
����������
�������

Citation: Chen, Y.; Wu, P.; Zhang, C.;

Guo, Y.; Liao, B.; Chen, Y.; Li, M.; Wu,

G.; Wang, Y.; Jiang, H. Ectopic

Expression of JcCPL1, 2, and 4 Affects

Epidermal Cell Differentiation,

Anthocyanin Biosynthesis and Leaf

Senescence in Arabidopsis thaliana. Int.

J. Mol. Sci. 2022, 23, 1924. https://

doi.org/10.3390/ijms23041924

Academic Editor: Maria Hrmova

Received: 26 December 2021

Accepted: 20 January 2022

Published: 9 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Ectopic Expression of JcCPL1, 2, and 4 Affects Epidermal Cell
Differentiation, Anthocyanin Biosynthesis and Leaf Senescence
in Arabidopsis thaliana
Yanbo Chen 1, Pingzhi Wu 2,3, Chao Zhang 4 , Yali Guo 2, Bingbing Liao 1, Yaping Chen 2 , Meiru Li 2,
Guojiang Wu 2, Yaqin Wang 1,* and Huawu Jiang 2,*

1 Guangdong Provincial Key Laboratory of Biotechnology for Plant Development, School of Life Sciences,
South China Normal University, Guangzhou 510631, China; chenyanbo1221@163.com (Y.C.);
liao_bbing@163.com (B.L.)

2 Key Laboratory of Plant Resources Conservation and Sustainable Utilization, South China Botanical Garden,
Chinese Academy of Sciences, Guangzhou 510650, China; pzwu@scbg.ac.cn (P.W.);
guoyali1129@126.com (Y.G.); chenyp@scbg.ac.cn (Y.C.); limr@scbg.ac.cn (M.L.); wugj@scbg.ac.cn (G.W.)

3 Key Laboratory of South Subtropical Fruit Biology and Genetic Resource Utilization, Ministry of
Agriculture/Key Laboratory of Tropical and Subtropical Fruit Tree Research of Guangdong Province,
Institution of Fruit Tree Research, Guangdong Academy of Agricultural Sciences, Guangzhou 510640, China

4 College of Agronomy, Northwest A&F University, Xianyang 712100, China; ahzc2009@163.com
* Correspondence: wangyaqin@m.scnu.edu.cn (Y.W.); hwjiang@scbg.ac.cn (H.J.)

Abstract: The CAPRICE (CPC)-like (CPL) genes belong to a single-repeat R3 MYB family, whose
roles in physic nut (Jatropha curcas L.), an important energy plant, remain unclear. In this study, we
identified a total of six CPL genes (JcCPL1–6) in physic nut. The JcCPL3, 4, and 6 proteins were
localized mainly in the nucleus, while proteins JcCPL1, 2, and 5 were localized in both the nucleus
and the cytoplasm. Ectopic overexpression of JcCPL1, 2, and 4 in Arabidopsis thaliana resulted in
an increase in root hair number and decrease in trichome number. Consistent with the phenotype
of reduced anthocyanin in shoots, the expression levels of anthocyanin biosynthesis genes were
down-regulated in the shoots of these three transgenic A. thaliana lines. Moreover, we observed
that OeJcCPL1, 2, 4 plants attained earlier leaf senescence, especially at the late developmental stage.
Consistent with this, the expression levels of several senescence-associated and photosynthesis-
related genes were, respectively, up-regulated and down-regulated in leaves. Taken together, our
results indicate functional divergence of the six CPL proteins in physic nut. These findings also
provide insight into the underlying roles of CPL transcription factors in leaf senescence.

Keywords: MYB-related transcription factor; physic nut (Jatropha curcas L.); epidermal cell differenti-
ation; anthocyanin; leaf senescence

1. Introduction

MYB transcription factors constitute one of the largest families of plant transcription
factors. A protein encoded by an MYB gene usually includes one to four incompletely
repeated MYB domains, which are named R1, R2 and R3 according to their sequence
similarity with the c-MYB protein [1,2]. A MYB domain generally contains 52 amino acid
residues which form three a-helices, of which the second and third make up a structure that
interacts with the major groove of DNA [1,2]. According to the number of MYB domains,
the MYB transcription factor superfamily can be divided into four families: R2R3-MYB,
3R-MYB, 4R-MYB and MYB-related [3]. MYB-related proteins usually contain a single MYB
domain, but sometimes there are two MYB domains, and they have been classified into
five subfamilies: CCA1-like, CAPRICE (CPC)-like (CPL), TBP-like, I-box-binding-like and
R-R-type [4].
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The CPL proteins contain a single R3 MYB domain [5]. There is a total of seven
CPL genes in the Arabidopsis thaliana genome: ETC1 (At1g01380), TCL1 (At2g30432), TCL2
(AT2G30424), ETC2 (At2g30420), CPC (At2g46410), ETC3/CPL3 (At4g01060) and TRY
(At5g53200) [4]. They are involved in anthocyanin synthesis, differentiation of trichomes
and root hair development [5–12]. These characters have been reported to be governed
by the MYB-bHLH-WD40 (MBW) protein complex, which consists of R2R3-MYB factors,
a bHLH transcription factor and a WD40 repeat domain containing protein [13–18]. CPL
transcription factors can compete with the R2R3-MYB transcription factor, thus inhibiting
the formation of the MBW complex [19]. In the root, the MBW protein complex, which is
composed of WEREWOLF (WER), GLABRA3/ENHANCER OF GLABRA3 (GL3/EGL3)
and TRANSPARENT TESTA GLABRA1 (TTG1), inhibits the formation of root hairs by
directly activating the expression of GLABRA2 (GL2) [5,20–24]. In shoots, the MBW complex,
which is made up of GLABRA1 (GL1), GL3/EGL3 and TTG1, promotes the expression
of GL2, whose function is completely opposite in root and shoot, and thus promotes
trichome initiation [25–29]. CPL transcription factors, which can move between non-hair
cells and adjacent cells, compete with GL1/WER, and prevent the formation of GL1/WER-
GL3/EGL3-TTG1 complex, then inhibit the expression of the GL2 gene, thereby promoting
the differentiation of root hairs and inhibiting trichome initiation [8,27,28,30–34].

Moreover, CPL transcription factors compete with the R2R3-MYB transcription fac-
tor (PAP1/2), preventing the formation of MBW protein complexes, and negatively reg-
ulating anthocyanin biosynthesis, which can be divided into early pathways and late
pathways [15,16,19,35]. Early biosynthesis genes (EBGs) of anthocyanin include chalcone
synthase (CHS), chalcone isomerase (CHI), and flavanone 3-hydroxylase (F3H), which are reg-
ulated mainly by three redundant R2R3-MYB transcription factors, MYB11/12/111 [35–38].
Late biosynthesis genes (LBGs) of anthocyanin, including dihydroflavonol 4-reductase (DFR),
anthocyanidin synthase (ANS) and UDP-glucose flavonoid glucosyltransferase (UFGT), are
positively regulated by the MBW protein complex [15,35,38,39]. Overexpressing AtCPC in
A. thaliana represses anthocyanin accumulation under nitrogen deficiency conditions, and
the expression of LBGs including DFR and ANS also significantly decreases; the opposite
trend is shown in the cpc-1 mutant [11]. Similarly, ectopic expression of AtCPC in tobacco
efficiently decreases the anthocyanin content of flowers, as well as the expression of LBGs
(NtDFR, Nt3GT and NtANS) [40].

Root hairs are single cell tubular outgrowths of root epidermal cells, which enlarge the
surface area of roots and are often thought to help plants obtain water and nutrients [41].
Understanding the occurrence, development and genetic pattern of root hairs can provide
a favorable basis for the study of nutrient uptake in plants. Trichomes, another type of
specialized epidermal cells, are found on the epidermis of most land plants, and their
presence can increase the thickness of the protective layer of plant epidermal tissue, reduce
heat and water loss of plant, and involve in plant resistance against herbivores [42,43].
Anthocyanins are an important antioxidant due to their higher antioxidant activity than
other flavonoids [44]. Moreover, anthocyanins are important members of the color of the
appearance of flowers. In particular, they have applications in ornamental plants to regulate
flower color, such as the production of pure white petals by downregulation of anthocyanin.
Therefore, the study of anthocyanin biosynthetic pathways is of particular importance.

Physic nut (Jatropha curcas L.), a tropical shrub, is an important biofuel crop, which
is well adapted to barren land [45–47]. Our previous study identified MYB and MYB-
like family members in the physic nut genome [48,49]. In this study, we characterized
the exon-intron organization and conserved domains of the six physic nut CPL genes,
and analyzed their spatial and temporal expression patterns. Ectopic overexpression of
three (JcCPL1, 2, 4) of the six CPL genes in A. thaliana revealed their roles in epidermal
development and anthocyanin biosynthesis, and also provided insight into their underlying
roles in leaf senescence.
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2. Results
2.1. Identification and Phylogenetic Analysis of CPL Transcription Factors in Physic Nut

To identify CAPRICE (CPC)-like (CPL) genes in physic nut, BLAST searches were
carried out against the public physic nut genome and proteome database [48,50], using
the amino acid sequences of Arabidopsis thaliana CPC proteins as queries. As a result, a
total of six loci putatively encoding CPLs were identified and named JcCPL1 to JcCPL6;
they are located on chromosome 3 (JcCPL1 and JcCPL2), 5 (JcCPL3), 8 (JcCPL4), 7 (JcCPL5),
and 9 (JcCPL6). All JcCPL genes consist of three exons and two introns, and the proteins
they encode contain 74 to 87 amino acid residues. After analyzing the overall exon-intron
arrangements, we observed that JcCPL genes share the same structure as model Ia and Ic R3
type MYB domains [49], which have an intron within the MYB domain coding sequences
(Figure 1A).
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Figure 1. Amino acid sequence alignment and phylogenetic analysis. (A) Alignment of the amino
acids of the R2 and R3 repeats of representative R2R3-MYB (JcMYB105) and CPL proteins, indicating
the exon-intron structure models. Intron positions, relative to the amino acid residues, which are
marked in red, are indicated by arrows. Arrows pointing to amino acids indicate that splicing
occurred within the amino acid coding sequences. The sequences of two conserved amino acids
motifs are marked with black lines. The primary and secondary structures of a typical R3 MYB
according to Dubos et al. (2010) [3] are indicated. H, helix; T, turn; F, Phenylalanine; M, Methionine,
W, Tryptophan; X, any amino acid. (B) Phylogenetic analysis of the CPC-like subfamily of A. thaliana
and physic nut using amino acid sequences. Bootstrap values from 100 replications are indicated at
the branch points. The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances that were used to infer the phylogenetic tree.
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To examine the evolutionary relationships of physic nut CPL genes, a phylogenetic
analysis was carried out using CPL proteins from physic nut and A. thaliana. The results
indicate that CPL proteins were divided into two groups: JcCPL3, JcCPL4 and JcCPL6 were
more closely related to the TRY group (group I) of A. thaliana, while JcCPL1, JcCPL2 and
JcCPL5 were more closely related to the CPC group (group II) of A. thaliana (Figure 1B).

The JcCPL proteins have a conserved R3 MYB domain, but variable N-terminal and
C-terminal regions. According to a previous study, the conserved amino acid motif
(Motif 1, M1) of [D/E]LX2[R/K]X3LX6LX3R (X represents any amino acid), located on
helix 1 and helix 2 of the R3 MYB domain, is crucial for interaction between R3 MYB and
bHLH proteins [14]. Another motif, WXM (Motif 2, M2), which is located on helix 3 of the
MYB domain, is related to cell-to-cell movement of the CPC protein in A. thaliana [31]. Our
results show that the two amino acid motifs in group I JcCPL proteins (JcCPL3, JcCPL4
and JcCPL6) were conserved. However, in group II JcCPL proteins (JcCPL1, JcCPL2 and
JcCPL5), the first amino acid D/E in the M1 motif was replaced by S, A or T, and the amino
acid M in the M2 motif was replaced by S (Figure 1A).

2.2. Expression of JcCPL Genes in Different Organs

After detecting ESTs representing six JcCPL genes by analysing the expressed sequence
tag (EST) databases of physic nut [48], we measured the expression levels of six JcCPL
transcripts by qRT-PCR using leaves, roots, and young bark of stems from 8-week-old
plants, and flowers and developing seeds from 5-year-old plants. The results show that the
JcCPL1 gene was highly expressed in flowers and leaves (Figure 2A). JcCPL2 was expressed
highly in young bark and in the middle and late developmental stages of seeds (Figure 2B).
The JcCPL3 gene was expressed at high levels in roots, flowers and in the early and middle
developmental stages of seeds (Figure 2C). JcCPL4 was expressed highly in flowers and in
the early developmental stage of seeds (Figure 2D). JcCPL5 was expressed highly in roots,
leaves, flowers and in the early developmental stage of seeds (Figure 2E), while JcCPL6 was
expressed mainly in seeds in the middle and late developmental periods (Figure 2F). The
different expression patterns of JcCPLs in different organs of physic nut implied that they
may possess functional diversity.

2.3. Subcellular Localization of JcCPL Proteins

To determine the subcellular localizations of JcCPL proteins, we made constructs each
consisting of the coding domain sequence of one of the JcCPL genes fused with a YFP
gene under the control of the cauliflower mosaic virus (CaMV) 35S promoter in a transient
expression vector. Each recombinant was transformed into A. thaliana protoplasts. For
JcCPL1, JcCPL2 and JcCPL5 proteins, the fluorescent signals were detected in both cell
nuclei and cytoplasm, whilst signals for JcCPL3, JcCPL4 and JcCPL6 were mainly in cell
nuclei (Figure 3).

2.4. Overexpression of JcCPL1, 2, and 4 Influences the Formation of Trichomes and Root Hairs
in A. thaliana

To investigate the biological roles of JcCPL genes, each of these genes was overex-
pressed in A. thaliana and three homozygous transgenic A. thaliana lines for each gene
were obtained. Semi-quantitative RT-PCR showed that the expression levels of the
six JcCPL genes increased to different degrees in the transgenic lines (Figure 4A,D,G;
Supplementary Figure S1A,D,G). However, there were no significant differences in
plant size between overexpressing plants and wild type A. thaliana (WT) (Supplemen-
tary Figure S1B,E,H; Supplementary Figure S2).
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Figure 2. Expression patterns of JcCPL genes. (A–F) The relative expression levels of JcCPL1 (A),
JcCPL2 (B), JcCPL3 (C), JcCPL4 (D), JcCPL5 (E) and JcCPL6 (F) in different organs were tested by
qRT-PCR. Relative expression was normalized to the reference gene JcActin (GenBank accession
number HM044307.1) and the expression level at S-14 DAP was defined as “1”. R, roots; St, young
bark of stem; L, leaf; F, flower; S-14–45 DAP, developing seeds at 14–45 days after pollination. Values
are means ± SD (Duncan test: ** p < 0.01) of three biological replicates and three technical replicates.

A. thaliana R3 MYB genes are involved in trichome formation and root hair forma-
tion [51]. In this study, we found that overexpression of JcCPL1, JcCPL2, or JcCPL4 in
A. thaliana (OeJcCPL1, 2, 4) resulted in a major reduction in trichome formation on rosette
leaves and inflorescence stems (Figure 4B,C,E,F,H,I). Line 3 (OE3) of OeJcCPL2 formed some
trichomes on its leaves and inflorescence stems, probably due to the low expression level in
this line. In addition, the number of root hairs increased significantly in OeJcCPL1, 2, and 4
plants compared with WT plants (Figure 5). Unexpectedly, no significant changes were ob-
served in the root hairs of overexpression JcCPL3, JcCPL5, or JcCPL6 plants (OeJcCPL3, 5, 6)
(Supplementary Figure S1C,F,I). Similarly, no abnormal trichome formation was observed
on leaves and inflorescence stems in OeJcCPL3, 5 and 6 (data not shown). Accordingly,
these three genes were not studied in subsequent experiments.

2.5. Overexpression of JcCPL1, 2, and 4 Reduces Anthocyanin Content in A. thaliana

The CPL genes also play roles in regulating anthocyanin biosynthesis in plants [40,52]
and CPC is a negative regulator of anthocyanin biosynthesis [11]. The anthocyanin content
of A. thaliana shoots was very low under normal growth condition, so the content was
measured in plants grown on an anthocyanin-inducing medium (AIM). In this study, the
sterilized seeds were sown in 1/2 MS medium for 4 days, and then transferred to AIM
containing 5% sucrose for 7 days. Subsequently, a lower level of anthocyanin accumulation
in shoots could be easily observed in OeJcCPL1, 2, and 4 shoots (Figure 6A–C). In most
shoots of OeJcCPL1, 2, and 4 plants, the anthocyanin contents were 50% lower than in WT
(Figure 6D–F).
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The anthocyanin biosynthesis pathway can be divided into early biosynthesis genes
(EBGs) (including CHS, CHI and F3H) and late biosynthesis genes (LBGs) (including DFR,
ANS, UFGT) [15,35,36]. The FLS1 and BAN genes are involved in the biosynthesis of
flavonoids and proanthocyanidins, respectively [15,38]. To determine which steps were
down-regulated in the anthocyanin biosynthesis pathway in JcCPL1, JcCPL2 and JcCPL4
overexpressing plants, the expression levels of several relevant genes were tested by qRT-
PCR analysis. The results show that the expression levels of CHI, CHS, F3H, FLS1 and
BAN gene in OeJcCPL1, OeJcCPL2 and OeJcCPL4 shoots were not significantly changed
when compared with WT shoots (Figure 7). However, the expression levels of DFR, ANS
and UF3GT were significantly lower in these shoots than in WT (Figure 7). These results
indicated down-regulation of the LBGs of anthocyanin synthesis pathway in the OeJcCPL1,
OeJcCPL2 and OeJcCPL4 shoots.
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Figure 4. Overexpression of JcCPL1, JcCPL2 and JcCPL4 modulates trichome development in
A. thaliana under normal conditions. (A,D,G) Expression levels of JcCPL1 (A), JcCPL2 (D) and
JcCPL4 (G) in transgenic lines (OE1, OE2 and OE3) determined by semi-quantitative RT-PCR. (B,E,H)
Leaf trichome phenotypes in OeJcCPL1 (B), OeJcCPL2 (E) and OeJcCPL4 (H) maintained under
normal conditions for 28 days. Scale bar = 2 mm. (C,F,I) Phenotypes of inflorescence stem tri-
chomes in OeJcCPL1 (C), OeJcCPL2 (F) and OeJcCPL4 (I) grown under normal conditions for 35 days.
Photos were taken of the first branch of the main inflorescence stem within 15 cm from the base.
Scale bar = 5 mm.
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Figure 5. Phenotypes and root hair numbers of OeJcCPL1, OeJcCPL2 and OeJcCPL4 seedlings.
(A–C) Seedlings grown in 1/2 MS for 4 days: OeJcCPL1 (A), OeJcCPL2 (B) and OeJcCPL4 (C);
scale bar = 1 mm. (D–F) Root hair numbers of OeJcCPL1 (D), OeJcCPL2 (E) and OeJcCPL4 (F). Error
bars were calculated from the means± SD (Duncan test: ** p < 0.01) of a minimum of twenty seedlings
from each line.
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Figure 6. Phenotypes and anthocyanin contents of OeJcCPL1, OeJcCPL2 and OeJcCPL4 seedlings.
(A–C) Shoot phenotypes of OeJcCPL1 (A), OeJcCPL2 (B) and OeJcCPL4 (C) seedlings. The seedlings
were germinated on 1/2 MS with 1% sucrose for 4 days and then transferred to anthocyanin in-
duction medium (AIM) containing 5% sucrose for 7 days. (D–F) Anthocyanin contents in shoots of
OeJcCPL1 (D), OeJcCPL2 (E), and OeJcCPL4 (F) plants. Values are means of n = 3 ± SD (Duncan test:
** p < 0.01).
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Figure 7. Expression analysis of anthocyanin biosynthesis-related genes by qRT-PCR. (A) OeJcCPL1
lines. (B) OeJcCPL2 lines. (C) OeJcCPL4 lines. Seeds were germinated on 1/2 MS medium for
4 days, and 1/2 MS medium containing 5% sucrose for 7 days. Whole shoots were sampled for
the qRT-PCR analysis. CHS (chalcone synthase, At5g13930); CHI (chalcone isomerase, At3g55120);
F3H (flavanone 3-hydroxylase, At3g51240); FLS1 (flavonol synthase 1, AT5G08640); DFR (dihy-
droflavonol 4-reductase, AT5G42800); ANS (anthocyanidin synthase, AT4G22880); UF3GT (UDP-
glucose: flavonoid 3-O-glucosyltransferase, AT5G54060); BAN (anthocyanidin reductase, AT1G61720).
AtACT2 (At3g18780) was used as an internal control. Values are means of n = 3 ± SD (Duncan test:
** p < 0.01).

2.6. Overexpression of JcCPL1, 2, and 4 Promotes Leaf Senescence in A. thaliana

Leaf chlorophyll content is an important indicator of plant senescence [53]. When
monitoring leaf development, we found that the leaves of OeJcCPL1, 2, and 4 transgenic
plants turned yellow earlier than those of WT plants. Most rosette leaves of WT appeared
green apart from a few lower leaves under routine cultivation conditions. In contrast, most
leaves of OeJcCPL1, 2, and 4 transgenic plants appeared yellow with the exception of some
upper leaves under the same cultivation conditions (Figure 8A). To further investigate the
roles of JcCPL1, 2, and 4 in plant senescence, the chlorophyll contents of leaves were mea-
sured at different developmental stages. At the 3-week stage (before flowering), only two
lines of OeJcCPL1 had significantly lower chlorophyll content compared to WT (Figure 8B).
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At the 4-week stage (after flowering), the chlorophyll content of both OeJcCPL1 and OeJc-
CPL2 plants was significantly decreased compared to WT (Figure 8B). At the 8-week stage
(late developmental stage), the chlorophyll contents of OeJcCPL1, 2, and 4 plants were all
significantly decreased compared to WT. These results indicate that JcCPL1, 2 and JcCPL4
may promote leaf senescence at different stages of plant growth and development.
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Figure 8. Chlorophyll contents and expression analysis of senescence-related and photosynthesis-
related genes in leaves of OeJcCPL1, OeJcCPL2 and OeJcCPL4 lines. (A) Eight-week-old plants of WT
and OeJcCPL1, OeJcCPL2 and OeJcCPL4 lines with inflorescences removed. (B) Chlorophyll contents
of OeJcCPL1, OeJcCPL2 and OeJcCPL4 lines at 3 weeks, 4 weeks and 8 weeks. (C) Expression analysis
of senescence-related and photosynthesis-related genes. SAG12 (senescence-associated gene 12,
At5g45890); SAG113 (senescence-associated gene 113, At5g59220); NAP (Arabidopsis NAC domain
containing protein, At1g69490); SIKR (senescence-induced receptor-like kinase, AT2G19190); RBCL
(large subunit of RUBISCO, AtCg00490); RBCS2B (RUBISCO small subunit 2B, AT5G38420). AtACT2
(At3g18780) was used as an internal control. Three replicates were used in the experiment. Values are
means of n = 3 ± SD (Duncan test: * p < 0.05, ** p < 0.01).

To explore the relationship between chlorophyll content and senescence or
photosynthesis-related genes, we measured the expression levels of senescence- or
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photosynthesis-related genes using 8-week-old leaves of OeJcCPL1, 2, and 4 transgenic
plants. Consistent with their phenotype, the expression levels of several senescence-
related (SAG12, SAG113, NAP and SIRK) were increased (Figure 8C), while the expression
levels of photosynthesis-related genes (RBCL and RBCS2B) were decreased, in OeJcCPL1,
2, and 4 leaves compared to those in WT leaves (Figure 8C). These results implied that
genes JcCPL1, 2, and 4 play roles in the positive regulation of leaf senescence at different
stages of plant development.

3. Discussion

In this study, six CAPRICE (CPC)-like (CPL) genes, JcCPL1-JcCPL6, were identified in
the physic nut genome. Analysis of the structure of these revealed that the genes encoding
the single repeat R3 MYB region of the six physic nut CPLs have the same exon-intron
arrangement and the proteins they encode have high sequence similarity at the amino acid
level in the MYB domain region. Our unrooted phylogenetic tree indicated that physic nut
CPL proteins fell into two groups: JcCPL3, 4, and 6 (group I), and JcCPL1, 2, and 5 (group
II) (Figure 1). This result is consistent with previous phylogenetic analysis which indicated
that the seven CPL genes of Arabidopsis thaliana were divided into two groups, AtTCL1,
AtTCL2, AtETC2 and AtTRY in group I, and AtCPC, AtETC1 and AtETC3 in group II [54].
The JcCPL proteins exhibited many divergences at the amino acid level, with variable
amino acid sequences at the N- and C- terminals as well as in the conserved motifs within
the MYB domain. In the M1 and M2 motifs, several amino acid residues were not conserved
in group II JcCPL proteins (Figure 1). These results indicate that divergence of motifs within
the JcCPL proteins had occurred before the differentiation of A. thaliana and physic nut,
especially between group I and group II proteins.

Previous studies indicated that CPL proteins in plants were localized in the nucleus
as well as the cytoplasm or plasma membrane [8,55–57], or mainly in the nucleus [54]. In
this study, we found that group I JcCPL proteins were localized mainly in the nucleus
while group II JcCPL proteins were present in both the nucleus and cytoplasm under
the same conditions. These results imply that amino acid divergence between the two
group JcCPL proteins determined their different subcellular locations. As well as protein
subcellular localization, spatiotemporal expression patterns are assumed to reflect the roles
of genes [33]; in the present study, the differential patterns of expression indicate that
6 JcCPL genes may have different roles in the growth and development of physic nut.

Ectopic expression of the genes JcCPL1, 2, and 4 in A. thaliana resulted in increased
numbers of root hairs and decreased numbers of trichomes on leaves and inflorescence
stems. Anthocyanin accumulation and the expression of late anthocyanin biosynthesis
genes were also reduced in the transgenic A. thaliana plants. These results are consistent
with previous reports on the functions of CPL genes from A. thaliana [7,10,58], tomato [52,59]
and rice [56]. Thus, these JcCPL proteins may play similar roles to those previously re-
ported for CPL proteins from other plant species. In the root, JcCPL1, 2, and 4 transcription
factors might compete with the R2R3-MYB transcription factor (WER), promote the for-
mation of root hairs by inhibiting the formation of the MBW (WER-GL3/EGL3-TTG1)
complex [5,8,20–24,27,28,30,31]. In shoots, JcCPL1, 2, and 4 transcription factors might
compete with the R2R3-MYB transcription factor (GL1/PAP1/PAP2), inhibit the forma-
tion of trichome and anthocyanin accumulation by inhibiting the formation of the MBW
(GL1/PAP1/PAP2-GL3/EGL3-TTG1) complex [15,16,19,25–29,33,35]. Meanwhile, whether
JcCPL1, 2, and 4 genes regulate epidermal cell differentiation and anthocyanin biosynthesis
in physic nut remains to be studied.

However, none of the phenotypes mentioned above were observed in JcCPL3-, 5-, or 6-
overexpressing plants. Similar results have been observed in plants expressing TRY and
ETC2, which did not show any obvious induction of root hairs [60]. Studies have indicated
that the TRY and ETC2 members of the CPC family are characterized by rapid proteolysis,
which is related to the extended C-terminal domain of these proteins, compared with that
of other members [60]. Substitution of amino acids in the C-terminal regions of TRY and
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ETC2 conferred on them the ability to induce root hair formation [61]. These results indicate
that the precise structure of each CPL protein is important in determining its properties.
We therefore speculate that this might be one of the reasons why plants overexpressing the
JcCPL3, 5, and 6 genes have no visible phenotype. However, further experiments are still
needed to explore the specific mechanisms by which the products of JcCPL3, 5, and 6 act.

In addition, we found that the chlorophyll content of both OeJcCPL1 and OeJcCPL2
was significantly decreased compared to WT at four weeks. Compared to WT, OeJcCPL4
showed a significantly decreased chlorophyll content at eight weeks. The expression levels
of several senescence-related genes at eight weeks were also changed. These results indicate
that these three JcCPL genes function as positive regulators in leaf senescence, especially at
the late stage of the plant growth and development. Although there is no literature about
CPL genes having such roles, several MYB transcription factors related to the MYB-bHLH-
WD40 (MBW) complex have been reported to be involved in the regulation of senescence
in plants. GLABRA1 (GL1), a R2R3-MYB transcription factor in A. thaliana, is a component
of the MBW complex [9,62–64]. Besides being involving in trichome formation, GL1 has a
positive role in dark-induced leaf senescence [65]. Several R2R3-MYB genes have also been
reported to play roles in anthocyanin accumulation as well as leaf senescence. OsPL is an
R2R3-MYB transcription factor, and the mutant pl exhibited a higher anthocyanin content
and a lower chlorophyll content accompanied by down-regulation of photosynthesis-
related genes in flag leaves [66]. In A. thaliana, MYB75/PAP1 plays a significant role in
plant development mediated by its phosphorylation status, including a delayed onset of
senescence when plants overexpress MYB75T131E [67]. In Liquidambar formosana, LfMYB113
is a homolog of A. thaliana MYB75. Transgenic tobacco containing 35S::LfMYB113 shows
significant anthocyanin accumulation in leaves, and accelerated leaf senescence [68]. HAT1
interacts with MYB75 and thereby interferes with the MBW protein complex. HAT1
constrains anthocyanin accumulation by inhibiting the activities of this protein complex
through blocking the formation of the protein complex and recruiting the TPL corepressor
to epigenetically modulate the late anthocyanin biosynthetic genes [69]. Whether the
regulation of leaf senescence by the genes JcCPL1, 2, and 4 is related to the MBW complex
remains to be elucidated.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

The physic nut cultivar GZQX0401 was used in this study. The plants were culti-
vated in a greenhouse and experimental field at South China Botanical Garden (23◦18′ N,
113◦36′ E) under natural sunlight [48,70,71].

Arabidopsis thaliana (Columbia, Col-0) used for functional analysis of JcCPL genes
was maintained in a growth cabinet (16 h light/8 h dark, 22 ± 2 ◦C, 80 µmol m−2 s−1).
For the analysis of anthocyanin content and related genes, plants were grown vertically
from sterilized seeds on 1/2 MS medium (1% sucrose and 1% agar, pH 5.8) for 4 days,
then transferred to anthocyanin induction medium (AIM) agar plates (1/2 MS, 5% sucrose
and 1% agar, pH 5.8) for 7 days. For observation of growth and developmental stage,
plants were grown in pots containing a 1:1 mixture of vermiculite and peat moss. Whole
shoots were sampled for qRT-PCR and anthocyanin estimation. For senescence-related
gene analysis, the fifth and sixth leaves from the apices of 8-week-old plants were sampled
and stored at −80 ◦C.

4.2. Sequence Database Searches, Alignment and Phylogenetic Analysis

The amino acid sequences encoded by the CAPRICE (CPC)-like (CPL) genes of
A. thaliana were used to search for CPLs in the genome and predicted proteome of physic
nut by tblastn and blastp, and 6 JcCPLs were identified in physic nut. Multiple sequence
alignment was performed using Clustal W 1.83 [72] and DNAMAN 6.0 (Lynnon Biosoft
Inc., Vandreuil, QC, Canada). The phylogenetic tree was constructed using MEGA 5.0 with
neighbor-joining pairwise deletion and bootstrap test 100 times [73].
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4.3. RNA Isolation and Expression Analysis

Roots, leaves and stems were sampled from 8-week-old physic nut plants. The root
samples included all root tips about 10 mm in length, and leaf samples were the fourth
fully expanded leaf from the apex, while the stem samples were young bark. Flowers and
seeds at points 14, 19, 25, 29, 35, 41 and 45 days after pollination (DAP) were harvested
from 5-year-old physic nut plants. All samples were immediately put into liquid nitrogen
and stored at −80 ◦C. The CTAB method was used for isolating total RNA from physic
nut organs according to a previous study [70]. The isolation of total RNA from A. thaliana
shoots and leaves was carried out using Trizol reagent (Invitrogen, Burlington, ON, Canada)
following the manufacturer’s instructions.

About 2 µg total RNA (for reverse transcription PCR, RT-PCR) and 5 µg total RNA
(for quantitative real-time PCR, qRT-PCR) were used for synthesizing first-strand cDNAs
according to the manufacturer’s instructions (Promega, Madison, WI, USA). A JcActin
(GenBank accession number HM044307.1) gene was used as internal control for physic nut,
while AtACT2 (At3g18780) was used as internal control for A. thaliana. Three independent
biological replicates, each with three technical repeats, were employed for semi-quantitative
RT-PCR and qRT-PCR. For semi-quantitative RT-PCR, PCR products were separated on
1.5% agarose gels and stained with ethidium bromide. The gels were then photographed
using a Gel Imaging System (Shanghai Bio-Tech, Shanghai, China), and an LCS480 system
(Roche, Rotkreuz, Switzerland) was used for qRT-PCR [71]. The 2−44CT method was used
for calculating gene expression levels [74]. The primers used in this work are listed in
Supplementary Table S1.

4.4. Cloning of JcCPL Genes, Vector Construction and Plant Transformation

The full-length coding sequences of JcCPL1 (XM_012235954), JcCPL2 (XM_012236014),
JcCPL3 (XM_020685120), JcCPL4 (XM_012227851), JcCPL5 (XM_012230970) and JcCPL6
(XM_012231357) were amplified by RT-PCR, then they were cloned into the vector pMD18-T
(Takara, Shiga, Japan). The primers used in this work are listed in Supplementary Table S1.

For transformation into A. thaliana, fragments containing the coding domain sequences
(CDS) of the 6 JcCPLs were cloned from the pMD18-T vector using the appropriate restric-
tion enzyme sites (JcCPL1, 2, 3: Sac I/Pst I; JcCPL4, 6: Kpn I/Pst I; JcCPL5: Sac I/Sal I).
Then they were ligated into the vector pCAMBIA1301, digested with the same restriction
enzyme sites, under the control of the CaMV 35S promoter. The recombinant constructs
were transferred into A. thaliana plants by the floral-dipping method [75]. Homozygous
lines with single T-DNA insertions were selected for subsequent analysis. The primers
used in this work are listed in Supplementary Table S1.

4.5. Subcellular Localization

For subcellular localization analysis, complete coding sequences without the stop
codon were amplified by RT-PCR using the primers listed in Supplementary Table S1. The
six modified JcCPL cDNAs were cloned into the pSAT6-YFP-N1 vector under the control of
the CaMV 35S promoter at the EcoR I and BamH I restriction sites.

The naked pSAT6-YFP-N1 vector (YFP) and each of the JcCPL-YFP recombinants
(JcCPL-YFP) were transformed into A. thaliana protoplasts using the PEG-Ca2+ method [76].
The plasmid pSAT6-RFP-C1 containing the nuclear localization signal of endonuclease
VirD2 under the control of the 35S promoter was co-transformed. For the study, 200 µL
protoplast suspension were mixed with 20 µL plasmids (10 µL YFP/JcCPL-YFP + 10 µL
NLS-RFP), and 220 µL PEG-Ca2+ solution (40% PEG 4000, 0.2 M mannitol, 0.1 M CaCl2,) and
incubated at 24 ◦C for 5 min, then 880 µL solution W5 was added. The mixed suspension
was centrifugated at 100× g for 2 min, and resuspended in 1 mL W5 solution for 12–24 h
at 22 ± 2 ◦C in the dark. Then the YFP and RFP fluorescence of the protoplasts were ob-
served with a LSM800 laser scanning confocal microscopy system (Carl Zeiss, Oberkochen,
Germany). Images were captured at 488 nm and 543 nm laser excitation, and using 493 to
582 nm and 602 to 656 nm long-pass emission filters, for YFP and RFP, respectively.
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4.6. Measurements of Root Hairs

Seedlings were cultivated on 1/2 MS medium (containing 1% sucrose and 1% agar,
pH 5.8) vertically after surface sterilization. After 4 days, seedlings were photographed
using a stereo microscope (LEICA, Wetzlar, Germany). Numbers of root hairs within 5 mm
in length from the root tips were counted. Thirty seedlings were used for each line.

4.7. Measurement of Anthocyanin and Chlorophyll Content

For measurement of anthocyanin content, weighed shoots (ca. 15 mg) were incubated
in 1.5 mL hydrochloric acid-methanol mix solution (v/v = 1:99) at 4 ◦C for 2 days. The
absorbance (A) of the centrifuged extract was determined at 530 nm and 657 nm (A530 and
A657, respectively). The total anthocyanin content was expressed as A530 − 0.25A657 g−1

fresh weight [71,77].
The chlorophyll content was determined using 95% ethanol according to

Ding et al. (2018) [78] with minor modification. The contents of chlorophyll a (Chl a),
chlorophyll b (Chl b), and total chlorophyll were estimated from leaves (the 3th, 4th, 5th
and 6th leaves from the bottom) of transgenic and WT plants at the 3-week stage and
4-week stage, and from leaves (the fifth and sixth leaves from the apex) of transgenic
and WT plants at the 8-week stage [79].

4.8. Statistical Analysis

At least three biological repeats and technical repeats were used for all experiments,
and data were tested for means using SAS software package version 9 with Duncan
tests [80].
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Author Contributions: Conceptualization, H.J. and G.W.; methodology, P.W. and C.Z.; validation,
Y.G., C.Z. and Y.C. (Yanbo Chen); formal analysis, B.L. and Y.C. (Yanbo Chen); resources, C.Z. and
Y.G.; data curation, Y.C. (Yanbo Chen), and Y.C. (Yaping Chen); writing—original draft preparation,
Y.C. (Yanbo Chen); writing—review and editing, H.J., P.W., M.L. and Y.W.; supervision, Y.W., H.J. and
G.W.; project administration, H.J. and G.W.; funding acquisition, P.W., Y.W. and G.W. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Program of the Chinese Academy of Sciences (grant num-
ber ZSZC-014), National Natural Science Foundation of China (grant number 31971683), National
Key R&D Program of China (grant number 2018YFD1000404) and Natural Science Foundation of
Guangdong Province (grant number 2021A1515012479).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ogata, K.; Kanei-Ishii, C.; Sasaki, M.; Hatanaka, H.; Nagadoi, A.; Enari, M.; Nakamura, H.; Nishimura, Y.; Ishii, S.; Sarai, A. The

cavity in the hydrophobic core of Myb DNA-binding domain is reserved for DNA recognition and trans-activation. Nat. Struct.
Biol. 1996, 3, 178–187. [CrossRef] [PubMed]

2. Jia, L.; Clegg, M.T.; Jiang, T. Evolutionary dynamics of the DNA-binding domains in putative R2R3-MYB genes identified from
rice subspecies indica and japonica genomes. Plant Physiol. 2004, 134, 575–585. [CrossRef] [PubMed]

3. Dubos, C.; Stracke, R.; Grotewold, E.; Weisshaar, B.; Martin, C.; Lepiniec, L. MYB transcription factors in Arabidopsis. Trends
Plant Sci. 2010, 15, 573–581. [CrossRef]

4. Yanhui, C.; Xiaoyuan, Y.; Kun, H.; Meihua, L.; Jigang, L.; Zhaofeng, G.; Zhiqiang, L.; Yunfei, Z.; Xiaoxiao, W.; Xiaoming, Q.; et al.
The MYB transcription factor superfamily of Arabidopsis: Expression analysis and phylogenetic comparison with the rice MYB
family. Plant Mol. Biol. 2006, 60, 107–124. [CrossRef]

5. Wada, T.; Tachibana, T.; Shimura, Y.; Okada, K. Epidermal cell differentiation in Arabidopsis determined by a Myb homolog, CPC.
Science 1997, 277, 1113–1116. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms23041924/s1
https://www.mdpi.com/article/10.3390/ijms23041924/s1
http://doi.org/10.1038/nsb0296-178
http://www.ncbi.nlm.nih.gov/pubmed/8564545
http://doi.org/10.1104/pp.103.027201
http://www.ncbi.nlm.nih.gov/pubmed/14966247
http://doi.org/10.1016/j.tplants.2010.06.005
http://doi.org/10.1007/s11103-005-2910-y
http://doi.org/10.1126/science.277.5329.1113


Int. J. Mol. Sci. 2022, 23, 1924 15 of 17

6. Schnittger, A.; Folkers, U.; Schwab, B.; Jürgens, G.; Hülskamp, M. Generation of a spacing pattern: The role of triptychon in
trichome patterning in Arabidopsis. Plant Cell 1999, 11, 1105–1116. [CrossRef]

7. Schellmann, S.; Schnittger, A.; Kirik, V.; Wada, T.; Okada, K.; Beermann, A.; Thumfahrt, J.; Jürgens, G.; Hülskamp, M. TRIPTY-
CHON and CAPRICE mediate lateral inhibition during trichome and root hair patterning in Arabidopsis. EMBO J. 2002, 21,
5036–5046. [CrossRef]

8. Wada, T.; Kurata, T.; Tominaga, R.; Koshino-Kimura, Y.; Tachibana, T.; Goto, K.; Marks, M.D.; Shimura, Y.; Okada, K. Role of a
positive regulator of root hair development, CAPRICE, in Arabidopsis root epidermal cell differentiation. Development 2002, 129,
5409–5419. [CrossRef]

9. Esch, J.J.; Chen, M.; Sanders, M.; Hillestad, M.; Ndkium, S.; Idelkope, B.; Neizer, J.; Marks, M.D. A contradictory GLABRA3 allele
helps define gene interactions controlling trichome development in Arabidopsis. Development 2003, 130, 5885–5894. [CrossRef]

10. Wang, S.; Hubbard, L.; Chang, Y.; Guo, J.; Schiefelbein, J.; Chen, J.G. Comprehensive analysis of single-repeat R3 MYB proteins in
epidermal cell patterning and their transcriptional regulation in Arabidopsis. BMC Plant Biol. 2008, 8, 81. [CrossRef]

11. Zhu, H.F.; Fitzsimmons, K.; Khandelwal, A.; Kranz, R.G. CPC, a single-repeat R3 MYB, is a negative regulator of anthocyanin
biosynthesis in Arabidopsis. Mol. Plant 2009, 2, 790–802. [CrossRef]

12. Tominaga-Wada, R.; Nukumizu, Y. Expression analysis of an R3-type MYB transcription factor CPC-LIKE MYB4 (TRICHOME-
LESS2) and CPL4-related transcripts in Arabidopsis. Int. J. Mol. Sci. 2012, 13, 3478–3491. [CrossRef]

13. Baudry, A.; Heim, M.A.; Dubreucq, B.; Caboche, M.; Weisshaar, B.; Lepiniec, L. TT2, TT8, and TTG1 synergistically specify the
expression of BANYULS and proanthocyanidin biosynthesis in Arabidopsis thaliana. Plant J. 2004, 39, 366–380. [CrossRef]

14. Zimmermann, I.M.; Heim, M.A.; Weisshaar, B.; Uhrig, J.F. Comprehensive identification of Arabidopsis thaliana MYB transcription
factors interacting with R/B-like BHLH proteins. Plant J. 2004, 40, 22–34. [CrossRef]

15. Gonzalez, A.; Zhao, M.; Leavitt, J.M.; Lloyd, A.M. Regulation of the anthocyanin biosynthetic pathway by the TTG1/bHLH/Myb
transcriptional complex in Arabidopsis seedlings. Plant J. 2008, 53, 814–827. [CrossRef]

16. Xu, W.; Dubos, C.; Lepiniec, L. Transcriptional control of flavonoid biosynthesis by MYB-bHLH-WDR complexes. Trends Plant Sci.
2015, 20, 176–185. [CrossRef]

17. Nguyen, C.T.; Tran, G.B.; Nguyen, N.H. The MYB-bHLH-WDR interferers (MBWi) epigenetically suppress the MBW’s targets.
Biol. Cell 2019, 111, 284–291. [CrossRef]

18. Shibata, M.; Sugimoto, K. A gene regulatory network for root hair development. J. Plant Res. 2019, 132, 301–309. [CrossRef]
19. Koes, R.; Verweij, W.; Quattrocchio, F. Flavonoids: A colorful model for the regulation and evolution of biochemical pathways.

Trends Plant Sci. 2005, 10, 236–242. [CrossRef]
20. Galway, M.E.; Masucci, J.D.; Lloyd, A.M.; Walbot, V.; Davis, R.W.; Schiefelbein, J.W. The TTG gene is required to specify epidermal

cell fate and cell patterning in the Arabidopsis root. Dev. Biol. 1994, 166, 740–754. [CrossRef]
21. Hung, C.Y.; Lin, Y.; Zhang, M.; Pollock, S.; Marks, M.D.; Schiefelbein, J. A common position-dependent mechanism controls

cell-type patterning and GLABRA2 regulation in the root and hypocotyl epidermis of Arabidopsis. Plant Physiol. 1998, 117, 73–84.
[CrossRef] [PubMed]

22. Lee, M.M.; Schiefelbein, J. Werewolf, a MYB-related protein in Arabidopsis, is a position-dependent regulator of epidermal cell
patterning. Cell 1999, 99, 473–483. [CrossRef]

23. Bernhardt, C.; Lee, M.M.; Gonzalez, A.; Zhang, F.; Lloyd, A.; Schiefelbein, J. The bHLH genes GLABRA3 (GL3) and ENHANCER
OF GLABRA3 (EGL3) specify epidermal cell fate in the Arabidopsis root. Development 2003, 130, 6431–6439. [CrossRef] [PubMed]

24. Bernhardt, C.; Zhao, M.; Gonzalez, A.; Lloyd, A.; Schiefelbein, J. The bHLH genes GL3 and EGL3 participate in an intercellular
regulatory circuit that controls cell patterning in the Arabidopsis root epidermis. Development 2005, 132, 291–298. [CrossRef]
[PubMed]

25. Rerie, W.G.; Feldmann, K.A.; Marks, M.D. The GLABRA2 gene encodes a homeo domain protein required for normal trichome
development in Arabidopsis. Genes Dev. 1994, 8, 1388–1399. [CrossRef] [PubMed]

26. Di Cristina, M.; Sessa, G.; Dolan, L.; Linstead, P.; Baima, S.; Ruberti, I.; Morelli, G. The Arabidopsis Athb-10 (GLABRA2) is an
HD-Zip protein required for regulation of root hair development. Plant J. 1996, 10, 393–402. [CrossRef]

27. Schiefelbein, J. Cell-fate specification in the epidermis: A common patterning mechanism in the root and shoot. Curr. Opin. Plant
Biol. 2003, 6, 74–78. [CrossRef]

28. Ishida, T.; Hattori, S.; Sano, R.; Inoue, K.; Shirano, Y.; Hayashi, H.; Shibata, D.; Sato, S.; Kato, T.; Tabata, S.; et al. Arabidopsis
TRANSPARENT TESTA GLABRA2 is directly regulated by R2R3 MYB transcription factors and is involved in regulation of
GLABRA2 transcription in epidermal differentiation. Plant Cell 2007, 19, 2531–2543. [CrossRef]

29. Lin, Q.; Aoyama, T. Pathways for epidermal cell differentiation via the homeobox gene GLABRA2: Update on the roles of the
classic regulator. J. Integr. Plant Biol. 2012, 54, 729–737.

30. Koshino-Kimura, Y.; Wada, T.; Tachibana, T.; Tsugeki, R.; Ishiguro, S.; Okada, K. Regulation of CAPRICE transcription by MYB
proteins for root epidermis differentiation in Arabidopsis. Plant Cell Physiol. 2005, 46, 817–826. [CrossRef]

31. Kurata, T.; Ishida, T.; Kawabata-Awai, C.; Noguchi, M.; Hattori, S.; Sano, R.; Nagasaka, R.; Tominaga, R.; Koshino-Kimura, Y.;
Kato, T.; et al. Cell-to-cell movement of the CAPRICE protein in Arabidopsis root epidermal cell differentiation. Development
2005, 132, 5387–5398. [CrossRef] [PubMed]

32. Tominaga, R.; Iwata, M.; Okada, K.; Wada, T. Functional analysis of the epidermal-specific MYB genes CAPRICE and WEREWOLF
in Arabidopsis. Plant Cell 2007, 19, 2264–2277. [CrossRef] [PubMed]

http://doi.org/10.1105/tpc.11.6.1105
http://doi.org/10.1093/emboj/cdf524
http://doi.org/10.1242/dev.00111
http://doi.org/10.1242/dev.00812
http://doi.org/10.1186/1471-2229-8-81
http://doi.org/10.1093/mp/ssp030
http://doi.org/10.3390/ijms13033478
http://doi.org/10.1111/j.1365-313X.2004.02138.x
http://doi.org/10.1111/j.1365-313X.2004.02183.x
http://doi.org/10.1111/j.1365-313X.2007.03373.x
http://doi.org/10.1016/j.tplants.2014.12.001
http://doi.org/10.1111/boc.201900069
http://doi.org/10.1007/s10265-019-01100-2
http://doi.org/10.1016/j.tplants.2005.03.002
http://doi.org/10.1006/dbio.1994.1352
http://doi.org/10.1104/pp.117.1.73
http://www.ncbi.nlm.nih.gov/pubmed/9576776
http://doi.org/10.1016/S0092-8674(00)81536-6
http://doi.org/10.1242/dev.00880
http://www.ncbi.nlm.nih.gov/pubmed/14627722
http://doi.org/10.1242/dev.01565
http://www.ncbi.nlm.nih.gov/pubmed/15590742
http://doi.org/10.1101/gad.8.12.1388
http://www.ncbi.nlm.nih.gov/pubmed/7926739
http://doi.org/10.1046/j.1365-313X.1996.10030393.x
http://doi.org/10.1016/S136952660200002X
http://doi.org/10.1105/tpc.107.052274
http://doi.org/10.1093/pcp/pci096
http://doi.org/10.1242/dev.02139
http://www.ncbi.nlm.nih.gov/pubmed/16291794
http://doi.org/10.1105/tpc.106.045732
http://www.ncbi.nlm.nih.gov/pubmed/17644729


Int. J. Mol. Sci. 2022, 23, 1924 16 of 17

33. Wang, S.; Chen, J.G. Regulation of cell fate determination by single-repeat R3 MYB transcription factors in Arabidopsis. Front.
Plant Sci. 2014, 5, 133. [CrossRef]

34. Schiefelbein, J.; Huang, L.; Zheng, X. Regulation of epidermal cell fate in Arabidopsis roots: The importance of multiple feedback
loops. Front. Plant Sci. 2014, 5, 47. [CrossRef] [PubMed]

35. Petroni, K.; Tonelli, C. Recent advances on the regulation of anthocyanin synthesis in reproductive organs. Plant Sci. 2011, 181,
219–229. [CrossRef] [PubMed]

36. Mehrtens, F.; Kranz, H.; Bednarek, P.; Weisshaar, B. The Arabidopsis transcription factor MYB12 is a flavonol-specific regulator of
phenylpropanoid biosynthesis. Plant Physiol. 2005, 138, 1083–1096. [CrossRef]

37. Stracke, R.; Ishihara, H.; Huep, G.; Barsch, A.; Mehrtens, F.; Niehaus, K.; Weisshaar, B. Differential regulation of closely related
R2R3-MYB transcription factors controls flavonol accumulation in different parts of the Arabidopsis thaliana seedling. Plant J. 2007,
50, 660–677. [CrossRef]

38. Li, S. Transcriptional control of flavonoid biosynthesis: Fine-tuning of the MYB-bHLH-WD40 (MBW) complex. Plant Signal.
Behav. 2014, 9, e27522. [CrossRef]

39. Xu, W.; Grain, D.; Bobet, S.; Le Gourrierec, J.; Thévenin, J.; Kelemen, Z.; Lepiniec, L.; Dubos, C. Complexity and robustness of the
flavonoid transcriptional regulatory network revealed by comprehensive analyses of MYB-bHLH-WDR complexes and their
targets in Arabidopsis seed. New Phytol. 2014, 202, 132–144. [CrossRef]

40. Zhang, W.; Ning, G.; Lv, H.; Liao, L.; Bao, M. Single MYB-type transcription factor AtCAPRICE: A new efficient tool to engineer
the production of anthocyanin in tobacco. Biochem. Biophys. Res. Commun. 2009, 388, 742–747. [CrossRef]

41. Grierson, C.; Schiefelbein, J. Root hairs. Arab. Book 2002, 1, e0060. [CrossRef] [PubMed]
42. Szymanski, D.B.; Lloyd, A.M.; Marks, M.D. Progress in the molecular genetic analysis of trichome initiation and morphogenesis

in Arabidopsis. Trends Plant Sci. 2000, 5, 214–219. [CrossRef]
43. Fan, D.; Ran, L.; Hu, J.; Ye, X.; Xu, D.; Li, J.; Su, H.; Wang, X.; Ren, S.; Luo, K. miR319a/TCP module and DELLA protein regulate

trichome initiation synergistically and improve insect defenses in Populus tomentosa. New Phytol. 2020, 227, 867–883. [CrossRef]
[PubMed]

44. Kong, J.M.; Chia, L.S.; Goh, N.K.; Chia, T.F.; Brouillard, R. Analysis and biological activities of anthocyanins. Phytochemistry 2003,
64, 923–933. [CrossRef]

45. Gübitz, G.M.; Mittelbach, M.; Trabi, M. Exploitation of the tropical oil seed plant Jatropha curcas L. Bioresour. Technol. 1999, 67,
73–82. [CrossRef]

46. Abdelgadir, H.A.; Johnson, S.D.; Van Staden, J. Promoting branching of a potential biofuel crop Jatropha curcas L. by foliar
application of plant growth regulators. Plant Growth Regul. 2009, 58, 287–295. [CrossRef]

47. Dhillon, R.S.; Hooda, M.S.; Jattan, M.; Chawla, V.; Bhardwaj, M.; Goyal, S.C. Development and molecular characterization of
interspecific hybrids of Jatropha curcas x J. integerrima. Indian J. Biotechnol. 2009, 8, 384–390.

48. Wu, P.; Zhou, C.; Cheng, S.; Wu, Z.; Lu, W.; Han, J.; Chen, Y.; Chen, Y.; Ni, P.; Wang, Y.; et al. Integrated genome sequence and
linkage map of physic nut (Jatropha curcas L.), a biodiesel plant. Plant J. 2015, 81, 810–821. [CrossRef]

49. Zhou, C.; Chen, Y.; Wu, Z.; Lu, W.; Han, J.; Wu, P.; Chen, Y.; Li, M.; Jiang, H.; Wu, G. Genome-wide analysis of the MYB gene
family in physic nut (Jatropha curcas L.). Gene 2015, 572, 63–71. [CrossRef]

50. Sato, S.; Hirakawa, H.; Isobe, S.; Fukai, E.; Watanabe, A.; Kato, M.; Kawashima, K.; Minami, C.; Muraki, A.; Nakazaki, N.; et al.
Sequence analysis of the genome of an oil-bearing tree, Jatropha curcas L. DNA Res. 2011, 18, 65–76. [CrossRef]

51. Ramsay, N.A.; Glover, B.J. MYB-bHLH-WD40 protein complex and the evolution of cellular diversity. Trends Plant Sci. 2005, 10,
63–70. [CrossRef]

52. Tominaga-Wada, R.; Wada, T. Regulation of root hair cell differentiation by R3 MYB transcription factors in tomato and
Arabidopsis. Front Plant Sci. 2014, 5, 91. [CrossRef]

53. Rodoni, S.; Muhlecker, W.; Anderl, M.; Krautler, B.; Moser, D.; Thomas, H.; Matile, P.; Hortensteiner, S. Chlorophyll breakdown in
senescent chloroplasts (cleavage of pheophorbide a in two enzymic steps). Plant Physiol. 1997, 115, 669–676. [CrossRef]

54. Gan, L.; Xia, K.; Chen, J.G.; Wang, S. Functional characterization of TRICHOMELESS2, a new single-repeat R3 MYB transcription
factor in the regulation of trichome patterning in Arabidopsis. BMC Plant Biol. 2011, 11, 176. [CrossRef]

55. Wester, K.; Digiuni, S.; Geier, F.; Timmer, J.; Fleck, C.; Hülskamp, M. Functional diversity of R3 single-repeat genes in trichome
development. Development 2009, 136, 1487–1496. [CrossRef]

56. Zheng, K.; Tian, H.; Hu, Q.; Guo, H.; Yang, L.; Cai, L.; Wang, X.; Liu, B.; Wang, S. Ectopic expression of R3 MYB transcription
factor gene OsTCL1 in Arabidopsis, but not rice, affects trichome and root hair formation. Sci. Rep. 2016, 6, 19254. [CrossRef]

57. Zhang, Y.; Zhang, J.; Shao, C.; Bao, Z.; Liu, G.; Bao, M. Single-repeat R3 MYB transcription factors from Platanus acerifolia
negatively regulate trichome formation in Arabidopsis. Planta 2019, 249, 861–877. [CrossRef]

58. Tominaga, R.; Iwata, M.; Sano, R.; Inoue, K.; Okada, K.; Wada, T. Arabidopsis CAPRICE-LIKE MYB3 (CPL3) controls en-
doreduplication and flowering development in addition to trichome and root hair formation. Development 2008, 135, 1335–1345.
[CrossRef]

59. Tominaga-Wada, R.; Nukumizu, Y.; Sato, S.; Wada, T. Control of plant trichome and root-hair development by a tomato
(Solanum lycopersicum) R3 MYB transcription factor. PLoS ONE 2013, 8, e54019. [CrossRef]

60. Tominaga-Wada, R.; Wada, T. Extended C termini of CPC-LIKE MYB proteins confer functional diversity in Arabidopsis epidermal
cell differentiation. Development 2017, 144, 2375–2380. [CrossRef]

http://doi.org/10.3389/fpls.2014.00133
http://doi.org/10.3389/fpls.2014.00047
http://www.ncbi.nlm.nih.gov/pubmed/24596575
http://doi.org/10.1016/j.plantsci.2011.05.009
http://www.ncbi.nlm.nih.gov/pubmed/21763532
http://doi.org/10.1104/pp.104.058032
http://doi.org/10.1111/j.1365-313X.2007.03078.x
http://doi.org/10.4161/psb.27522
http://doi.org/10.1111/nph.12620
http://doi.org/10.1016/j.bbrc.2009.08.092
http://doi.org/10.1199/tab.0060
http://www.ncbi.nlm.nih.gov/pubmed/22303213
http://doi.org/10.1016/S1360-1385(00)01597-1
http://doi.org/10.1111/nph.16585
http://www.ncbi.nlm.nih.gov/pubmed/32270484
http://doi.org/10.1016/S0031-9422(03)00438-2
http://doi.org/10.1016/S0960-8524(99)00069-3
http://doi.org/10.1007/s10725-009-9377-9
http://doi.org/10.1111/tpj.12761
http://doi.org/10.1016/j.gene.2015.06.072
http://doi.org/10.1093/dnares/dsq030
http://doi.org/10.1016/j.tplants.2004.12.011
http://doi.org/10.3389/fpls.2014.00091
http://doi.org/10.1104/pp.115.2.669
http://doi.org/10.1186/1471-2229-11-176
http://doi.org/10.1242/dev.021733
http://doi.org/10.1038/srep19254
http://doi.org/10.1007/s00425-018-3042-3
http://doi.org/10.1242/dev.017947
http://doi.org/10.1371/journal.pone.0054019
http://doi.org/10.1242/dev.149542


Int. J. Mol. Sci. 2022, 23, 1924 17 of 17

61. Yamada, K.; Sasabe, M.; Fujikawa, Y.; Wada, T.; Tominaga-Wada, R. Amino acid substitutions in CPC-LIKE MYB reveal residues
important for protein stability in Arabidopsis roots. PLoS ONE 2018, 13, e0205522.

62. Oppenheimer, D.G.; Herman, P.L.; Sivakumaran, S.; Esch, J.; Marks, M.D. A myb gene required for leaf trichome differentiation in
Arabidopsis is expressed in stipules. Cell 1991, 67, 483–493. [CrossRef]

63. Payne, C.T.; Zhang, F.; Lloyd, A.M. GL3 encodes a bHLH protein that regulates trichome development in arabidopsis through
interaction with GL1 and TTG1. Genetics 2000, 156, 1349–1362. [CrossRef]

64. Zhang, F.; Gonzalez, A.; Zhao, M.; Payne, C.T.; Lloyd, A. A network of redundant bHLH proteins functions in all TTG1-dependent
pathways of Arabidopsis. Development 2003, 130, 4859–4869. [CrossRef]
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