respectively (Table S9). Notably, phenylpropanoid biosyn-
thesis (ko00940) and flavonoid biosynthesis (ko00941),
nificantly enriched in both of the four comparison groups
(Fig. 6, Table S9). In addition, the enrichment pathways of
cesses, environmental information processing, organismal
f flavonoi

TFs, such as AP2/ERF, bHLH, bZIP, MYB, NAC, and

WRKY, have been reported to be involved in flavonoid syn-

systems, and human diseases. In the six categories, the

DEGs that encode enzymes related to flavonoid biosynthe-
sis were screened out based on the richen KEGG pathways

and gene functional annotation, among which 90 structural
genes, including 35 PAL, 16 4CL, 11 C4H, 1 CHS, 10 CHI,
1 F3H, 2 F3'H, and 14 FLS, showed significant correlation
noid (r>0.8) (Fig. 7, Table S10). Kaempferol, a flavonoid,
displays several pharmacological activities, such as anti-
have shown that it has outstanding antioxidant activity (Ng
et al. 2003). Our correlation analysis showed that the expres-
sion levels of 1 C4H, 1 CHI, and 1 FLS gene were highly

correlated with the kaempferol content, especially the FLS
are the key genes regulating the synthesis of kaempferol in
the roots of A. tataricus.

belonged to the above six classes of TFs were identified
in our transcriptome data, and the correlation between the
changes of total flavonoid content and the 6 TFs in the five

different developmental stages of A. tataricus roots was fur-
ther analyzed. As a result, 65 TFs, including 22 AP2/ERF,

metabolic category contained the most pathways in all four
either with total flavonoid content or 23 individual flavo-
inflammatory, antioxidant, and antitumor (Imran et al. 2019).
Ng et al. isolated kaempferol from A. tataricus, and studies
(Table S10). Therefore, we speculate that these three genes
thesis (Nabavi et al. 2020; Hichri et al. 2011). DEGs that
7 bHLH, 5 bZIP, 8 MYB, 11 NAC, and 12 WRKY, showed

comparison groups.
Combined transcriptome and metabolome analysis

revealed the biosynthesis o

metabolism, genetic information processing, cellular pro-
of A. tataricus

which are involved in the flavonoid biosynthesis, were sig-
the four comparison groups (S1 vs S2, S2 vs S3, S3 vs S4,
and S4 vs S5) could be further divided into six categories:
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significant correlation with total flavonoid content (r>0.8)
(Table S11). These TFs might contribute to flavonoid metab-

olites in the roots of A. tataricus.

Fig.5 GO enrichment of DEGs identified in different comparison

groups. a—d Represent the S1 vs S2, S2 vs S3, S3 vs S4, and S4 vs S5
tataricus were harvested on the 15th of August, September, October,

comparison groups, respectively. S1, S2, S3, S4, and S5 represent A.
November and December, respectively
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Fig.6 Significantly enriched KEGG pathways (P <0.05) from DEGs
in different comparison groups. a—d Represent the S1 vs S2, S2 vs
S3, S3 vs S4, and S4 vs S5 comparison groups, respectively. The
enriched phenylpropanoid biosynthesis pathway and flavonoid bio-

Weighted gene co-expression network analysis
to identify differential genes related to flavonoid
synthesis

To get a comprehensive understanding of the relationship
between A. fataricus root samples in 5 different developmen-
tal stages, samples were clustered based on fragments per
kilobase of transcript per million fragments mapped (FPKM)
of 83,398 DEGs. The cluster dendrogram showed that sam-
ples were divided into 2 main clusters with 3 subclusters
(Fig. 8a). Cluster I included S1 and S2. S4 and S5 were
grouped together and belong to cluster II along with S3. The
results suggested that the gene expression levels during root
development in A. tataricus changed greatly from S2 to S4,
especially from S2 to S3. A weighted gene co-expression
network analysis (WGCNA) was further performed to divide
all EDGs into 12 distinct modules, labeled with different
colors, in which genes in the same modules had high correla-
tion coefficients (Fig. 8b). Furthermore, the total flavonoid
content, kaempferol content, 5 anthocyanins contents, and
the variation trends of 3 clusters (cluster I, cluster II, and

@ Springer

synthesis pathway are labeled by the red frame. S1, S2, S3, S4, and
S5 represent A. tataricus were harvested on the 15th of August, Sep-
tember, October, November and December, respectively

cluster IIT) of flavonoid metabolites as traits data for the
module-trait relationship analysis. Three modules, including
brown, turquoise, and purple, had substantial positive link
with total flavonoid content and cluster III. Green and yellow
modules were significantly associated with 5 anthocyanins
contents and cluster II. Blue, pink, and greenyellow modules
were correlated with cluster I. Kaempferol content had high-
est correlation with blue module (Fig. 8c). As a result, these
eight modules would be chosen as interesting modules for
further investigation.

To further identify the metabolic pathways of the DEGs
in these 8 modules, they were annotated with KEGG. The
results showed that the DEGs in these 8 modules were all
enriched in flavonoid biosynthesis—related pathways (Fig. 9).
One hundred and twenty-seven genes, including 43 PAL,
23 4CL,9 C4H, 4 CHS, 18 CHI, 2 F3H,5 F3'H, 1 F3'5'H,
20 FLS, and 2 FSII, that related to flavonoid biosynthesis
were selected from brown, turquoise, and purple modules
(Table S12). They may be related to the biosynthesis of fla-
vonoids in cluster III and the accumulation of total flavo-
noids. In green and yellow modules, 30 genes, including 5
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Fig.7 Correlation coefficient
heatmap of flavonoid biosynthe-
sis related pathway genes and
flavonoids in A. tataricus roots.
Each row represents a gene

and each column represents a
flavonoid. Red indicates positive
correlation, while negative cor-
relation is shown in green. PAL
phenylalanine ammonia-lyase,
4CL 4 coumarate CoA ligase,
C4H cinnamate-4-hydroxylase,
CHI chalcone isomerase,

CHS chalcone synthase, F3H
flavanone 3-hydroxylase, F3'H
flavonoid 3 -hydroxylase, FLS
flavonol synthase

1 1
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H
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W

PAL,94CL, 1 C4H,2 CHI, 1 F3H, 1 DFR, 7 3AT, 1 BZI,
and 3 UGT79B1, were screened (Table S12). These genes
may be involved in the biosynthesis of flavonoids in cluster
II (including 5 anthocyanins) (Fig. 10). There were 24 genes
(104CL, 6 C4H, 2 CHI, 3 F3H, and 3 FLS) in blue, pink,
and greenyellow modules that may promote the biosynthesis
of flavonoids in cluster I (Table S12). The blue module con-
tains 7 4CL, 5 C4H, 2 CHI, 1 F3H, and 3 FLS, which may
be the key genes regulating the biosynthesis of kaempferol
(Table S12, Fig. 10).

74222207
74927239 lg-?
74.22503; 8.25
74.19226; 0.

7421047 l_g_§5
74.21047 -0.75

7424221 PAL

I EII I W IO
<4
N
o
R
.
O

74.22440 4cL

74.213584 CaH

74.208836 CHI

20829
4150954 || cug

9312
i
74119811 F3H
2220
0830
0830

F3’H

LRI AT AT R IR RIAI AL
<
N

74.282674 FLS

4
2

6

4

9

2

6

. 0
74.215197
2

4

3

0

5

3

1

4

2

DD G U6 G G G G0 I B G0 I I 60 G G0 0 GO C
N N N N S S N N N N N S S S S S TS ST

SRRIRRIRRNRRNRORBRRDRRBRRBRNDRRZRN

N

SN

I~~~
SRRRAZR
O
00

220416
74.236257

PRI R AT AL AT AR IR

Confirmation of DEGs relates to flavonoid
biosynthesis using qRT-PCR

To confirm the credibility of the transcriptome information,
we further selected 12 structural genes and 8 TFs to validate
their expression by qRT-PCR. As shown in Fig. 11, expres-
sion level of all of the selected genes displayed high consist-
ency with the RNA-seq data.
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Discussion

A. tataricus has been used as a traditional medicinal herb in
China for more than 2,000 years due to its medicinal prop-
erties, such as anti-oxidation, anti-inflammatory, and anti-
cancer, for humans (Du et al. 2017; Li et al. 2021b; Su et al.
2019; Wang et al. 2020). Li et al. reported that the anti-lung
cancer function of A. tataricus is closely related to flavonoids
such as quercetin, kaempferol, isorhamnetin, and luteolin (Li
et al. 2021b). The (2R,2"R)-7-O-methyl-2,3,2",3"—tetrahy-
drorobustaflavone, a flavonoid isolated from A. tataricus,
remarkably inhibited the proliferation of A549 cancer cells
(Chen et al. 2022). However, research about the molecular
mechanism of flavonoid biosynthesis in A. fataricus has not
been reported. In our study, the total flavonoid content of
five stages of A. tataricus roots was quantified, and an inte-
grated transcriptomic and metabolite profile analysis was
performed to understand the flavonoid biosynthesis in the
developing roots of A. tataricus. Quantification of total fla-
vonoids showed that it continued to decrease from S2 to S4.
However, there was no significant difference in the total fla-
vonoid content of S1-S2 and S4-S5 (Fig. 1b). It is obvious
that the aerial parts of A. fataricus grow rapidly from S1 to

@ Springer

MEyellow &5 — oo ooy

e | EEEKEl | Bl
vemagena [ <5 (25 NS GEIaaa & | < R o | fos
o | EEERED ] E
WErquise wnael & s v R

0

wesroun [ 25 2 25 2 22 2w [

a0 El

o | PR Bk

veec [l 0 @ f o ENENE

25 -0089 -0072

p e
MEgreenyellow il o o

-1

-025 -022 -022 04 0044
©4 049 ©9 ©n ©9)
-057 054 -054 021 -0.42
(003 (004) (004 (04) ©1)

MEgrey G ©n o oo
>
F O S @@ & S &
& & P S FFE
L F Y & T T
¢ & ¢ WY E
NI f \OQSQ N
&o\’b \O(\ \00 N rY
2 & & 4
& N 2 O a5
Y& ©
RS,
'5‘r~° O o7 Y
N & E S S
5 &K é;b@' @5?
@ S N
RO Rt

with trait, and the number in each parentheses represents p-value. The
color scale on the right represents the degree of correlation between
modules and trait and the red represent high correlation

S2. The growth of the aerial part of A. tataricus became slow
after S2, and gradually began to dry up until S4 (Fig. 1a).
These results indicated that the content of total flavonoid in
the roots of A. tataricus changed with the growth period. As
the plant grows and develops, the total content of flavonoid
in the plants is not constant. Xie et al. reported that the con-
tent of total flavonoids in Dryopteris erythrosora varied in
different seasons (Xie et al. 2015). Huang et al. reported that
the content of total flavonoid in the roots of Abrus cantonien-
sis was the highest in October, and decreased after October
(Huang et al. 2006). The content of total flavonoid in Tartary
buckwheat seeds showed a pattern of first increasing and
then decreasing (Li et al. 2019). In addition, the accumula-
tion of secondary metabolites is also affected by tempera-
ture. Alhaithloul et al. reported that low temperature stress
promoted the content of total flavonoid in tomato (Solanum
lycopersicum) seedlings, while the content of total flavonoid
decreased under high temperature stress (Alhaithloul et al.
2021). Under low temperature (4 ‘C) or high temperature (40
°C) stress, the content of total flavonoid in basil (Ocimum
basilicum cv. 'Genovese') leaves was higher than that under
normal temperature (25 °C) (Jakovljevi€ et al. 2021). In our
study, the content of total flavonoid in A. fataricus roots of
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Fig.9 KEGG histograms of different gene modules enriched in fla-
vonoid biosynthesis—related pathways. The number outside the right
square brackets of the column represents the ratio of the number of

S4 (the average daily maximum temperature is about 11 °C)
was lower than that of A. tataricus roots of S2 (the daily
average maximum temperature is about 27 °C). We speculate
that the decrease in total flavonoid content in A. tataricus
roots may be caused by the stagnation of A. tataricus growth
after S2 due to the decrease in temperature.

Through metabolite profiling analysis, a total of 80 fla-
vonoids were identified in the roots of A. tataricus. All
detected flavonoids had differential accumulation during A.
tataricus root development (Table S2). Of these flavonoids,
flavonols (31) and flavonoid (29) are the major flavonoid
compounds (Fig. 1c, Table S2). Furthermore, 70% of these
80 flavonoids belong to glycosides (Table S3). The skeletons
of most flavonoids in A. tataricus root were isorhamnetin,
kaempferol, quecetin, and myricetin. It was reported that
flavonoids such as isorhamnetin and kaempferol have the
effects of cardiovascular and cerebrovascular protection,
anti-tumor, anti-inflammatory, anti-oxidation, organ protec-
tion, and prevention of obesity (Gong et al. 2020; Imran et al.
2019). Liu et al. reported that isorhamnetin protected against
liver fibrosis by reducing ECM formation and autophagy
via inhibition of TGF-f1-mediated Smad3 and p38 MAPK
signaling pathways (Liu et al. 2019). Liu et al. reported
that kaempferol improves osteoporosis by downregulating

Percent (%)

genes annotated to the pathway to the number of annotated genes.
The numbers in the right square brackets of the columns indicate the
number of genes annotated to the pathway

miR-10a-3p and upregulating CXCL12 (Liu et al. 2021a).
Quercetin might decrease the susceptibility of neutrophils
to pro—inflammatory factors to achieve anti-inflammatory
effects (Liu et al. 2005). So far, there are few studies on the
types and accumulation patterns of flavonoids in A. tataricus
roots. This study gives us a more comprehensive understand-
ing of flavonoids in A. tataricus roots. Our study provides
some guidance for future studies on the pharmacological
effects of A. tataricus.

Anthocyanins are secondary metabolites in plants of
the flavonoid family. They are responsible for the vigorous
colors of various botanic organs and are also substantial
dietary compounds (Qin et al. 2010; Rodriguez-Saona and
Wrolstad 2001; Salamone et al. 2012). Pelargonidin and
cyanidin derivatives are the important pigments in bright
red fruits (Jaakola 2013). Shen et al. reported that glyco-
sidic pelargonidin is absent in white F. nilgerrensis fruits
compared to red fruits (Shen et al. 2020). Miyazawa et al.
reported that cyanidin 3-O-glucoside confers a red hue to
fruits (Miyazawa et al. 1999). In our data, two pelargonidin
derivatives and three cyanidin derivatives were detected in
the roots of A. rataricus. The contents of these five antho-
cyanins were highest and most of the A. tataricus roots
were purple-red in the S4 stage, when the temperature was

@ Springer



152

Journal of Plant Research (2023) 136:139-156

Fig. 10 Biosynthetic pathway

of flavonoids during root devel-

opment in A. tataricus. The

histogram displays the levels of

kaempferol and 5 anthocyanins 2 0 -2
(The histogram of flavonoids are (TITITITIITITIT]
expressed as relative content). ;
Error bars represent + standard
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lower compared to previous developmental stages. It has
been demonstrated that low temperature induces anthocya-
nin synthesis in various species (Chalker-Scott 1999; Choi
et al. 2009). Therefore, we speculate that the accumulation
of anthocyanins induced by low temperature caused the red-
dening of A. tataricus roots.

It is well known that the structural genes that encode
enzymes are involved in the biosynthesis of flavonoids. In
our study, based on KEGG enrichment analysis and gene
functional annotation, 182 DEGs that encode enzymes asso-
ciated with flavonoid biosynthesis, including PAL, 4CL,
C4H, CHS, CHI, F3H, F3'H, F3'5'H, FLS, FSII, DFR, 3AT,
BZ1, and UGT79B1, were identified by WGCNA and cal-
culating Pearson correlation coefficients between genes and
flavonoids. Of these DEGs, 129 DEGs (43 PAL, 23 4CL, 9
C4H,4 CHS, 18 CHI, 3 F3H,5 F3'H, 1 F3'5’H, 21 FLS, and
2 FSII) showed significant correlation with total flavonoid
content. Gam et al. reported that the expression levels of
CHI and FLS genes in Anoectochilus roxburghii are related
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to the total flavonoid content (Gam et al. 2020). Specific
flavonoids biosynthesis is preceded by a general phenyla-
lanine pathway involving PAL, C4H, and 4CL (Dong and
Lin 2021). It is reported that PAL, C4H, and 4CL genes
are related to the synthesis of flavonoids (Li et al 2015; Liu
et al. 2006; Singh et al. 2009). Cheng et al. showed that
PAL activity has linked to the concentration of anthocya-
nins in strawberry (Fragaria X ananassa) fruit (Cheng and
Breen 1991). The p-coumaroyl-CoA produced in the general
phenylalanine pathway is catalyzed by chalcone synthase
(CHS) to generate chalcone. Through the catalysis of CHI,
F3H, and FLS, chalcone generates dihydroflavone, dihydro-
flavonol, and flavonols sequentially (Liu et al. 2021b). CHI,
the first reported enzyme involved in flavonoid biosynthetic
pathway, is a key enzyme in flavonoid biosynthesis (McK-
hann et al. 1998). CHI over—expression could increase fla-
vonol accumulation in Arabidopsis, and stimulate the accu-
mulation of apigenin in Astragalus trigonus (Elatabi et al.
2021; Jiang et al. 2015). Flavonol synthase catalyzes the
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Fig. 11 qRT-PCR verified the DEGs related to flavonoid biosynthe-
sis DEGs during aster root development. Relative expression lev-
els of qRT-PCR were calculated using actin as a standard. Pearson
correlation coefficients were calculated by comparing qRT-PCR
and RNA-seq data for each gene across all samples. Error bars rep-

production of flavonols from dihydroflavonols, the flavonols
is a subclass of the flavonoids. Overexpression of FLS gene
in chrysanthemum morifolium can increase the content of
flavanols in tobacco (Wang et al. 2021). The above studies
showed that CHI and FLS genes can promote the accumula-
tion of flavonols. Our study found 2 CHI and 10 FLS genes
were highly associated with flavonols, such as kaempferol
and isorhamnetin. These results indicated that these genes
are the key genes involved in the regulation of flavonol syn-
thesis in A. tataricus.
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resent + standard deviation (n=3). PAL phenylalanine ammonia-
lyase, C4H cinnamate-4-hydroxylase, FLS flavonol synthase. S1, S2,
S3, S4, and S5 represent A. tataricus were harvested on the 15th of
August, September, October, November and December, respectively

In addition to the structural genes, many classes of regu-
latory genes, such as AP2/ERF, MYB-bHLH-WD40 com-
plexes, bZIP, MYB, NAC, and WRKY have been identi-
fied to play a role in flavonoid biosynthesis in higher plants
(Morishita et al. 2009; Terrier et al. 2009; Wang et al. 2018;
Xu et al. 2015; Zhang et al. 2022; Zhao et al. 2021). The
AP2/EREF transcription factors modulate the accumula-
tion of flavonoid by regulating CHI in citrus (Zhao et al.
2021). In apple (Malus pumila Mill.), bZIP44 promotes
anthocyanin in response to ABA by enhancing the binding
of MYBI to the promoters of downstream target genes (An
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et al. 2018). Overexpression of the Arabidopsis NAC078
transcription factor results in a significant increase in the
transcriptional levels of genes related to flavonoid biosyn-
thesis and the levels of anthocyanins in Arabidopsis under
high-light (Morishita et al. 2009). Potato (Solanum tubero-
sum) StWRKY13 can promote anthocyanin biosynthesis by
activating the transcription of flavonoid biosynthesis—related
genes such as StCHS, StF3H, and StDFR in potato tubers
(Zhang et al. 2021). In our study, based on transcriptome
data, we found that 65 important TFs including AP2/ERFs,
bHLH, bZIP, MYB, NACs, and WRKY showed higher
correlation values (r>0.8) with total flavonoid content
(Table S11). These differentially expressed TFs might be
candidate regulators of flavonoid synthesis in A. tataricus
roots.

In summary, the total flavonoid content was different in
roots of A. tataricus at different developmental stages. Based
on metabolome and transcriptome data, we revealed the fla-
vonoid biosynthesis metabolic pathway in A. tataricus root.
A total of 83,398 DEGs and 80 flavonoid metabolites were
identified with differential accumulation during A. tatari-
cus root development. The skeletons of most flavonoids in
A. tataricus roots were isorhamnetin, kaempferol, quece-
tin, and myricetin. Classification of 80 flavonoids into three
subgroups with different accumulation patterns base on a
K-means clustering algorithm. The genes involved in flavo-
noid biosynthesis were identified by combined analysis of
transcriptome and metabolome data of the roots of A. tatari-
cus. Our results provide valuable information on understand-
ing flavonoid compositions and accumulation patterns and
the candidate genes involved in the flavonoid biosynthesis
pathways in A. tataricus.
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