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Introduction: WRKY TFs (WRKY transcription factors) contribute to the synthesis
of secondary metabolites in plants. Betalains are natural pigments that do not
coexist with anthocyanins within the same plant. Amaranthus tricolor (‘Suxian
No.1l’) is an important leaf vegetable rich in betalains. However, the WRKY family
members in amaranth and their roles in betalain synthesis and metabolism are
still unclear.

Methods: To elucidate the molecular characteristics of the amaranth WRKY gene
family and its role in betalain synthesis, WRKY gene family members were
screened and identified using amaranth transcriptome data, and their
physicochemical properties, conserved domains, phylogenetic relationships,
and conserved motifs were analyzed using bioinformatics methods.

Results: In total, 72 WRKY family members were identified from the amaranth
transcriptome. Three WRKY genes involved in betalain synthesis were screened
in the phylogenetic analysis of WRKY TFs. RT-qPCR showed that the expression
levels of these three genes in red amaranth ‘Suxian No.1" were higher than those
in green amaranth ‘Suxian No.2" and also showed that the expression level of
AtrWRKY42 gene short-spliced transcript AtrWWRKY42-2 in Amaranth ‘Suxian
No.l" was higher than that of the complete sequence AtrWRKY42-1, so the
short-spliced transcript AtrWRKY42-2 was mainly expressed in ‘Suxian No.2'
amaranth. Moreover, the total expression levels of AtrWRKY42-1 and
AtrWRKY42-2 were down-regulated after GAz treatment, so AtriWRKY42-2 was
identified as a candidate gene. Therefore, the short splice variant AtrWWRKY42-2
cDNA sequence, gDNA sequence, and promoter sequence of AtriWRKY42 were
cloned, and the PRI 101-AN-AtrWRKY42-2-EGFP vector was constructed to
evaluate subcellular localization, revealing that AtriWRKY42-2 is located in the
nucleus. The overexpression vector pRI 101-AN-AtrWRKY42-2-EGFP and VIGS
(virus-induced gene silencing) vector pTRV2-AtrWRKY42-2 were transferred into
leaves of ‘Suxian No.l' by an Agrobacterium-mediated method. The results
showed that AtrWRKY42-2 overexpression could promote the expression of
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AtrCYP76AD1 and increase betalain synthesis. A yeast one-hybrid assay
demonstrated that AtrWRKY42-2 could bind to the AtrCYP76AD1 promoter to
regulate betalain synthesis.

Discussion: This study lays a foundation for further exploring the function of
AtrWRKY42-2 in betalain metabolism.

KEYWORDS

Amaranthus tricolor L., betalain, AtrWRKY42-2 gene, relative expression level of WRKY
TFs, functional analysis

1 Introduction

Amaranth (Amaranthus tricolor L.) is an annual plant with
beneficial health effects. It is cultivated in many countries. It is
native to India (Parveen et al., 2018) and distributed in southern
Asia (Wang et al,, 2019), Central Asia, Japan, and other places.
Amaranth is rich in betalains, characteristic pigments in
Amaranthaceae (Chang et al., 2021), and betalain structure in the
species differs from that of betalain in beet. Amaranth is an
important resource for betalain extraction and research (Zheng
et al., 2016).

Betalains exist in only 15 families in Caryophyllales and the
fungus Amanita muscaria (Clement and Mabry, 1996; Polturak
etal., 2018). The stability of betalains from different sources varies
in the temperature range of 50-90°C; accordingly, botanists use
the thermal stability of betacyanins as a chemical classification
index (Martins et al., 2017; Carreon-Hidalgo et al., 2022).
Betalains are classified as betacyanins and betaxanthins. There
are four main types of betacyanins: amaranthin, betanin,
gomphrenin, and decarboxybetanin (Strack et al., 2003; Cai
et al,, 2006). Amaranthin is biosynthesized from betanin (Gins
etal,, 2002) and has only been detected in the genus Amaranthus.
The betalain synthesis pathway in plants has been characterized.
Cytochrome P450 enzyme CYP76AD catalyzes tyrosine to L-
DOPA (Polturak et al., 2016), Subsequently, .-DOPA is
catalyzed to an open cyclo-DOPA by 4,5-dopa dioxygenase

Abbreviations: CK, Untreated blank control group; GA;, Gibberellin A3; Ps33,
Paclobutrazol; BLAST, basic local alignment search tool; bp, base pair; CDD,
conserved domains database; cDNA, complementary DNA; CDS, coding
sequence; CYP, cytochrome P450; DODA:4,5-dopa dioxygenase extradiol;
DOPA, 4,5-dihydroxy-phenylalanine; EGFP, Enhanced Green Fluorescent
Protein; HMM, Hidden Markov Model; MYB, myb proto-oncogene protein;
NCBI, National Center for Biotechnology Information; pl, theoretical isoelectric
point; RT-qPCR, reverse transcription quantitative real-time polymerase chain
reaction; VIGS, virus-induced gene silencing; WRKY, wrky protein; gDNA,
genomic DNA; AtrWRKYs, Amaranth WRKY transcription factor family;
TyDC:Tyrosine dehydrogenase; B5-GT, betanidin 5 glucosyltransferase; B6-GT,
betanidin 6 glucosyltransferase; PCR, polymerase chain reaction; AD, pGADT7
recombinant plasmid; gDNA, Genomic DNA; ¢cDNA, Transcriptome DNA;
DAPI, DAPIT staining kit; NJ, neighbor-ending method.
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extradiol (or DODA enzyme) and then spontaneously forms
betalamic acid, which is the core skeleton of all betalain
compounds and can spontaneously combine with amino acids
or amines to produce betaxanthin (Polturak and Aharoni, 2018;
Sheehan et al., 2020). At the same time, dopamine is oxidized by
the cytochrome P450 enzyme CYP76AD1 to form cyclo-DOPA,
and cyclo-DOPA spontaneously condenses to form beta-glucoside
ligand, which then generates betacyanin under the action of beta-
glucoside ligand-5-O-glucosyl transferase (Hatlestad et al., 2012;
Hatlestad et al., 2015; Alfonso et al., 2019). MYB transcription
factors regulate the synthesis of betalain via DODA and
CYP76ADI (Xie et al,, 2016; Peng et al., 2019). In addition,
WRKY TFs in pitaya participate in the regulation of CYP76ADI
and thus regulate betalain synthesis (Cheng et al., 2017; Zhang
et al., 2021).

WRKYs are a plant-specific transcription factor family, named
for the conserved WRKYGQK7 amino acid sequence. This family
has been identified in Arabidopsis (Birkenbihl et al., 2018), sorghum
(Baillo et al,, 2020), maize (Hu et al., 2021), pitaya (Chen et al,
2022), Beta vulgaris (Cheng et al., 2017; Wu et al,, 2019; Zhang et al.,
2021), banana (Jia et al, 2022), and other taxa. WRKY proteins
could specifically bind to the TTGAC sequence (also known as W-
box) to regulate gene transcription, and their expression is mainly
induced by pathogenic bacteria, injury, and SA (salicylic acid) (Li
et al., 2020). WRKY proteins are involved in plant development,
metabolic regulation (Zhang et al., 2018; Su et al., 2022), plant stress
responses (Li et al.,, 2020), and aging . WRKY TFs regulate betalain
metabolism in pitaya. In particular, HmoWRKY40, HpWRKY44,
HpWRKY3, and HpWRKYI8 play important roles in the color
transformation and betalain accumulation of pitaya (Cheng, 2018;
Zhang, 2020).

We have identified genes involved in betalain metabolism in
amaranth, such as AtrCYP76ADI1, AtrDODA, AtrDOPA5-GT,
AtrB5-GT, and AtrB6-GT, by transcriptomics analyses (Zheng
et al, 2016). However, the specific WRKY TFs in amaranth
involved in betalain synthesis and the underlying regulatory
mechanisms have not been determined. In this study, we
identified WRKY TFs and demonstrated that AtrWRKY42-2
interacts with the promoter of AtrCYP76ADI, thereby regulating
the betalain synthesis in amaranth. These findings provide new
insight into betalain synthesis.
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2 Materials and methods
2.1 Materials and treatment

Seeds of ‘Suxian No.l’ and ‘Suxian No.2” were provided by
Suzhou Academy of Agricultural Sciences. ‘Suxian No.l” was dark
red and rich in betalains. ‘Suxian No.2’ was light green and did not
contain betalains (Figure 1). The leaves (functional leaves) of ‘Suxian
No.l’ from potted seedlings at about one month were used for
transient transformation and virus-induced gene silencing (VIGS).
All samples were frozen in liquid nitrogen immediately and stored at
—-80°C for further analyses. Briefly, 1 mg/L GA; and 2 mg/L
paclobutrazol (PPs33) were added into MS medium supplemented
with sucrose (30 g/L) and agar (7 g/L) (Pan et al,, 2018; Zhao et al,
2019; Xiao et al, 2021). The sterilized seeds of ‘Suxian No.l’ and
‘Suxian No.2” were inoculated in the medium. Medium without
hormones was used as a control. Each treatment was evaluated
with 15 bottles and three biological replicates. After 7 days of
culture, the hypocotyl at the amaranth seedling stage was collected.

2.2 Identification of WRKY gene family
members in amaranth

2.2.1 Data sources, gene identification, and
physical parameters

Transcriptome data for amaranth were obtained from our
constructed database (SRA:SRX7816306-SRX7816311) (Liu et al.,
2019). Gene screening was performed using hidden Markov models
(HMM). The WRKY domain was downloaded from Pfam (PF03106)
(http://pfam.xfam.org/, accessed on October 19, 2021) and was
employed to identify all possible WRKY genes in amaranth using
HMMER (Chen et al., 2015) with an e-value threshold of -5. Each
candidate WRKY gene was further confirmed using SMART (http://
smart.embl-heidelberg.de/) and the Conserved Domain Database
(CDD, http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).
Physical parameters, including the molecular mass and theoretical
isoelectric point (pI) of the deduced WRKY proteins were
investigated using ExPASy (http://web.expasy.org/protparam/).

2.2.2 Analyses of conserved motifs and
conserved domains of WRKY proteins

Conserved motifs of AtrWRKY proteins were identified using
MEME (Multiple Expectation Maximization for Motif Elicitation)
[http://meme-suite.org/tools/meme (accessed on October
29, 2022)].

Amino acid sequence logos of WRKY were generated using the
WebLogo platform (https://weblogo.berkeley.edu/logo.cgi).
DNAMANT7 (company: Lynnon Corporation; Version 7.0.2.176)
was used to compare the amino acid sequences of WRKY
homologies in different species.

2.2.3 Phylogenetic analysis of AtrWRKYs

Full-length amino acid sequences for a phylogenetic analysis
were obtained from pitaya (Cheng et al., 2017; Chen et al.,, 2022)
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and Beta vulgaris (Wu et al, 2019). A phylogenetic tree was
constructed by the neighbor-joining method (NJ) using MEGA11
(Version 11.0.8) with 1000 boot-strap replicates. Evolview (https://
www.evolgenius.info/evolview/#/treeview) was used to visualize the

phylogenetic tree.

2.2.4 RT-qPCR analyses

Total RNA was isolated from samples using MolPure Plant Plus
RNA Kit (Yeasen, China) according to the manufacturer's
instructions. First-strand cDNA was synthesized from 1 ug of total
RNA using Recombinant M-MLV reverse transcriptase (TransGen
Biotech, Beijing, China). Quantitative real time-PCR (qRT-PCR) was
performed in optical 96-well plates using the Roche LightCycler 480
instrument (Roche, Sweden). The reactions were carried out in a 20
UL volume containing 10 UL of SYBR Premix Ex Tagq, 0.8 UL of gene-
specific primers, 2 UL f diluted cDNA, and 6.4 uL of ddH,0. The
PCR conditions were as follows: 30 s at 95°C, 45 cycles of 10 s at 95°C
and 20 s at 59°C, followed by 12 s at 72°C. Three biological repeats
were performed for each material. SAND (Xiao et al., 2021) was used
as the internal reference gene. Excel 2016 was used for data analyses,
SPSS 20 was used to evaluate the homogeneity of variances, and the
274 method was used for quantitative analyses of gene expression.
The primer pairs used for the qRT-PCR analysis of WRKY genes are
listed in Supplementary Table S1.

2.3 Cloning and subcellular localization

2.3.1 Cloning and sequence analysis of
AtrWRKY42-2

The cDNA and gDNA sequences of AtrWRKY42-2 were cloned
from ‘Suxian No.l’ and ‘Suxian No.2’ samples. The genomic
sequence and its corresponding coding sequences (CDS) were
compared using GSDS (Gene Structure Display Server) (http://
gsds.cbi.pku.edu.cn/).

2.3.2 Subcellular localization of AtrWRKY42-2

The full-length coding sequence of AtrWRKY42-2 was inserted
into the pRI 101-AN-EGFP vector (primers are listed in
Supplementary Table S1). Agrobacterium strain GV3101 cells
carrying pRI 101-AN-AtrWRKY42-2-EGFP and pRI101-AN-
EGFP were infiltrated into onion inner epidermis cells. Transient
expression of EGFP was recorded using a laser confocal microscope
(Olympus model: FV1200 4 laser) at 405 nm. Onion epidermis cells
were stained with DAPI to evaluate nuclear localization, and the
fluorescence signal was visualized by laser confocal microscopy at
473 nm.

2.3.3 Promoter cloning and sequence analysis

The promoter of AtrWRKY42-2 was cloned from total genomic
DNA of ‘Suxian No.1’ using the TaKaRa Genome Walking Kit (see
Supplemental Table S1 for specific primers). Promoter elements
and conserved binding domains of AtrWRKY42-2 were analyzed
using PlantCARE (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/, accessed on November 10, 2022).
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2.4 Functional analysis of AtrWRKY42-2

pRI 101-AN-AtrWRKY42-2-EGFP and pRI 101-AN-EGFP
were transformed into the Agrobacterium tumefaciens strain
GV3101. The bacterial cells were resuspended to an OD600 of
0.8-1.0 using MMA buffer (10 mM MES, 10 mM MgCl,, 100 uM
acetosyringone) at a 1:1 ratio. Subsequently, bacterial cells were
infiltrated into amaranth leaves. Then these seedlings were
cultured in the dark at 25°C for 1-2 days. These seedlings were
then transferred to a culture room set to 16 h/8 h (light/dark) and
25°C. Plant phenotypes were observed. The transiently
transformed plants were cultured for 1 week (including dark
treatment for 2 days), and the 7th to 8th true leaves were
collected to detect gene expression levels and determine the
betalain content.

The gene fragment with the AtrWRKY42-2 conserved domain
was cloned into the pTRV2 vector. pTRV1, pTRV2, and pTRV2-
AtrWRKY42-2 were transformed into Agrobacterium tumefaciens
strain GV3101. The bacterial cells were resuspended to an OD600 of
0.6~0.8 using an MMA buffer. pTRV2 (negative control) and
PTRV2- AtrWRKY42-2 were separately infiltrated into amaranth
leaves with pTRV1 in a ratio of 1:1. The culture conditions were the
same as those described above. The leaves were collected for the
detection of gene expression level and the determination of
betalain contents.

2.5 Measurement of betalain contents

Betalain contents were determined as described by Hua et al.
(Hua et al, 2016) The absorption peaks of betacyanin and
betaxanthin at 538 nm and 465 nm were determined by
ultraviolet-visible spectrum spectrophotometer (UV-900,
Shanghai Yuan Analysis Instrument Co., Ltd.). The betacyanin
and betaxanthin contents were calculated according to a molar
extinction coefficient of betaxanthin of 5.66 x 10* All
determinations were performed in triplicate.

2.6 Yeast one-hybrid assay of AtrWRKY42-
2 and the AtrCYP76AD1 promoter

The promoter of AtrCYP76ADI (see Supplementary Text S2 for
the sequence) was ligated to the pHis II yeast reporter vector to
form a pPromoter-pHis II recombinant bait vector. AtrWRKY42-2
was ligated into the expression vector pGADT7 to construct the
PGADT?7-AD recombinant vector and the pGADT7-AtrWRKY42-2
vector plasmid was used to transform the positively verified
AtrCYP76ADI- pHis II (primers are listed in Supplementary
Table S1). The bait yeast strain Y187 was cultured at 30°C for 3
days. Two deficient media, SD/-Leu-Trp and SD/-Leu-Trp-His-
Ade, were used to detect the interaction between Atr WRKY42-2 and
the AtrCYP76ADI promoter based on yeast growth.
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3 Results

3.1 Identification and physical parameters
of WRKY gene family members
in amaranth

A total of 72 putative WRKY genes were screened by a
systematic analysis of the transcriptome of A. tricolor. These
WRKY genes were termed AtrWRKY1 to AtrWRKY72. The full-
length CDS of the AtrWRKY genes ranged from 818 bp
(AtrWRKY12 and AtrWRKY3I) to 5459 bp (AtrWRKY15) with
deduced proteins of 178-1093 amino acids. Furthermore, the
computed molecular weights of these WRKY proteins ranged
from 19517.74 to 124261.7 Da. The theoretical pI of the deduced
AtrWRKY proteins ranged from 5.11 to 9.96. The detailed
sequences and annotation are listed in Supplementary Table S3.

3.2 Classification and phylogenetic tree
analysis of Amaranth AtrWRKYs

3.2.1 Conserved motifs and domains of AtrWRKYs

A total of 15 conserved motifs were detected from AtrWRKYs
using the MEME tool. Each motif contained 15-50 amino acids,
and each sequence included 2-12 motifs. Motifs 1 and 3 formed the
main structure of the WRKY domain (WRKYGQK), and Motifs 2,
10, and 13 contained a zinc-finger motif. The most frequent motifs
of AtrWRKYs were Motif 1, Motif 5, and Motif 2, which showed
high amino acid sequence conservation and represent the
AtrWRKY domain (Figure 2). AtrWRKY6, AtrWRKY72,
AtrWRKY10, and AtrWRKY43 all had Motif 14. However, Motif
9 was only identified in AtrWRKY®63.

3.2.2 Phylogenetic analysis and structural
classification of WRKY genes in A. tricolor

At the amino acid sequence level, the family motifs were well
conserved (Figures 3A, B). To evaluate the evolutionary history of
the WRKY gene family in A. tricolor and to uncover their
classification and function in betalain synthesis, 72 WRKY
proteins from A. tricolor, Beta vulgaris (betalain), and ‘Guan
Huahong'pitaya (betalain) were used to construct a phylogenetic
tree using the NJ method implemented in MEGA11l. Among the
selected AtrWRKY7, AtrWRKY40, and AtrWRKY42-2 proteins,
WRKY homologs in the same group/subgroup as those in sugar
beet and pitaya may have similar functions. AtrWRKY7 and
AtrWRKY40 were homologous to AtWRKY25 and HmoWRKY40,
respectively. In particular, AtrWRKY42-2 was homologous to
HpWRKY44, AtWRKY44, and BvWRKY44.We predicted that
AtrWRKY?7, AtrWRKY40, and AtrWRKY42-2 might be involved
in betalain synthesis (Figure 3C).

An un-rooted phylogenetic tree was constructed based on the
alignments of the WRKY motif and zinc-finger motif from
amaranth using the NJ method (Figures 2, 3C). The AtrWRKYs
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‘Suxian No.l’

FIGURE 1
Phenotypic differences between typical potted seedlings of ‘Suxian No.1'

were divided into four groups (Groups I-IV). Group I contained
two WRKY domains and C,H, type zinc finger protein domains,
including 19 AtrWRKYs. Group II contained one WRKY domain
and C,H, type zinc finger protein domain, including 48
AtrWRKYs. Group III only contained one zinc finger motif of
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FIGURE 2
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‘Suxian No.2’

(left) and 'Suxian No.2" (right)

type C,HC and one protein domain (Huang et al., 2012; Wang et al.,
2014), including four AtrWRKYs (AtrWRKY65, AtrWRKY38,
AtrWRKY58, and AtrWRKY26). AtrWRKY43 belonged to Group
IV, which contained one WRKY domain and an incomplete C,H,
type zinc finger protein domain (Eulgem et al., 2000).
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Analysis of conserved motifs and conserved domains of AtrWRKYs. Motif1l-15 represents the conserved sequence of AtrWRKYs members. WRKY and
WRKY superfamily represent the conservative domain of AtrWRKYs members.LRR superfamily; NB-ARC superfamily represents the LRR and NB-ARC
domains; Plant_zn_clust represent plant zinc cluster.(AtrWRKYs: Amaranth WRKY transcription factor family)
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FIGURE 3
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ARMAY
JORIMAY

1

Conserved amino acid sequence analysis and WRKY phylogenetic tree analysis. (A) Comparison of the conserved domain (WRKY-a) of AtrWRKY
family members; (B) Comparison of the WRKY-b conserved domain (The higher the bit value in the log map of the domain, the more conserved the
corresponding amino acid; WRKY-a: upstream domain of the gene sequence; WRKY-b: downstream domain of gene sequence); (C) WRKY
phylogenetic tree (Red circle represents amaranth, blue triangle represents pitaya, and yellow star represents sugar beet. The green circle represents

the WRKY members classified in group IV).

3.3 Sequence comparison of transcript
AtrWRKY42-1 and AtrWRKY42-2

As shown in Figure 4, the complete transcript sequence was
named AtrWRKY42-1 (CL2645.Contigl_All), and short splice
transcript was one of the transcripts of the AtrWRKY42 gene,
named AtrWRKY42-2 (CL2645.Contig2_All). AtrWRKY42-2 had
only one conserved domain, which was one fewer domain than the
complete protein-coding gene, and it could be confirmed as a
member of Group II according to the WRKY classification criteria.

A sequence alignment of WRKY44 homologues in beet, pitaya,
and Arabidopsis (see Supplementary Text S4 for sequence details)
showed that the other four proteins were clearly different from the
AtWRKY44 protein motif (Figure 4). We further analyzed the
AtrWRKY42-2 conserved domains. WRKY proteins involved in
betalain synthesis from pitaya, B. vulgaris, Arabidopsis, and
amaranth revealed that AtrWRKY42-2 had the same domain and
zinc finger structure as those of the WRKY44 cluster. Except for
AtWRKY44, the other three genes had special amino acid sequence
fragments (Figure 4).
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3.4 Expression patterns under treatment
with plant growth regulators

To further identify betalain-related WRKY genes from A.
tricolor, the expression patterns of AtrWRKY7\40\42 genes in
the leaves of ‘Suxian No.1” and ‘Suxian No.2” were determined by
RNA-seq. We have previously found that GA;, 2,4-D, and 6-BA
promote the growth of amaranth, the accumulation of betacene in
amaranth is inhibited by GA; and 2,4-D, and PP33; promotes the
synthesis of betacene (Liu et al., 2018; Pan et al., 2018). Therefore,
we determined the expression patterns of Atr WRKY7\40\42 genes
under treatment with 1 mg/L GA; and 2 mg/L paclobutrazol to
verify the expression of the putative WRKY TFs. As shown in
Figure 4, the expression levels of AtrWRKY7\40\42 were altered
in the ‘Suxian No.l’ leaves. In particular, AtrWRKY40 was
upregulated under GAj; treatment, Atr WRKY42-2 was
downregulated, and AtrWRKY7 expression did not differ
between treatment and control groups. AtrWRKY40 was
upregulated under paclobutrazol treatment, AtrWRKY7 was
downregulated, and AtrWRKY42 was upregulated (Figure 5).
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FIGURE 4
Homologous gene protein difference. WRKYGQK: WRKY domain; Zinc finger structure: C-x4-C-x23-H-x-H; Red box is the betalain synthesis-
related WRKY specific amino acid sequence. "Atr” stands for Amaranth, "At" stands for Arabidopsis, "Bv” stands for B. vulgaris, and "Hp" stands pitaya.
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‘Suxian No.1” and ‘Suxian No.2’, encoding 348 amino acids, with an
isoelectric point (pI) of 7.58 (see Supplementary Table S3), and the
gDNA sequences were identical (Figures 6A, B).

A 1891 bp promoter region (see Supplementary Text S2 for the
sequence) was successfully amplified. In this region, a transcription
start site (TSS), a TATA-box 1000 bp upstream of the TSS
(Figure 6C), and a large number of other cis-acting elements
(Supplementary Table S5) were predicted based on a PlantCARE
database analysis.

3.5.2 Subcellular localization of AtrWRKY42-2

The full-length CDS of AtrWRKY42-2 was fused with the EGFP
gene to analyze its subcellular localization. Ater the transient
expression of constructs in the inner epidermis of onion, green
fluorescence of Atr WRKY42-2 was detected exclusively in the nuclei
(as evaluated by 4’,6-diamidino-2-phenylindole (DAPI) staining);
however, in the positive control, the EGFP signal was observed
around the cytoplasm, cell membrane, and nuclei (Figure 7).

3.6 Functional analysis of AtrWRKY42-2

3.6.1 Overexpression of AtrWWRKY42-2
in amaranth

As shown in Figure 8A, when compared with expression in the
control and empty plasmid group, the overexpression of
AtrWRKY42-2 was visualized as dark red in the scales of ‘Suxian
No.l” amaranth. There were no significant differences in the

10.3389/fpls.2023.1300522

betaxanthin content among transgenic plants, blank control
group, and positive control group. However, the betacyanin
content in transgenic plants was significantly higher (P < 0.05)
than that in the control (Figure 8B). Results from the RT-qPCR
analyses showed that AtrWRKY42-2, CYP76AD1, TyDC, MYBI, B5-
GT, and B6-GT (Download ID and primer sequences are shown in
Supplementary Table S1), key genes involved in betalain
metabolism, were upregulated in plants overexpressing
AtrWRKY42-2 (Figure 8C). These findings were consistent with
the leaf phenotype and betacyanin content.

3.6.2 VIGS analysis of AtrWRKY42-2

The silencing of AtrWRKY42-2 resulted in new green leaves
(although not completely green) after 2-3 weeks of transformation
(Figure 9A). There was no significant difference in the betaxanthin
content between plants with gene silencing and the control;
however, the betacyanin content in leaves was significantly lower
in plants with gene silencing than in the control (Figure 9B). The
RT-qPCR analysis showed that the expression levels of key genes in
betalain synthesis were significantly decreased by gene silencing
(Figure 9C). These results indicate that AtrWRKY42-2 plays an
important role in the betacyanin biosynthetic pathway of amaranth,
and silencing AtrWRKY42-2 inhibited the synthesis of betacyanin.

3.6.3 Interaction of AtrWRKY42-2 with the
AtrCYP76AD1 promoter

The promoter of AtrCYP76AD1 was cloned from ‘Suxian No.l’
amaranth (unpublished) (see Supplementary Text S2 for the
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AtrWRKY42-2 gene structure and AtrWRKY42-2 cis-regulatory elements. (A) Gene structure of AtrWWRKY42-2 in ‘Suxian No.1' variety; (B) Gene
structure of AtriWRKY42-2 in 'Suxian No.2" variety; (C) Distribution of cis-acting elements of the AtrWRKY42-2 promoter.
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FIGURE 7

Subcellular localization of pRI 101-AN and AtrWRKY42-2 proteins in onion. Red arrows indicate the location of EGFP and DAPI fluorescence signals
in cells. Bars=100pum.
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FIGURE 8

Agrobacterium-mediated transient transformation of the lower epidermis of amaranth leaves, revealing that the overexpression of AtrWRKY42-2
promotes the synthesis of betalain in amaranth. (A) Plant leaves after transient transformation for 7 days (I: Blade face; II: Back of the blade)

(B) Betalain content in leaves in plants with different transient transformations (C) Relative expression of betalain synthesis-related genes in leaves of
plants with different transient transformations. (a, b and c indicate significant differences at p < 0.05; Bars: 1 cm)
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Silencing of AtrWRKY42-2 inhibits betalain production. (A) Positive control plants (left) and VIGS transgenic positive plants (right) Phenotype.
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synthesis in transgenic plants with gene silencing. Three biological replicates were performed for each sample (a, b and c indicate significant

differences at p < 0.01; Bar = 1 cm).

sequence). A typical W-box motif was identified in the
AtrCYP76AD1 promoter, which is a cognate binding site for
WRKY TFs, suggesting that WRKY TFs are involved in the
regulation of AtrCYP76ADI. Therefore, the interaction between
AtrWRKY42-2 and the promoter of AtrCYP76ADI1 was evaluated
using a yeast one-hybrid assay. Yeast cells carrying only pHis II-
AtrCYP76AD1-Pro could not grow on SD/-Leu-Trp-His-Ade
medium (Figure 10). Yeast cells containing pHis II-
AtrCYP76AD1-Pro+pGADT7-AtrWRKY42-2 were grown on
SD/-Leu-Trp-His-Ade medium (Figure 10). These results suggest
that AtrWRKY42-2 binds directly to the promoter of
AtrCYP76AD1 and may be involved in the biosynthesis of
amaranth betalains.

4 Discussion

The WRKY TFs are a universal gene family in higher plants,
controlling plant growth and development under normal and stress
conditions (Jiang et al., 2017; Gangola and Ramadoss, 2020; Li et al.,
20205 Jia et al., 2022). However, WRKY gene family members in A.
tricolor have not been identified and characterized. We screened 72
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AtrWRKY genes from the A. tricolor transcriptome database, which
was more than 70 genes reported in pitaya (Chen et al., 2022) and 2
genes in Beta vulgaris (Wu et al., 2019). AtrWRKYs were divided
into four subfamilies according to their domain and zinc finger
structure, consistent with the previous classification of WRKY TFs
(Eulgem et al., 2000; Huang et al., 2012; Wang et al., 2014).
Betalains are a unique lineage in anthocyanin evolution
(Alfonso et al, 2019; Li et al, 2019). However, they cannot
coexist within the same plant. Betalains have only been detected
in Caryophyllales species, with the exception of Caryophyllaceae
and Molluginaceae species, as well as some higher fungi. The
WRKY TFs has important roles in higher plants, including roles
in plant growth and development and secondary metabolite
synthesis under the normal and stress conditions (Peng et al,
2019; Hu et al., 2021; Chen et al., 2022). Recent studies have also
shown that WRKY TFs are involved in betalain metabolism in
pitaya (Gangola and Ramadoss, 2020; Hu et al., 2021; Chen et al,,
2022). In pitaya, HmoWRKY40 and HpWRKY44 promote the
synthesis of betalains (Cheng et al, 2017; Zhang et al, 2021),
while HmoWRKY42 inhibits the synthesis of betalains (Chen
et al,, 2022). A phylogenetic analysis revealed that AtrWRKY42-2
was homologous to HmoWRKY44 and BvWRKY44. However, the
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SD/-Leu-Trp-His-Ade

AtrWRKY42-2 and AtrCYP76AD1 promoter yeast one-hybrid assay. The experiment was repeated independently three times. SD/-Leu-Trp and SD/-

Leu-Trp-His-Ade indicate yeast single defect medium.

amino acid sequences of BYWRKY44, AtrWRKY42-2, and
HpWRKY44 in betalain-producing differed from AtWRKY44 in
Arabidopsis (Figure 3C). Some studies have found that AtWRKY44
only regulates the biosynthesis of phenylpropyl and indole alkaloids
(Johnson et al., 2002; Mao et al., 2011), no one studied the role of
AtWRKY44 in betalain synthesis, so we speculated that amino acid
substitutions are involved in the regulation of betalain synthesis.
Therefore, we speculated that the amino acid substitutions are
involved in the regulation of betalain synthesis. Further studies
are needed to verify whether the transfer of AtWRKY44 into A.
thaliana mediated by A. tumefaciens regulates anthocyanin
synthesis and increases the anthocyanin content, similar to the
other three WRKY homologues.

Betalain accumulation could make the amaranth leaves red
(Barba-Espin et al,, 2018; Fan et al., 2020), which is determined by
environmental conditions and transcription factors (Erika et al,
2018; Preczenhak et al., 2019; Guerrero-Rubio et al., 2020; Sakuta
et al,, 2021; Sokolova et al,, 2022). Our previous studies have
indicated that various environmental factors and hormones (GA;
and 2,4-D) influence betalain biosynthesis (Xiao et al., 2021). The
predicted cis-acting elements of AtrWRKY42-2 contain TC-rich
repeats, STREs, and so on based on a PlantCARE database analysis
(Supplementary Table S5). Therefore, we speculated that these
factors affect betalain synthesis via WRKY TFs. We found that
the function of AtrWRKY42-2 in amaranth is similar to those of
HpWRKY44 and HmoWRKY40 in pitaya (Cheng et al., 2017; Zhang
et al., 2021), and all of these loci promote the accumulation of
betalains. When the WRKY domain and zinc finger structure of
AtrWRKY42-2 were silenced by VIGS technology, betacyanin
synthesis was inhibited. In contrast, betacyanin accumulation in
amaranth was promoted by AtrWRKY42-2 overexpression. In
analyses of the relative expression of AtrWRKY42-2 and key
genes involved in betalain synthesis, we observed that the gene
expression levels were associated with the betacyanin content.
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These results indicated that AtrWRKY42-2 promotes betacyanin
synthesis. However, there was no difference in the betaxanthin
content between transgenic plant and the control. These results
content showed that AtrWRKY42-2 was not involved in
betaxanthin synthesis. Perhaps it was synthesis by other
CYP76AD members and transcription factors. Previous studies
have shown that the synthesis of betacyanin mainly depends on
the action of CYP76ADI to synthesize cyclo-DOPA, and
maintaining the ratio of CYP76ADI and CYP76ADp (CYP76ADS,
6, 15) can regulate the synthesis ratio of betacyanin and
betaxanthin. (Sunnadeniya et al., 2016). However, the regulation
of AtrWRKY42-2 in this study only led to the differential expression
of key genes involved in the synthesis of betacyanin such as
CYP76ADI, and it did not affect the expression of CYP76ADf
subfamily members (CYP76AD5, 6, 15) to exercise hydroxylation.
Further functional studies of AtrWRKY7 and AtrWRKY40 are
in progress.

WRKY TFs recognize and bind to the TTGAC(C/T) W-box in
the promoter regions of target genes (Chen et al., 2019). WRKY TFs
can bind not only upstream promoters (Brand et al., 2013;
Madhunita and Ralf, 2014) but also to upstream promoters of
other genes regulated by WRKY TFs (Cheng et al., 2017; Li et al,,
2020; Zhang et al., 2021; Chen et al., 2022; Zheng et al., 2022). The
AtrWRKY42-2 promoter sequence contained six W-box elements
that specifically bind WRKY TFs. These results indicated that
AtrWRKY42-2 binds to itself or other WRKY TFs. In addition,
the AtrCYP76ADI promoter sequence contains a W-box element of
WRKY TFs. AtrWRKY42-2 could activate AtrCYP76ADI, a key
gene involved in betalain synthesis, by binding to its promoter
responsible for betalain biosynthesis in amaranth. HpWRKY44 and
HmoWRKY40 could activate HmoCYP76ADI expression by
binding to its promoter responsible for betalain biosynthesis of
pitaya (Cheng et al., 2017; Zhang et al., 2021). A yeast one-hybrid
assay showed that Atr WRKY42-2 interacts with the AtrCYP76ADI
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AtrWRKY42-2 is involved in the regulation of betalain synthesis in ‘Suxian

No.1'". In this study, Agrobacterium-mediated transient transformation of

AtrWRKY42-2 overexpression could promote the betalain synthesis and increase the content of betalain in ‘Suxian No.1" amaranth. Moreover, the
Agrobacteria-mediated virus-induced gene silencing system of AtrWRKY42-2 could inhibit the synthesis of betalain in ‘Suxian No.1" and reduce the
content of betalain. The green and red arrows indicate down-regulation and up-regulation of key genes in the betalain synthesis pathway (TyDC,
CYP76AD1, DODA, DOPA5-GT, B5-GT, B6-GT), respectively. AA, ascorbic acid; DHA, dehydroascorbate; GT, glucosyl transferase.

promoter (Figure 10), providing evidence that AtrWRKY42-2
activates the transcription of AtrCYP76ADI, involved in
amaranth betalain biosynthesis (Figure 11). AtrWRKY42-2
transcript factor could regulate downstream gene transcription by
binding W-box elements of target gene AtrCYP76ADI promoter,
and then participate in betalain synthesis. The expression level of
the key genes in the betalain synthesis pathway was up-regulated or
down-regulated in accordance with overexpression or silencing
expression of AtrWRKY42-2 (Figures 8-11).

5 Conclusions

In summary, WRKY family members were screened using
HMM in the amaranth transcriptome. A total of 72 WRKY family
members were obtained, and these were divided into four groups
according to the domain and zinc finger structure. These WRKY
TFs were located in the nuclei, with the exception of AtrWRKY50.
There were no significant differences in the expression levels of
AtrWRKY7\40\42 in the leaves of ‘Suxian No.l’, which may be
explained by the complex factors involved in gene expression
regulation, such that changes in any single factor do not cause
substantial changes in expression. The expression level of
AtrWRKY42-2 in ‘Suamaranth 1’ was significantly higher than

Frontiers in Plant Science

that of AtrWRKY42-1. A transient overexpression experiment and
VIGS assay showed that AtrWRKY42-2 promoted betalain
synthesis. A yeast one-hybrid assay demonstrated that
AtrWRKY42-2 could bind to the AtrCYP76ADI promoter to
regulate betalain synthesis.
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