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The green radish (Raphanus sativus L.) contains abundant chlorophyll (Chl). DOF-type transcription factor OBF
BINDING PROTEIN (OBP) plays crucial functions in plant growth, development, maturation and responses to
various abiotic stresses. However, the metabolism by which OBP transcription factors regulate light-induced Chl
metabolism in green radish is not well understood. In this study, six OBP genes were identified from the radish
genome, distributed unevenly across five chromosomes. Among these genes, RsOBP2a showed significantly
higher expression in the green flesh compared to the white flesh of green radish. Analysis of promoter elements
suggested that RsOBPs might be involved in stress responses, particularly in light-related processes. Over-
expression of RsOBPZ2a led to increase Chl levels in cotyledons and adventitious roots of radish, while silencing
RsOBP2a expression through TYMV-induced gene silencing accelerated leaf senescence. Further investigations
revealed that RsOBP2a was localized in the nucleus and served as a transcriptional repressor. RsOBP2a was
induced by light and directly suppressed the expression of STAYGREEN (SGR) and RED CHLOROPHYLL
CATABOLITE REDUCTASE (RCCR), thereby delaying senescence in radish. Overall, a novel regulatory model
involving RsOBP2a, RsSGR, and RsRCCR was proposed to govern Chl metabolism in response to light, offering
insights for the enhancement of green radish germplasm.

1. Introduction

The green radish (Raphanus sativus L.) is abundant in chlorophyll
(Chl), which is one of the most important sensory attributes in consumer
preferences for fruit radish. Varieties like the green-skinned ‘Xinlimei’
and green-fleshed ‘Cuishuai’ are esteemed for their rich Chl levels,
excellent flavor, ornamental value, and potential health benefits [1]. Chl
plays a pivotal role in the photosynthesis, facilitating the conversion of
light energy into chemical energy [2-4]. Although Chl metabolism has
been extensively studied in plant leaves and fruits, there remains a
dearth of research in radish taproots [5].

The green color of radish is primarily determined by the accumula-
tion of Chl content or the inhibition of Chl degradation [6]. A distinctive
feature known as ‘stay-green’ characterizes the ability of green radish
taproots to maintain their green hue by delaying the breakdown of the
photosynthetic apparatus during their formation [69]. While studies

* Corresponding author.
E-mail address: qrj@njfu.edu.cn (R. Qian).

https://doi.org/10.1016/j.ijbiomac.2024.134139

have extensively covered Chl synthesis in the green radish, research on
the transcriptional regulation of Chl catabolic genes (CCGs) in green
radish remains limited [7]. Chl degradation is governed by multiple
CCGs [8]. The STAYGREEN (SGR) was identified as a crucial enzyme
initiating Chl breakdown in plants [9]. Expression of the Chlamydomonas
reinhardtii SGR (CrSGR) led to a decrease in the Chl content of Arabi-
dopsis [10]. In Perennial Ryegrass (Lolium perenne L.), LpSGR exhibited a
higher expression in dark-induced leaf senescence [11,12]. The
expression pattern of NON-YELLOW COLORING 1 (LpNYC1) was directly
associated with leaf senescence progression [13]. The NON-YELLOW
COLORING 1 (NYC1)-like gene (LpNOL) was highly expressed in senes-
cent leaves [14]. Knocking down RED CHLOROPHYLL CATABOLITE
REDUCTASE (RCCR) led to a significant increase in Chl and carotenoid
content in tobacco [15].

Several transcription factors (TFs) have been mined to influence the
expression of CCGs in plants, including NAM, ATAF, and CUC (NAC),
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WRKY, and DNA BINDING WITH ONE FINGER (DOF) [16,17]. Recent
research has confirmed that Arabidopsis thaliana NAC046 (ANAC046)
serves as a key regulator of leaf senescence by modulating CCGs and
senescence-associated genes (SAGs) [18]. The ANAC072 has been found
to positively influence dark- and age-induced leaf senescence by acti-
vating the NON-YELLOWING1 (NYE1) gene [19-21]. The NAC-LIKE,
ACTIVATED BY AP3/PI (PvNAP) has been reported to transactivate
the expression of PYNOL, PvSGR, and PHEOPHORBIDE a OXYGENASE
(PYPAO) genes [22]. ORE1 (ANAC092) plays a significant function in
leaf senescence regulator [23]. Notably, Brassica rapa WRKY65
(BrWRKY®65) directly activates key genes involved in Chl degradation,
including Brassica rapa NYC1 (BrNYC1) and Brassica rapa SGRI
(BrSGR1)) [24]. While BrWRKY6 inhibited the expression of ent-kaur-
enoic acid hydroxylase 2 (BrKAO2) and gibberellic acid 20-oxidase 2
(BrGA200x2), it can activate BrSAG12, BrNYCI1, and BrSGR1 [25].
Additionally, Cysteine-rich receptor-like kinase 5 (CRK5) and WRKY53
act as opposing regulators of Chl synthesis, degradation, and senescence
in Arabidopsis thaliana [26]. Moreover, DOF TFs also played important
roles in responding to environmental factors, particularly light and
hormonal signals [27]. For instance, ZmDof1 was the first identified DOF
gene and played a critical role in light-responsive gene expression [28].
In Arabidopsis, Dof2.1 promotes JA-induced leaf senescence [29].
Furthermore, Oryza sativa DOF24 (OsDOF24) inhibits leaf senescence by
deactivating the JA biosynthesis pathway [17]. In young tea (Camellia
sinensis) leaves, Camellia sinensis DOF3 (CsDOF3) and Camellia sinensis
MYB308 (CsMYB308) form an antagonistic complex regulating tran-
scription of Camellia sinensis CLH1 (CsCLH1) and Chl content [30,31].

Radish (Raphanus sativus L.) holds significant economic importance
as a root vegetable crop worldwide. The green radish is abundant in Chl,
is increasingly favored in the market. Understanding the molecular
regulatory mechanism underlying the coloration of green radish is
essential for developing new green radish varieties and ensuring the
production of high-quality. Although the involvement of DOF in Chl
metabolism has been identified in tea [30,31], the role of OBP TFs in
mediating light-induced Chl metabolism in green radish remains un-
clear. In addition, the availability of several genome sequences makes it
feasible to concisely identify and characterize OBP TFs in radish [32].
This study investigated the phylogenetic relationships and expression
patterns of OBP family members. Based on transcriptome data from
green and white flesh tissues, the expression profiles of RsOBPs were
analyzed [7]. Furthermore, the involvement of RsOBP2a in the regula-
tory network of coloration in green radish was examined through both
overexpression and knock-down experiments to elucidate its role in Chl
metabolism. Yeast one-hybrid (Y1H), electrophoretic mobility shift
assay (EMSA), and dual-luciferase assay (DLA) were conducted to
explore a model linked to RsOBP2a-mediated Chl metabolism in green
radish. These findings demonstrate that the light-induced RsOBP2a TF
directly binds to RsSGR and RsRCCR to inhibit Chl metabolism in green
taproot, providing valuable insights for enhancing the sensory quality of
green radish through genetic improvements.

2. Materials and methods
2.1. Classification of RsOBP members

The conserved DOF domain (PF02701) was extracted from the Pfam
database. The four AtOBPs protein sequences were retrieved from the
TAIR database and utilized to analyze of the RsOBPs' peptide sequences
in radish genome via the BLASTP program [32]. Subsequently, the
InterProScan, CDD, and SMART databases were selected to validate the
integrity of the DOF domain. The ExPASy ProtParam tool was conducted
to analyze the properties of RsOBP proteins.
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2.2. Chromosomal location, phylogenetic relationship, and gene structure
analysis of RsOBPs

The chromosomal positions of RsOBPs were analyzed and displayed
by TBtools [33]. To investigate the phylogenetic relationships of
RsOBPs, protein sequences from R. sativus, B. rapa, Brassica oleracea, and
A. thaliana were aligned. Subsequently, the MEGAX software was
adopted to construct the phylogenetic tree [34]. The conserved protein
motifs and exon-intron structures of RsOBPs were visualized using
TBtools. The conserved protein domain of RsOBPs were analyzed with
CDD and displayed by TBtools. Furthermore, the conserved protein
domains of RsOBP2a and AtOBP2 were aligned using GeneDoc [35].

2.3. cis-regulatory elements (CREs) analysis of RsOBP promoters

The upstream 2 kb promoter sequences of RsOBP genes were
extracted using TBtools [32,33]. Subsequently, predicted CREs in the
upstream promoter regions of RsOBPs were identified with PlantCARE,
and displayed using TBtools.

2.4. Plant materials and growth conditions

The advanced inbred radish line ‘WXQ’ with green flesh (GF)
aboveground and white flesh (WF) belowground were harvested at 80 d.
The GF and WF were rapidly put in liquid nitrogen, and then stored at
—80 °C for transcriptome sequencing, respectively. Moreover, Nicotiana
benthamiana were cultured in a growth chamber with 22 °C 16 h light /
16 °C 8 h dark.

2.5. Analysis the expression levels of RsOBPs

RNA-seq data were extracted from NODAI Radish Genome and
employed for the transcriptional profiling of RsOBP genes under six
different stages (7, 14, 20, 40, 60, and 90 d after sowing) with five
different tissues (root tip, leaf, cortex, cambium, and xylem) [36]. The
expression patterns of RsOBPs under five abiotic stresses (containing
heavy metal like cadmium (Cd), chromium (Cr), and lead (Pb), high
temperature, and salt stress) were evaluated based on previous RNA-seq
studies [37-41]. Furthermore, the expression levels of RsOBPs in GF and
WF were evaluated using transcriptome data from fruit radish [7].
Heatmaps were generated using TBtools based on logy-transformed
values of fragments per kilobase of transcript per million mapped frag-
ments (FPKM) or Fold Change (FC) information [33].

Total RNA of GF and WF tissues in ‘WXQ’ were extracted, and the
cDNA was synthesized. Real-time quantitative PCR (RT-qPCR) was
carried out. The relative expression levels were evaluated with the
2722CT method. RsActin was regarded as the internal reference [42].
Details of the primers used for RT-qPCR are provided in Table S1.

2.6. Promoter activity analysis of RsOBP2a

The 2 kb RsOBP2a promoter was integrated into pCAMBIA1391z and
pGreenlII0800 vectors, respectively. The infiltrated radish cotyledons
and tobacco leaves were put in 3 d light or dark conditions, respectively.
Subsequently, the GUS staining was adopted to validate the activity of
the RsOBP2a promoter [43]. Meanwhile, the luminescence (LUC) signals
were captured using a Clinx imaging system. Details of the primers used
for vector construction are listed in Table S2.

2.7. Vector construction and radish transient transformation

The coding sequence (CDS) of RsOBP2a was integrated into
pCAMBIA1300-GFP and pTCK303 vectors to produce 35S::RsOBP2a and
RNAi::RsOBP2a plasmid, respectively [43]. A. tumefaciens strain
GV3101 carrying 35S::RsOBP2a, RNAi::RsOBP2a, and the empty vectors
(pCAMBIA1300-GFP and pTCK303) were resuspended and employed for
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transient transformation of two-week-old radish seedlings. The radish
cotyledons infiltrated with the empty vector (EV-OE) and RsOBP2a-OE
were placed under the dark for 5 d. Correspondingly, the radish coty-
ledons infiltrated with the empty vector (EV-RNAi) and RsOBP2a-RNAi
were placed under light for 5 d. The phenotypes of transiently trans-
formed radish cotyledons were assessed, and Chl content and gene
expression levels were measured at 5 d post-infiltration [3,4]. The cot-
yledons under light or dark treatment were used by three independent
biological replicates, respectively.

The 35S::RsOBP2a vector was introduced into A. rhizogenes strain
MSU440 for genetic transformation in radish [7]. The rootless seedlings
of ‘LHZ’ were used to generate RsOBP2a-OE adventitious roots. The
transgenic adventitious roots were identified using a LUYOR-3105 UV
lamp, and these roots (WT, OE-1, and OE-2) were cultured on MS me-
dium supplemented with 0.3 mg/L NAA and 0.75 mg/L TDZ to induce
callus. The Chl content and gene expression levels were also analyzed
using three technical repetitions, to investigate the function of RsOBP2a.

2.8. Silencing of RsOBP2a in radish

A 40 bp target sequence was selected to construct the pTY-S vector
for silencing RsOBP2a utilizing the PDS 1000/He biolistic particle de-
livery system [44]. The ‘YH' seedlings incubated with water were
adopted as the negative control. The phenotypes of the silenced plants
were observed after 30 d, and the expression patterns of RsOBP2a were
evaluated.

2.9. Subcellular localization of RsOBP2a

The CDS of RsOBP2a without the termination codon was integrated
into the pCAMBIA1300-GFP vector. A. tumefaciens suspension of empty-
GFP vector and recombinant RsOBP2a-GFP vector were infiltrated into
tobacco leaves for transient transformation, respectively. Green fluo-
rescence signals were detected using a laser confocal microscope at 48 h
post-infiltration (LSM800, Zeiss, Germany).

2.10. Transcription activity analysis of RsOBP2a

To assess the transcriptional activity of RsOBP2a in yeast cells, full
length (FL) and truncated fragments (F1, F2, F3, F4, and F5) of RsOBP2a
were inserted into pGBKT7 vector to generate the recombinant plas-
mids. The pGBKT7 and GAL4 served as negative and positive controls,
respectively. Each fusion plasmid was transformed into AH109 yeast
cells, and then incubated on SD/—Trp and SD/—Trp/-His/—Ade medium
at 30 °C for 3 d.

Furthermore, the CDS of RsOBP2a was fused into pBD and pBD-VP16
to produce effector. The 5 x GAL4 binding element and a TATA box with
the 35S promoter was ligated into the pGreenII0800 vector to generate
reporter. The effector and reporter constructs were transformed into
A. tumefaciens GV3101 and introduced into tobacco leaves. pBD-VP16
and pBD acted as the positive and negative controls, respectively.

2.11. Yeast one-hybrid (Y1H) assay

The CDS of RsOBP2a was inserted into pJG4-5 vector as a prey. The
promoter of RsSGR and RsRCCR (2 kb upstream) and three segmented
sub-fragments of RSRCCR were fused into pLacZi2p vector as baits.
These plasmids were co-transformed into EGY48 yeast cells. Positive
clones were transferred on SD/—Trp—Ura medium with X-Gal for
screening after incubation at 28 °C for 3 d. Moreover, the 3 x element
(CCGCTTTTTCCCCGCTTTTTCCCCGCTTTTTCC) and 3 x mutation
element (CCGCGTGCGCCCCGCGTGCGCCCCGCGTGCGLO) were
designed to analyze the binding site of RsOBP2a.
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2.12. Electrophoretic mobility shift assay (EMSA)

EMSA was conducted by using the EMSA Kit. The CDS of RsOBP2a
was fused with pET32a plasmid. The RsOBP2a-pET32a protein was
induced in transformed E. coli by adding isopropylthio-p-galactoside
(IPTG) at a concentration of 0.6 mM. Subsequently, the cells were
incubated and purified based on the manufacturer's protocols [45]. The
biotin-labeled probes, mutant probes, and unlabeled probes are pre-
sented in Table S2.

2.13. Dual luciferase assay (DLA)

The CDS of RsOBP2a was integrated into pGreenll62SK vector. The
promoters of RsSGR and RsRCCR (2 kb upstream) were integrated into
pGreenlI0800 vector, respectively. A. tumefaciens culture mixture of
RsOBP2a TF and RsSGR/RsRCCR promoter (in a 10:1 ratio) was infil-
trated into 30-day-old tobacco leaves [46]. Subsequently, the LUC signal
was detected using the Clinx imaging system 3 d post-infiltration.
Additionally, the ratio of firefly luciferase to renilla luciferase (LUC/
REN) activity was measured with the DLA Kit (Vazyme, Nanjing, China).

2.14. Statistical analysis

SPSS 21.0 software (IBM, New York, NY, USA) was adopted for
statistical analysis. Variance was performed by the one-way ANOVA and
means separated by the Duncan's test. Each error bar represented the
standard deviation (SD) from a minimum of three independent repli-
cates. The lowercase letters denote significant differences at P < 0.05.

3. Results
3.1. Genome-wide identification of the RsOBP genes

The four AtOBP protein sequences with DOF domain (PF02701) were
used as queries. Subsequently, a total of six RsOBPs were identified from
the radish genome database, and designated based on their homologous
AtOBPs (Table S3). These RsOBPs encoded 252 to 334 amino acids. The
molecular weight of these RsOBPs varied from 27.66 kDa to 36.68 kDa.
Moreover, the isoelectric points (pI) ranged from 6.58 to 9.56
(Table S3). To analyze the distribution of RsOBPs on chromosomes, all
RsOBP genes were mapped onto the radish genome. These RsOBPs are
unevenly distributed on five chromosomes, where R1, R5, R8, and R9
each contained one RsOBP gene, and R4 contained two RsOBP genes
(Fig. 1A). Phylogenetic analysis indicated that the six RsOBPs, six
BraOBPs, and ten BoOBPs were classified to the same cluster with
AtOBPs, suggesting that the OBPs were conserved in Brassicaceae
(Fig. 1B, Fig. S1).

To identify the structures of RsOBP genes in radish, the exon-intron
compositions of the six RsOBPs were investigated. Notably, half of the
RsOBPs (RsOBP2a, RsOBP2b, and RsOBP4a) contained one intron and
two exons, and another three RsOBPs (RsOBP3a, RsOBP3b, and
RsOBP4b) lacked intron, suggesting that these genes along the same
branch were similar in gene structures (Fig. 1C). The conserved protein
motifs of RsOBPs were characterized by the MEME tool. As a result, both
motif 1 and motif 12 were presented in all six RsOBPs (Fig. 1C, Fig. S2).
Motif 2 was distributed on four RsOBPs except RsOBP4a and RsOBP4b.
Motif 3 was also distributed on four RsOBPs except RsOBP2a and
RsOBP2b. Motif 9 was only observed in RsOBP4a and RsOBP4b.
Consequently, most of RsOBPs in the same branch exhibited similar
motif distribution, indicating that these proteins might have similar
constructs and functions.

Five WGD/segmental duplication events involving RsOBP genes
were identified using the MCScanX software package (Fig. 1D, Table S4).
To explore the collinearity analysis of OBP genes, a syntenic map was
constructed between R. sativus and A. thaliana (Fig. 1E, Table S5). These
findings revealed that there existed six syntenic orthologous gene pairs
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Fig. 1. The identification of six RsOBPs. (A) Chromosome distribution of six RsOBPs. (B) Phylogenetic tree of RsOBPs. Red stars, royal circles, sky-blue rectangles,
and light-green triangles indicated RsOBPs, AtOBPs, BraOBPs, and BoOBPs, respectively. (C) The exon-intron structure and motif distribution of six RsOBPs. (D)
Distribution and synteny of RsOBPs. (E) The collinearity of OBP genes between R. satius and A. thaliana. The red lines indicated OBP gene pairs.

between six RsOBPs and three AtOBPs. These syntenic orthologous genes
(one-on-one) were characterized, containing RsOBP2b-AtOBP2,
RsOBP4a-AtOBP4, RsOBP3a-AtOBP3, RsOBP3b-AtOBP3, RsOBP2a-
AtOBP2, and RsOBP4b-AtOBP4. These gene pairs might have been
derived from a common ancestor. Several collinear events indicate that
OBP genes emerged prior to the lineage divergence between Arabidopsis
and radish. Furthermore, the Ka/Ks ratio for the three gene pairs was
measured, revealing that all RsOBP duplication genes exhibited a Ka/Ks
< 1, signifying strong purifying selective pressure (Table S6).

3.2. Distribution of CREs in the putative promoter of RsOBP genes

To elucidate the roles of RsOBPs, the CREs of 2 kb promoters were
analyzed using the PlantCARE database. The CREs of RsOBP promoters
were involved in 25 functional categories, and classified into four major
components, containing development-related, light responsive,

hormone responsive, and stress responsive (Fig. 2). Several vital ele-
ments (e.g., CAT-box, circadian element, O2-site, and RY-element) were
related to plant growth and development, which were located in the
promoter of a proportion of RsOBPs (Fig. 2A-B). Numerous CREs were
participated in several essential phytohormones responses, containing
auxin, abscisic acid, methyl jasmonate, and gibberellin responsive ele-
ments. The element involved in anaerobic induction (ARE), GC-motif,
MYB binding site (MBS), and wound-responsive element (WUN-motif)
were presented in the promoter of RsOBPs, suggesting that RsOBPs
might be participated in various stress responses. Notably, each RsOBP
gene contained at least one light-responsive element (LREs, e.g., ACGT
element (ACE), ATCT-motif, G-box, Box 4, GTl-motif, I-box, TCCC-motif,
and GATA-motif), indicating that all of these RsOBPs might be partici-
pated in light response in radish.
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Fig. 2. The characterization of CREs in RsOBP promoters. (A) The distribution of CREs in RsOBP promoters. (B) The CREs number of RsOBPs with

different categories.

3.3. The expression patterns of RsOBP genes

The expression profiles of the six RsOBPs at different stages with five
tissues were estimated using the FPKM method (Fig. S3 A). The findings
revealed that a range of RsOBPs excepted RsOBP4b exhibited high
expression levels in root tissue. Particularly, RsOBP4b was highly
expressed in the 60 d and 90 d cortex. In addition, RsOBP4a had high
expression levels in all five tissues at every development stage (Fig. S3
A). The differential tissue expression profiles suggested that these
RsOBPs might play critical roles in several specific tissues in radish,
especially in the root. To investigate the potential functions of RsOBPs
under abiotic stresses, the expression patterns of RsOBPs under heavy
metal like Cd, Cr, and Pb, heat, and salt stress were analyzed (Fig. S3B).
The results revealed that RsOBP2a, RsOBP2b, RsOBP3b, and RsOBP4a
exhibited significant differences in expression under all abiotic stresses.
Moreover, RsOBP3a exhibited high expression levels under Pb, heat, and
salt stresses, and RsOBP4b demonstrated increased expression levels
under heat, Cd, and salt stresses. Overall, these findings suggest a pivotal
role for RsOBP genes in the growth and development processes of the
root.

3.4. RsOBP2a was a light-induced OBP member

According to the transcriptome database, the relative expression
patterns of RsOBP2a in GF were higher than WF tissue (Fig. 3A). The
sequence alignment between RsOBP2a and AtOBP2 indicated that
RsOBP2a contained a conserved zinc finger Dof (zf-Dof) domain
(Fig. 3B-C). The expression levels of RsOBPs further showed that
RsOBP2a in GF tissue was higher than WF tissue in ‘WXQ’ (Fig. 3D).
Subsequently, proRsOBP2a-GUS was transiently transformed in radish
cotyledons and tobacco leaves, and the result showed that GUS activity
was enhanced under the 3 d continuous light exposure (Fig. 3E; Fig. 3H).
Meanwhile, the LUC signal was significantly increased both in radish
cotyledons and tobacco leaves under 3 d continuous light treatment
(Fig. 3F-G; Fig. 31-J). The results collectively revealed that RsOBP2a was
affected by light and had higher expression levels in the GF than WF
tissue of ‘WXQ’.

3.5. RsOBPZ2a increased Chl content in radish cotyledons

In investigating the impact of RsOBP2a on Chl metabolism in radish,
overexpression and RNA-interference vectors of RsOBP2a were adopted
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for transient transformation in radish cotyledons, respectively.
Compared with the control, the color of the radish cotyledons at the
injection sites in RsOBP2a-OE were darker green (Fig. 4A). In the
RsOBP2a-OE cotyledons, the content of Chl retained 59.22 %-71.45 %
more than EV-OE under five days after dark treatment (5 DAD) (Fig. 4B).
The relative expression levels of RsOBP2a in RsOBP2a-OE cotyledons
were significantly higher than those in EV-OE (Fig. 4C).

In contrast, RsOBP2a-RNAi cotyledons manifested premature senes-
cence under five days after light treatment (5 DAL). Compared with the
control, the injection sites in RsOBP2a-RNAi cotyledons displayed
lighter green colors (Fig. 4D). The RsOBP2a-RNAi cotyledons showed
earlier leaf yellowing at 5 DAL, and notably reduced Chl content
(Fig. 4D-E). Consistently, the relative expression levels of RsOBP2a in
RsOBP2a-RNAi cotyledons were also lower than those in EV-RNAI at 5
DAL (Fig. 4F). Taken together, these findings suggest that RsOBP2a
acted as a modulator of Chl metabolism, exerting an inhibitory effect on
senescence in radish cotyledons.
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3.6. Silencing of RsOBP2a reduced the Chl content

To further elucidate the function of RsOBP2a, TYMV-mediated gene
silencing technology was employed to knock-down RsOBP2a. Compared
with the plants inoculated with water, the RsOBP2a-silenced plants
exhibited prominent chlorosis (Fig. 5A). The Chl content in RsOBP2a-
silenced plants notably decreased (Fig. 5B). Compared with the control,
silencing of RsOBP2a resulted in a decrease in the expression levels of
RsOBP2a in radish leaves (Fig. 5C). These results suggest that RsOBP2a
might play a potential pivotal function in Chl metabolism within radish
leaves.

3.7. Overexpression of RsOBP2a increased the Chl content

To further investigate the effect of RsOBP2a, transgenic adventitious
roots were identified, among which the overexpression adventitious
roots (OE-1 and OE-2) were selected for further functional analysis
(Fig. 6A-B). These transgenic adventitious roots were cultured on MS
medium supplemented with 0.3 mg/L NAA and 0.75 mg/L TDZ. The Chl
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Fig. 4. Functional analysis of RsOBP2a in radish cotyledons. (A). The phenotypes of RsOBP2a-OE cotyledons under five days after dark treatment (5 DAD). (B).
Determination of Chl content in radish cotyledons after 5 DAD. (C). The expression levels of RsOBP2a, RsSGR, and RsRCCR in RsOBP2a-OE radish cotyledons after 5
DAD. (D). The phenotypes of RsOBP2a-RNAIi cotyledons under five days after light treatment (5 DAL). (E). Determination of Chl content of RsOBP2a-RNAi cotyledons
after 5 DAL. (F). The expression levels of RsOBP2a, RsSGR, and RsRCCR in RsOBP2a-RNAi radish cotyledons after 5 DAL.
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content and relative expression levels of RsOBP2a were higher than the
control (Fig. 6C-D). These findings indicated that overexpression of
RsOBP2a increased the Chl content in radish.

3.8. RsOBP2a was a nuclear-localized protein and had transcription
inhibitor activity

RsOBP2a-GFP fusion protein and the empty vector were transiently
transformed in tobacco leaves. The green fluorescence signal was
detected only in the nucleus of RsOBP2a-GFP, suggesting that RsOBP2a
was a nuclear protein (Fig. 7A). To evaluate the transcriptional activity
of RsOBP2a, the transformants of the full length and truncated RsOBP2a
proteins propagated inhibited on SD—Trp/—His/—Ade (Fig. 7B-C).
Comparing the p-galactosidase enzyme activities of RsOBP2a and its
truncated fragments to pGBKT7 and GAL4, it was evident that RsOBP2a
lacked transactivation ability in yeast cells (Fig. 7D). To further assess
the transcriptional activity of RsOBP2a in tobacco leaves, the reporter
vectors and effector vectors were transiently co-expressed. The result
showed that RsOBP2a significantly decreased the expression of the LUC
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reporter and VP16 activator in comparison to the effect of pBD and pBD-
VP16 vector after 3 d (Fig. 7E-F). These findings demonstrated that
RsOBP2a exhibited inhibition ability in yeast cells and tobacco leaves.

3.9. RsOBP2a directly bound to the promoters of RsSGR and RsRCCR
and inhibited their expression

To explore whether RsOBP2a directly influences the expression of
Chl degradation-related genes in radish, the Y1H assay was conducted.
The Y1H results indicated that RsOBP2a could bind to the promoters of
RsSGR and RsRCCR (Fig. 8A). Further Y1H assay using the three trun-
cated promoter fragments (P1, P2, and P3) indicated that RsOBP2a
strongly bound to the CTTTTT element within the P2 promoter region of
RsRCCR (Fig. 8A). However, the interaction did not exist when the
CTTTTT element mutated to CGCGTG, revealing that RsOBP2a was a
direct upstream regulator of the RsSRCCR gene and specially bound to
CTTTTT region (Fig. 8A). Furthermore, EMSA result demonstrated that
the recombinant 32a-RsOBP2a protein bound to the tandem CTTTTT
element, indicating that RsOBP2a exerted a direct regulatory effect on
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expressing an RFP-tag nuclear marker (35S::ZmH2B-RFP). (B). Full length and truncated constructs for the RsOBP2a transcriptional activity assay. (C). Transcrip-
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RsRCCR (Fig. 8B). DLA showed that RsOBP2a had the ability to inhibit
the activity of RsSGR and RsRCCR promoters (Fig. 8C-D). Moreover, the
expression patterns of RsSGR and RsRCCR were validated by RT-qPCR,
and the results indicated that these genes were both significantly
down-regulated in RsOBP2a-OE radish cotyledons, while up-regulated
in RsOBP2a-RNAi radish cotyledons (Fig. 4C, Fig. 4F). Moreover, the
relative expression levels of RsSGR and RsRCCR were significantly
enhanced in RsOBP2a-silenced plants than in the control (Fig. 5C).

10

Collectively, these findings suggest that RsOBP2a negatively regulates
Chl metabolism by inhibiting the expression of RsSGR and RsRCCR
(Fig. 8E).

4. Discussion

Chl plays crucial roles in appeal and quality of green radish. Green
flesh is one of the most important agronomic traits that affect the quality
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of fruit radish. Previous research demonstrated that the green flesh is
distinctive, and the formation of green flesh is attributed to the accu-
mulation of Chl content or the inhibition of Chl degradation [7]. Herein,
a light-induced RsOBP2a was identified through transcriptome analysis.
The function of RsOBP2a was verified by A. rhizogenes mediated genetic
transformation in radish adventitious roots, as well as through virus-
induced gene silencing in radish. Furthermore, the regulatory mecha-
nism of RsOBP2a in Chl metabolism was extensively explored.

4.1. Classification and conserved motifs analysis of RsOBPs

Phylogenetic analysis revealed that the majority of RsOBPs shared
closer relationships with BoOBPs and BraOBPs rather than AtOBPs,
consistent with the botanical classification within the Brassicaceae
family [47]. AtOBP2 displayed 2, 3, and 4 homologous proteins in the
genomes of R. sativus, B. rapa, and B. oleracea, respectively, showed that
the number of RsOBPs was more than that in A. thaliana, but smaller
than that of B. rapa and B. oleracea (Fig. 1B). While gene lengths of
RsOBPs varied, MEME analysis revealed a consistent distribution of
conserved motifs within RsOBPs from the same subgroup (Fig. 1C).
Furthermore, RsOBP2a exhibited the lowest instability index and the
highest aliphatic index, suggesting that the protein had high stability
and thermostability (Table S3).

4.2. RsOBP2a was involved in the light response of radish

DOF TFs are part of the zinc finger protein superfamily, and are
specific to plants [48]. DOF TFs generally consist of four critical do-
mains, including oligomerization site, nuclear localization sequence,
DOF domains, and transcriptional activation or repression regions [28].
The DOF TFs family has been identified in several horticultural crops,
such as tomato, watermelon, Chinese cabbage, and others [48-50].
Among them, OBP TFs play fundamental roles in organ development
and tune morphogenesis of plants [51-54]. However, the comprehen-
sive characterization and functional verification of OBP TFs in the
coloration of green radish was unexplored. Herein, six RsOBPs were
identified by the whole-genome level in radish (Fig. 1A). As shown in
Fig. 1C, the exon-intron structure and conserved protein motifs of OBP
TFs showed that these proteins were highly conserved evolutionarily
[55,56]. Furthermore, conserved domain analysis showed that the zf-
Dof domain was at the N-terminal of all RsOBP proteins, which were
similar to tea, sorghum, and Chinese dwarf cherry [30,31,56]. Notably,
multiple CREs related to light responses (e.g., ACE, ATCT-motif, G-box,
Box 4, GTl-motif, I-box, TCCC-motif, and GATA-motif) were identified in
RsOBP promoters, indicating that they might be essential participators
in light-mediated biological processes in radish (Fig. 2). Similar CREs
were also existed in Chinese dwarf cherry [30,31]. In addition, RT-qPCR
analysis revealed that RsOBPs showed differential expression patterns in
WF and GF tissues of ‘WXQ’ taproot, indicating that RsOBP TFs might
play various roles in regulating the coloration of green radish.

4.3. RsOBP2a negatively regulated Chl metabolism via inhibiting the
expression of RsSGR and RsRCCR

The functional characterization of RsOBP2a establishes a founda-
tional understanding to elucidate the molecular regulatory network
govern by RsOBP in Chl metabolism of green radish. A previous study
showed that AtDof1.1 (AtOBP2) acted as a regulator that controlled the
biosynthesis of glucosinolate [52]. Overexpression of OBP1 in Arabi-
dopsis resulted in significant upregulation of the core cell cycle gene
CYCD3;3 [53]. However, this study showed AtOBP1 had no homology to
RsOBP1. The overexpression of AtDOF5.4/0BP4 could promote early
occurrence of internal circulation and inhibit cell expansion in Arabi-
dopsis, thereby reducing the size and number of transgenic Arabidopsis
cells, which resulted in dwarfing of transgenic plants [54]. Moreover,
the DOF proteins were recognized to target the AAAG/CTTT motif on
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promoters [48]. In this study, overexpression of RsOBP2a in radish
cotyledons and adventitious roots inhibited the expression of RsSGR and
RsRCCR, consequently elevating Chl content (Fig. 4, Fig. 6). On the
contrary, transient silencing of RsOBP2a enhanced the expression of
RsSGR and RsRCCR while reducing Chl content in radish leaves (Fig. 4,
Fig. 5). These findings were consistent with previous studies indicating
that DOF was a transcriptional inhibitor involved in light-mediated
regulation of Chl anabolism [30,31] (Fig. 7).

The Chl variation phenotype was controlled by complex processes,
including induction of CCGs and regulation of TFs [57]. SGR was a
senescence-associated gene, which encoded a chloroplast protein
[58,59]. In wheat, the expression of Arabidopsis LONG HYPOCOTYL IN
FAR-RED 1 (AtHFR1) transgene reduced transcript levels of TaSGR to
delay dark-induced leaf senescence [60]. Overexpression of CSMADS3
TF in citrus calli, tomato, and citrus fruits accelerated Chl degradation
and upregulated the CsSGR gene [61]. Litchi chinensis transcription
factor NAC002 (LcNAC002) significantly promotes the expression of
LcSGR [62]. Therefore, the SGR homologs not only are participated in
Chl metabolism during the senescence of green tissues, but also play
critical roles in plant development and maturation [63]. Additionally,
BALANCE of CHLOROPHYLL METABOLISMs (BCMs) inhibited the Chl
degradation in premature and senescent leaves by affecting the activity
of SGR [64]. Apart from SGR, other enzymes such as CLH, PAO,
PHEOPHYTIN PHEOPHORBIDE HYDROLYASE (PPH), and RCCR are
also associated with Chl degradation [65]. In rice, OsPAO and OsRCCR1
contribute significantly to senescence and are involved in wound re-
sponses [66]. The overexpression of Brassica napus gibberellic acid 2-ox-
idase 6 (BnGA20x6) increased Chl contents, and repressed the
expression levels of CHL1 and RCCR, which were related to Chl meta-
bolism [67]. Furthermore, the Brassica rapa TEOSINTE BRANCHED1/
CYCLOIDEA/PCF (TCP) transcription factor (BrTCP7) positively regu-
lates the expression of the BrRCCR [11,12]. Vitis vinifera ethylene
response factor 17 (VVERF17) was found to regulate Chl degradation by
activating genes like NOL, PPH, PAO, and RCCR [68]. RsRCCR was the
final step in the Chl metabolism pathway, bearing critical importance. In
this study, Y1H assays showed that RsOBP2a could bind to RsSGR and
RsRCCR in vivo (Fig. 8A). The EMSA result indicated that RsOBP2a
protein interacted with the CTTTTT sequence within the RsRCCR pro-
moter (Fig. 8B). Moreover, DLA revealed that RsOBP2a could directly
bind to RsSGR and RsRCCR promoters and significantly repress their
activity (Fig. 8C-D). Overall, these findings provide supporting evi-
dences that light responsive factor RsOBP2a acted as an inhibitor in the
regulation of Chl metabolism in green radish (Fig. 8E).

5. Conclusion

In summary, RsOBP2a was identified from the radish genome, and
was found to be a nucleus-localized transcription inhibitor factor. This
transcription factor exhibited higher expression in GF tissue of ‘WXQ’
radish. The transgenic and biochemical analysis revealed that RsOBP2a
negatively regulates the expression of Chl metabolism-related genes.
Both in vitro and in vivo experiments demonstrated that RsOBP2a
repressed the transcription of RsSGR and RsRCCR to promote Chl con-
tent. Taken together, these findings would facilitate the clarification of
the molecular regulatory mechanism underlying RsOBP2a-mediated
light response in green radish, and would be beneficial for the cultiva-
tion of fruit radish breeding.
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