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Abstract: The function of the root system is crucial for plant survival, such as anchoring plants,
absorbing nutrients and water from the soil, and adapting to stress. MYB transcription factors
constitute one of the largest transcription factor families in plant genomes with structural and
functional diversifications. Members of this superfamily in plant development and cell differentiation,
specialized metabolism, and biotic and abiotic stress processes are widely recognized, but their roles
in plant roots are still not well characterized. Recent advances in functional studies remind us that
MYB genes may have potentially key roles in roots. In this review, the current knowledge about
the functions of MYB genes in roots was summarized, including promoting cell differentiation,
regulating cell division through cell cycle, response to biotic and abiotic stresses (e.g., drought, salt
stress, nutrient stress, light, gravity, and fungi), and mediate phytohormone signals. MYB genes from
the same subfamily tend to regulate similar biological processes in roots in redundant but precise
ways. Given their increasing known functions and wide expression profiles in roots, MYB genes
are proposed as key components of the gene regulatory networks associated with distinct biological
processes in roots. Further functional studies of MYB genes will provide an important basis for root
regulatory mechanisms, enabling a more inclusive green revolution and sustainable agriculture to
face the constant changes in climate and environmental conditions.
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1. Introduction

The plant root system provides the interface between plants and the complex soil
environment, thereby being crucial for plant survival and crop productivity, such as ab-
sorbing nutrients and water from the soil, preventing lodging, and responding to biotic
and abiotic stresses. In the past decades, plant root biology has attracted increasing at-
tention as it has important implications for global food security under changing climate
and environmental conditions [1-5]. The molecular basis of how the plant root system
contributes to plant traits, such as lodging resistance, nutrient stress resistance, and biotic
and abiotic stresses resistance are gradually clarified. It is commonly accepted that the root
growth and development processes were regulated by complex mechanisms which include
a series of transcription factors [6,7], such as AtWOX5 controlling root apical meristem
(RAM) division, AtARF7/19 regulating the lateral roots (LRs) initiation, and WEREWOLF
(WER/AtMYB66) determining the root hair (RH) cell formation [8-10].

The V-myb avian myeloblastosis viral oncogene homolog (MYB) transcription fac-
tors are commonly characterized by a highly conserved DNA-binding domain repeat
(MYB domain) at the N-terminal, accompanied by a variable activation domain at the
C-terminal [11,12]. MYB transcription factors (MYB TFs) are widely found throughout
eukaryotic organisms and comprise a superfamily in land plant genomes, e.g., they account
for ~13% of the 1500 transcription factors in the model plant Arabidopsis thaliana [13]. As
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compared with the large number in plant genomes, a few MYB TFs are generally present
in unikonts, e.g., only three MYB TFs that are associated with cell cycle progression were
reported in vertebrate animals including Homo sapiens and Mus musculus [14]; a single MYB
TF that functions in cell cycle progression as well was present in invertebrates (such as
Drosophila melanogaster and Strongylocentrotus purpuratus) [15]; similarly, only one MYB TF
had been identified in cellular slime mold Dictyostelium discoideum [16]. In plants, based
on the number of the highly conserved repeats (R) in the MYB domain, MYB proteins
fall into four major families, namely MYB-related (R3/R1-MYB), 2R-MYB (R2R3-MYB),
3R-MYB (R1R2R3-MYB), and 4R-MYB (R1R2R2R1/R2-MYB) [17]. In general, the number
of 3R-MYB and 4R-MYB families is very limited and conserved across plants, with most
species possessing 3 and 2 members, respectively [17]. In contrast, numerous members are
observed in MYB-related and 2R-MYB families in plants, especially in angiosperms [14,18].
Consistent with the small number, the functions of 3R-MYB and 4R-MYB families are
conserved across plants and even eukaryotes. For example, the members of the 3R-MYB
family in Arabidopsis play a similar role with their homologs in animals in cell cycle regu-
lation [19-21]. On the contrary, the members of MYB-related and 2R-MYB families have
diverse functions in many plant-specific processes [18,22]. To date, the major roles of
MY B-related genes characterized are related to organ development, stress response, and
circadian clock [18]. For example, CPC-like subfamily homologs are involved in cell fate
determination [23], AtMYBL response to ABA and salt stresses [24], and AtCCA1 with
its homologs are involved in circadian rhythm [18]. Consistent with its vast number and
phylogenetic classification, the 2R-MYB family has diverse functions in plants, which can
be briefly summarized into three major biological processes: development and cell differen-
tiation, biotic and abiotic stresses, and specialized metabolism [22]. For instance, the genes
in the S15 subfamily are associated with cell fate determination [10], the genes in the S22
subfamily respond to drought and pathogen invasion [25], and those in the S6 subfamily
participate in anthocyanin biosynthesis [26], etc. Due to inconvenient visualization, the
root traits were generally neglected in plant genetics, biology, etc. Accordingly, to date, the
functions of MYB proteins related to shoot attracted much more attention. However, an
increasing number of MYB genes (MYBs) have been functionally characterized in roots,
such as AtMYB36 controlled LR primordium (LRP) development [27]; AtMYB70 regulated
root system development [28]; AtMYB73/77 involved in LRs growth [29], etc. These results
raised concerns about the roles of MYB TFs in roots.

In this review, the functions of MYBs in plant roots are described in detail, with a focus
on their roles in regulating cell differentiation, coordinating cell cycle, responding to biotic
and abiotic stresses, and transducing phytohormone signals. The function characteristics
of MYB homologs in roots have been discussed from a subfamily perspective. Finally, the
potential research directions of MYB TFs in roots for future work were prospected. To our
knowledge, this is the first review of the functions of MYB TFs in roots.

2. MYB TFs Are Regulators of Root Cell Differentiation

The development of plant roots relies on highly precise regulation of cellular differen-
tiation [7]. MYB TFs were widely recognized to regulate the differentiation of root cells,
participating in the development processes of primary root (PR), LRs, and RHs.

The roles of MYB TFs in root cell differentiation were represented by WER (2R-MYB)
and CAPRICE (CPC, R3-MYB) which act as the core factors in determining root epidermal
cell fate. In Arabidopsis, the specification of hair and non-hair epidermal cells are position-
dependent, with hair cells arising over clefts between the overlying cortical cells (Figure 1A).
In cortical cells, JACKDAW (JKD), a plant-specific zinc finger protein, produces a signal
that may bind to the leucine-rich repeat receptor-like kinase (LRR-RLK) SCRAMBLED
(SCM) in epidermal cells [30]. Due to the larger contact surface, the epidermal cell located
at the cleft between two overlying cortical cells received more signals, resulting in more
SCM activation [30]. Subsequently, the activated SCM represses the expression of the
WER gene, contributing to more CPC than WER, leading to hair cell (HC) formation
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(Figure 1A) [31]. On the contrary, the epidermal cell on a single cortical cell has a little
activated SCM because of the smaller contact surface, leading to the dominance of WER
and thus developed as a non-hair cell (NHC) (Figure 1A) [31]. In NHC, a MYB protein
WER, a bHLH protein GLABRA3 (GL3) or its homolog ENHANCER OF GLABRA3 (EGL3),
and a WD40-repeat protein TRANSPARENT TESTA GLABRA1 (TTG1) form an activator
protein complex MYB-bHLH-WD40 (MBW) to activate the expression of the downstream
GLABRA?2 (GL2) gene that encodes a homeodomain protein [10,32-34]; subsequently, the
GL2 protein represses a set of downstream genes such as ROOT HAIR DEFECTIVE 6
(RHD6) and RHD6-LIKE1 (RSL1) which are essential to the determination of RHs, leading
to an NHC fate (Figure 1A) [35]. In HC, CPC protein competes with WER protein to
form a repressor protein complex CPC-GL3/EGL3-TTG1 (MBW), which then inhibits the
expression of the GL2 gene [36,37]; thereby, the downstream genes of GL2 (e.g., RHD6 and
RSL1) were normally expressed which then promote RH formation (Figure 1A).
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Figure 1. MYB transcription factors (MYB TFs) promote cell differentiation in Arabidopsis roots.
(A) The model of MYB genes (MYBs) controls root epidermal cell specification. In non-hair cell
(NHC), the WER-GL3/EGL3-TTGI protein complex inhibits root hair (RH) formation by activating
the GL2 gene expression which then inhibits the expression of the downstream genes such as RHD6
and RSL1 to repress RH formation. In hair cell (HC), the CPC-GL3/EGL3-TTG1 complex cannot
active GL2 gene expression in HCs, thereby the downstream genes (e.g., RHD6 and RSL1) can promote
RH formation. The dominance of different MBW complexes in HCs and NHCs is determined by the
position signals (grey dots) in NHCs and HCs and the lateral movements between NHCs and HCs
(red arrows). Blue dots represent MYB proteins. (B) The model of the AtMYB36 gene regulates lateral
root development. Blue dots represent the expression position of the AtMYB36 gene. (C) The model
of AtMYB36 regulates Casparian strip formation. AtMYB36 promotes the formation of the Casparian
strip by regulating the balance between proliferation and differentiation. Brown lines indicate the
Casparian strip.

The competition between the two types of MYB proteins, WER and CPC, to form the
MBW ternary protein complex is attributed to their close evolutionary relationship. The MYB
domain of CPC protein and the R3 repeat in the MYB domain of WER protein shared a high
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degree of sequence similarity. Both of them contain the conserved motif DLx2Rx3Lx6Lx3R in
the R3 repeat of the MYB domains that are involved in the interactions between MYB and
bHLH proteins [18]. However, as compared to WER, the CPC protein lacks the transcription
activation domain causing its opposite function in the RH formation process [38]. Accordingly,
the R3 domain of the WER can functionally replace CPC, but the R3 domain of CPC cannot
functionally replace that of WER [39]. In addition, the homologs of WER and CPC genes
were widely demonstrated to act as similar roles in RH formation process. For example, the
AtMYB23 gene has a similar function to the WER gene to reinforce the NHC fate [40]; in Ara-
bidopsis, there are six homologs of the CPC gene, including TRIPTYCHON (TRY), ENHANCER
OF TRY AND CPC1 (ETC1), ETC2, ETC3, TRICHOMELESS1 (TCL1), and TCL2, which act
as positive regulators for RH formation [23,41,42]. In other plant species, the homologs of
WER/CPC genes were reported to perform similar functions in RH cell differentiation. For
example, overexpressing four homologs of the WER gene in Brassica napus (BnMYB019, Bn-
MYB189, BuMYB231, and BnMYB388) in Arabidopsis could rescue the RH phenotype of the
wer mutant to that of WT lines [43]; expressing the Solanum lycopersicum SITRY gene and Oryza
sativa (rice) OsTCL1 gene in Arabidopsis, respectively, both enhanced RH differentiation and
thus promoted RH formation [44,45]. These results show a new perspective on subfamily to
understand the key roles of WER and CPC homologs in root epidermal cell differentiation.

Notably, a series of feedback exists in this process to enhance root epidermal cell fate
specification. In NHC, in addition to the downstream GL2 gene, the WER-GL3/EGL3-TTG1
complex also positively regulates the expression of the competitors of the WER protein,
CPC and TRY, and even the homologs of WER, AtMYB23 (Figure 1A) [40,46]. However,
the WER-GL3/EGL3-TTG1 complex negatively regulates the expression of SCM, GL3, and
EGL3 genes in NHCs as well [47]. At the same time, the GL3 and EGL3 proteins can move
from HC to NHC through plasmodesmata (PD) [47], resulting in more WER-GL3/EGL3-
TTG1 complex in NHC that can upregulate more GL2 and CPC/TRY protein formation
(Figure 1A). Subsequently, the GL2 protein controls the NHC formation, whereas the CPC
and TRY proteins can move from NHC to HC through PD to promote HC formation [37,48].
Moreover, TRY in HC can upregulate the expression of the SCM gene, contributing to the
HC fate [49]. Recently, phytosulfokine receptors (PSKRs) which belong to the LRR-RLK
family and an O-fucosyltransferase protein, SPINDLY (SPY), were reported to participate
in position-dependent root epidermal cell fate determination as well [50,51]. Together, both
the position signals and various feedback pathways determine the dominance of different
MBW complexes in HCs and NHCs which consequently specify the root epidermal cell fate.

Another 2R-MYB gene, AtMYB36, is a key regulator of cell differentiation in Arabidopsis
roots as well [27,52]. In endodermal cells, the AtMYB36 gene is activated by SCARECROW
(SCR) and then activates a series of genes such as Casparian strip proteins (CASPs), Peroxidase
64 (PER64) and Enhanced Suberin 1 (ESB1), as well as represses J[KD and MAGPIE (MGP)
involved in proliferation, resulting in Casparian strip formation that represents a successful
transition from proliferation to differentiation in endodermal cells (Figure 1C) [53]. Notably,
the JKD-involved formation of the Casparian strip in the endodermal cells is independent
of its function in epidermal patterning [47]. Moreover, AtMYB36 plays a similar role in
LRP, as the size and shape of LRP are determined by the balance between cell proliferation
and differentiation as well (Figure 1B). In this biological process, AtMYB36 is expressed
in the cells surrounding LRP where it activates a subset of peroxidase genes such as
PER9 and PER64 to regulate the ROS balance, consequently promoting the transition from
proliferation to differentiation at later stages of LRP development [27]. Together, AtMYB36
regulates the formation of the Casparian strip in endodermal cells and LRP development
by promoting the transition from proliferation to differentiation in a similar manner.

Taken together, the roles of MYBs in cell differentiation in RH development were
well-known in many plant species, whereas their roles in other root cell differentiation
processes remain to be explored in the future.
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3. MYB TFs Regulate Root Growth and Development through Cell Cycle

Root growth and development is a dynamic balance between cell proliferation and
cellular differentiation, which rely on the positive and/or negative regulation of cell cycle
progression. Another well-known role of plant MYB TFs in roots is controlling the cell cycle.

Among the MYB superfamily, the 3R-MYBs were well-known to regulate the cell cycle
in both animals and plants. In animals, the MYB family is composed of three members,
MYB (C-MYB), MYBL1 (A-MYB), and MYBL2 (B-MYB), which play important roles in
controlling the cell cycle. The B-MYB gene is ubiquitously expressed in all cell types and
activates the transcription of CDC2 and cyclin B1 in the G2/M phase; the A-MYB and
C-MYB exhibit a tissue-specific expression profile and are also involved in the regulation of
cell cycle [54]. In Arabidopsis, four of the five 3R-MYBs are demonstrated to regulate cell
cycle progression, except AtMYB3R2 which is associated with circadian rhythms rather
than cell cycle [19,20,55]. Among them, AtMYB3R1 and AtMYB3R4 (AtMYB3R1/4) act as
transcriptional activators which are expressed in proliferating tissues, such as root tips and
LRPs (Figure 2A). In atmyb3r1/4 double mutants, the expression of G2/M-specific genes
was significantly reduced, leading to short roots and defective cytokinesis in root epidermal
cells [20,56]. In contrast, AtMYB3R1, AtMYB3R3, and AtMYB3R5 (AtMYB3R1/3/5) act
redundantly as transcriptional repressors in both proliferating and differentiated cells by
inhibiting the expression of G2/M-specific genes directly (Figure 2A). In atmyb3r1/3/5 triple
mutants, the expression of G2/M-specific genes was significantly upregulated, leading to
an increased size of root meristems and a longer length of PR [19]. Commonly, the above
AtMYB3Rs all bind to the cis-acting mitosis-specific activator (MSA) element (“AACGG”)
in the promoter regions of several G2/M-specific genes (e.g., AtKNOLLE, AtCYCBI, and
AtCDC20) to regulate the cell cycle (Figure 2A) [19,20]. However, the precise mechanism
of how the AtMYB3Rs activate or repress the expression of downstream genes is still
unclear. An explanation was that the AtMYB3Rs proteins can recruit different types of the
DREAM (DP, RBR, E2F, and MuvB) complex which is well-known in the regulation of cell
cycle [19]. In this process, the AtMYB3Rs indirectly recruit different E2F isoforms (E2FB
or E2FC) through MuvB to form distinct DREAM complexes, such as AtMYB3R4-MuvB-
E2FB and AtMYB3R3-MuvB-E2FC (Figure 2A,B) [57]. Consistently, E2FB functions as an
activator while E2FC acts as a repressor in the regulation of cell cycle genes [58,59]. Notably,
AtMYB3R1 has dual roles in controlling the cell cycle, acting as an activator or a repressor
in this process. In the atmyb3r]l mutant, the expression of cell cycle genes underwent
little change. However, enhanced downregulation and upregulation of G2/M-specific
genes were observed when introducing atmyb3r1 into atmyb3r4 single mutant or atmyb3r3/5
double mutants, respectively [19], demonstrating the dual roles of AtMYB3R1 in the cell
cycle. In RAM, the transcription of AtMYB3R1 is downregulated by TSO1 (a core subunit
of MuvB) rendering the cells unable to enter the differentiation process [60]. In other plants,
3R-MYB homologs are demonstrated to perform a similar role in cell cycle progression.
For instance, three Nicotiana tabacum 3R-MYBs (NtmybA1, NtmybA2, and NtmybB) and one
rice OsMYB3R-2 gene were reported to regulate the expression of cell cycle genes through
binding to the MSA cis-element as well [61,62]. Recently, 225 3R-MYBs identified from
65 plant species appeared to be enriched for the MSA cis-element within their upstream
promoter region, indicating a conserved functional involvement in cell cycle regulation [63].
Similarly, in animals, B-MYB is repressed by the DREAM complex in the G1/S phase while
interacting with MuvB to activate the G2/M cell cycle genes [64,65]. These results suggest
that 3R-MYBs have undergone functional specialization during the evolution of plants.

The 2R-MY Bs also regulate the cell cycle in roots, and their regulatory mechanisms
appear to be spatiotemporally specific that is distinct from the broad regulation manner of
3R-MYBs. For example, the AtMYB59 gene is specifically expressed in roots and functions in
the S phase of the cell cycle progression (Figure 2A) [66]. In AfMYB59-overexpressing lines,
about half of the mitotic cells in root tips are at metaphase, leading to shorter PR than wild-
type (WT); in contrast, the atmyb59 mutants show the opposite phenotype, indicating that
AtMYB59 inhibits root growth by disturbing the cell cycle [66]. Different from AtMYB3Rs,
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AtMYB59 upregulates the expression of cell cycle genes (such as AtCYCB1,1) by binding to
the MRE (“AACC”), MRE2 (“TATAACGGTTTTTT”), and ERE (“ATTTCAAA”) cis-elements
in the promoters instead of the MSA cis-element [66]. On the contrary, the AtMYB56
(BRAVO) gene negatively regulates the expression of cell cycle genes (e.g., AtCYCD2,2 and
AtCYCD3;3) in quiescent center (QC) cells to ensure a low dividing activity (Figure 2B) [67].
Ectopic expression of AtMYB56 resulted in the inhibition of root growth and the failure of
root regeneration upon damage of stem cells [67]. Recently, the AtMYB56 protein has been
reported to interact with the WOX5 protein to form a complex in QC cells (Figure 2B) [68].
In addition, an atypical 2R-MYB gene, AtCDC5 (cell division cycle 5), is well-known for its
role in regulating the cell cycle. This gene is predominantly expressed in proliferating cells
and participates in the G2/M transition by upregulating the expression of the AtCDKB1
gene (Figure 2A) [69]. Its binding site is the “CTCAGCG” motif in the promoters of
target genes [69]. The root growth of the AtCDC5-RNAI plants was severely inhibited,
and the atcdc5 mutant was embryonic lethal, suggesting that AtCDC5 is essential for cell
cycle progression [69]. Moreover, these 2R-MYBs commonly belong to the early derived
subfamilies of the 2R-MYB family in plants, indicating that the ancient and important role of
2R-MYBs in the cell cycle may be derived from 3R-MYBs. To date, the knowledge regarding
the roles of 2R-MYBs in cell cycle progression is focused on the studies in Arabidopsis.
However, as mentioned above, given the functional conservation characteristic of MYB
homologs in diverse plant biological processes, it is foreseeable that 2R-MYBs have an
important role in root cell cycle progression in other plant species as well.
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Figure 2. MYB TFs regulate the cell cycle in Arabidopsis roots. (A) In proliferating cells, AtMYB3R4
activates the expression of G2/M-specific genes by interacting with the DREAM complex containing
E2FB at the G2/M phase, while AtMYB3R3 interacts with the DREAM complex containing E2FC to
inhibit G2/M-specific gene expression at the G1/S phase. AtMYB59 activates CYCBI to promote
G2/M transition in the root apical meristem (RAM). AtCDCS5 participates in cell cycle progression by
positively regulating CDKB1 expression at the G2/M phase in RAM. (B) In non-proliferating quiescent
cells, AtMYB3R3 interacts with the DREAM complex containing E2FC to inhibit the expression of
G2 /M-specific genes to maintain the quiescent state in differentiated cells; AtMYB56 represses the
expression of CYCD2 and CYCD3 genes by interacting with WOX5 to maintain a low division rate of
quiescent center cells. The blue dots represent MYB proteins.

Overall, the regulatory roles of 3R-MYBs in root cell cycle progression are widely
recognized in many plants showing a conserved mechanism across different plant species,
while the roles of 2R-MYBs in root cell cycle are still poorly understood, especially in
non-model plants.
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4. MYB TFs Function in Root System Architecture in Response to Biotic and
Abiotic Stresses

Due to the immobility, plants face diverse volatile environments during the life cycle,
whereas the root system plays a key role and shows strong plasticity in response to abiotic
stress. To date, a mass of studies has demonstrated that plant MYB TFs are involved in
diverse abiotic stress responses, such as drought, salt stress, nutrient stress, gravity, and
light (Table 1). Most of these processes were achieved by regulating root growth and/or
development, root morphology, and root system architecture (RSA).

Table 1. MYB gene functions in roots under biotic and abiotic stresses.

Species Genes Function Description References

AtMYB2 Positively regulate LRs and RHs under P starvation [70]
AtMYBI12 Maintain root growth under salt and drought stress [71]
AtMYB20 Promote PR growth under salt stress [72]

AtMYB30 Regulate root growth and development under salt stress [73,74]
AtMYB42 Protect root from ion toxicity under salt stress [75]

AmBss O o nematode inestaton U6
AtMYB60 Promote root growth under mild drought [79]
Arabidopsis thaliana AtMYB62 Negative regulators of LRs growth under P starvation [80]
AtMYB73/77 Mediate the inhibition of LRs under UV-B light [29]
AtMYB96 Negatively regulate LRs under drought [81]
AtMYB88/124 Participate in PR and LRs gravitropism [82]
AtPHR1 A central regulator of P starvation [83]

AtPHL1/2 Dimerize with AtPHR1 to regulate P starvation responses [84,85]
AtHRS1 Regulate RHs and PR under P starvation [86]
AtHHO?2 Promote LRs under P starvation [87]
CPC/TRY/ETC1 Positively regulate RHs development under P starvation [88]
Glycine max GmMYB84 Promote PR elongation under drought [89]
Leymus chinensis LeMYB2 Positively regulate root growth under drought [90]
Malus x domestica MdAFLP Promotes ARs in response to gravity [91]
OsMYB1 Regulate LRs elongation under P starvation [92]
OsMYB2P-1 Positively regulate root growth under P starvation [93]
Oryza sativa OsMYB4P Promote PR growth under P starvation [94]

OsPHR1/2/3/4 A central regulator of P starvation [95,96]
Panax notoginseng PnMYB2 Regulate the resistance against the root rot [97]
Populus ussuriensis PuMYB40 Promote ARs formation under P starvation [98]
Thinopyrum intermedium TiMYB2R-1 Enhance the resistance to take-all disease [99]
TaMpcl-D4 Negative regulators with reduced root growth under drought [100]
Triticum aestioum TaPIMP2 Contribute to wheat resistance to root rot [101]

PR, primary root; LRs, lateral roots; ARs, adventitious roots; RHs, root hairs; RSA, root system architecture; UV-B,
ultraviolet B; P, phosphorus.

4.1. Drought

Drought is one of the most serious abiotic stresses affecting root growth. Under
drought stress, the elongation of PR and the formation of LRs are adjusted to sustain the
viability of plants. For example, as a typical adaptive response to environmental stress, PR



Int. . Mol. Sci. 2022, 23, 9262

8 of 16

growth can be promoted to absorb water deeper underground by sacrificing LRs devel-
opment under drought conditions. MYB TFs have been reported frequently in drought
resistance through modulating the RSA, including the length of PR and LRs as well as
the number of LRs [25]. For example, in Arabidopsis, the AtMYB96 gene was reported
to negatively regulate LRs development and enhance drought resistance [81]; its overex-
pression lines showed significantly reduced LRs and enhanced drought resistance [81].
AtMYBG60, a paralog of AtMYB96, promotes both PR and LRs growth to increase water
uptake under mild drought stress [79]. In other plants, MYB TFs also regulate the RSA in
response to drought. For instance, in Glycine max, GmMYB84-overexpressing lines exhibited
enhanced drought resistance with a longer PR by controlling reactive oxygen species (ROS)
balance [89]; in Leymus chinensis, LcMYB2 improved plant drought resistance by promoting
root growth as well [90]. However, MYB TFs play a negative role in drought response as
well, e.g., overexpression of a wheat MYB gene TuMpc1-D4 reduced the root length and
repressed the expression of stress-related genes under drought stress [100].

4.2. Salt Stress

Salt stress is a major abiotic stress that adversely affects plant growth and development,
significantly reducing crop productivity. Elevated soil salinity mainly causes ion toxicity
and oxidative stress to roots, whereas MYB TFs are involved in these processes to respond
to salt stress. AtMYB30 enhances salt tolerance by improving alternative respiration which
can maintain the root cellular redox homeostasis [73]. Moreover, AtMYB30 links the reactive
oxygen species (ROS) signaling and root cell elongation, and its mutant shows an increased
cell length in root under HyO, treatment [74]. Similarly, AtMYB12 can upregulate the
expression of ROS scavenging genes to maintain the root cellular ROS balance under both
drought and salt stress conditions [71]. AtMYB42 has been proven to participate in the
regulation of ion toxicity. In this process, AtMYB42 directly activates the expression of
salt overly sensitive 2 (SOS2), which plays a crucial role in regulating Na*:K* homeostasis,
resulting in the root system avoiding ion toxicity [75]. AtMYB20 enhances salt tolerance
by downregulating the expression of type 2C serine/threonine protein phosphatases (PP2Cs)
that plays a negative role in ABA signaling [72]. The AtMYB20-overexpressing lines exhibit
enhanced salt tolerance with a longer PR [72]. These results suggest that MYB TFs are
involved in the regulation of diverse physiological processes to alleviate and even avoid
the effects of salt stress, thereby ensuring root growth and development.

4.3. Nutrient Stress

Soil nutrient limitations, such as phosphorus (P), nitrogen (N), and potassium (K)
starvation, are major abiotic stresses that affect plant growth and development and crop
production. Consequently, roots have evolved a set of mechanisms to enhance nutrient
acquisition, including changing RSA to enlarge root surface area to uptake nutrients from
soil. Recently, an increasing number of MYBs has been reported to be involved in nutrient
stress response processes by regulating the RSA, especially in response to P starvation. In
Arabidopsis, a MYB-like gene P Starvation Response 1 (PHR1), and its homologs AtPHR1-like
1 (AtPHL1) and AtPHL? are recognized as central regulators of P starvation response (PSR)
by directly regulating various P starvation-induced (PSI) genes, consequently affecting the
P uptake and transport as well as modulating the RSA [83-85,102]. In Oryza sativa, four
orthologs of AtPHR1 (OsPHR1/2/3/4) function redundantly in a highly conserved manner to
that of AtPHR1 [95,96]. Two target genes of AtPHR1, AtHRS1, and AtHHO2 (HRS1 Homolog
2) are MYB-like genes that participate in the regulation of RSA to enhance the adaptability
to P starvation as well [103]. Under P starvation, AtHRS1-overexpression lines exhibited
enhanced RHC development and shortened PR length, while AtHHO2-overexpression lines
showed augmented LRs development [86,87]. Moreover, several R3-MYBs, CPC, TRY, and
ETC1 were well-known to play key roles in P starvation response by positively regulating
RH development [88].
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2R-MYBs participate in PSR as well. Under P starvation, AtMYB2-overexpression lines
exhibited more and longer LRs and denser RHs [70]; the overexpression of OsMYB2P-1 and
OsMYB4P both enhanced the P starvation tolerance with enhanced root growth [93,94]. These
three genes act as a positive regulator in PSR by activating the expression of downstream
PSI genes, such as miR399 and P transporter (PHT) genes. In contrast, AtMYB62 acts as a
negative regulator of the PSR by repressing the expression of PSI genes, such as AfPHT1 and
AtACPS5 [80]. Overexpression of the AtMYB62 gene significantly decreased LRs length [80].
Rice 2R-MYB gene, OsMYBI, coordinately regulates the maintenance of P homeostasis and
root development under P starvation conditions [92]. Moreover, MYB TFs were involved in
adventitious root (AR) formation under P starvation, e.g., in Populus ussuriensis, PuMYB40
controlled the P starvation resistance by promoting AR formation [98]. In addition, MYB TFs
also participate in responding to other nutrient stress processes through modulating the RSA.
Recently, AtMYB59 has been reported to modulate the RSA in response to low K*, low NO3 ™,
or low calcium (Ca) stresses [76,77], suggesting its multiple roles in nutrient stress responses.

4.4. Light and Gravity

Light is an important signal that regulates root growth and development, especially
ultraviolet B (UV-B) light which is a part of sunlight that markedly affects root morphol-
ogy [104]. Recently, AtMYB73 and AtMYB77 genes were reported to directly interact with
the UV-B photoreceptor UVR8 (UV Resistance Locus 8) to regulate root growth under UV-B
light in Arabidopsis [29]. In this process, AtMYB73 and AtMYB77 proteins interact with
auxin response factors to promote LRs growth and development; however, UVRS can inter-
act with AtMYB73/77 proteins in a UV-B-dependent manner to inhibit their DNA-binding
activities, consequently inhibiting the LRs development [29]. The root system can change
the growth direction in response to gravity stimulation, and MYBs are involved in this
process. It was reported that AtMYB88 and AtMYB124 (AtFLP) performed a redundant role
in response to gravity stimulation by regulating the temporal-spatial expression patterns
of PIN-FORMED 3 (PIN3) and PIN7 genes in gravity-sensing cells of primary and lateral
roots [82]. After gravity stimulation (reorientation of 90°), the curvature of PR in the atflp
mutant exhibited a defective gravity response. Moreover, AtMYBS8 and AtFLP functioned
complementarily in establishing the gravitropic set-point angles, with the former functions
in later stages while the latter in earlier stages [82]. Similarly, in Malus xdomestica, MdFLP,
an ortholog of AtFLP, regulated ARs gravitropism by directly binding to the promoters of
MdAPIN3 and MdPIN10 genes [91].

4.5. Biotic Stress

To date, many MYBs had been demonstrated to have an important role in biotic stress
resistance in aerial parts, e.g., AtMYB30 and AtMYB72 participated in the response to
pathogen attack in Arabidopsis leaf [105,106]; AtMYB15, AtMYB34, AtMYB51, and AtMYB75
were involved in the resistance against insect herbivores [107]. In recent years, a few studies
revealed the roles of MYBs in response to biotic stress in roots as well, such as pest and
disease stress responses. In wheat, the TaPIMP2 gene plays a positive role in defense
responses to fungal pathogen Bipolaris sorokiniana infection by regulating the expression
of defense-related genes, contributing to the host resistance to common root rot [101]. In
Panax notoginseng, the PnMYB2 gene has a positive role in root rot resistance caused by
Fusarium solani pathogen through regulating JA signaling, disease-resistance-related genes,
and photosynthesis [97]. The Thinopyrum intermedium TiMYB2R-1 gene exhibits enhanced
resistance to the take-all disease in wheat by upregulating the expression of defense-related
genes [99]. In Arabidopsis, the AtMYB59 gene was found to play an important role in the
response to Heterodera schachtii infestation in roots [78]. Recently, based on transcriptome
and co-expression network analyses in Brassica rapa, several MYBs were speculated to be
involved in clubroot resistance caused by the soil-borne protist Plasmodiophora brassicae [108].
These studies demonstrated that MY Bs are also involved in biotic stress resistance in roots,
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which is an important direction for future gene functional research on this gene family
in plants.

5. The Regulatory Roles of MYB in Roots Are Mediated by Various Phytohormones

Phytohormones are involved in many biological processes in roots, such as root growth
and development, root morphogenesis, stress response, and signal transduction. In fact,
it was demonstrated that the roles of MYB TFs in roots are widely mediated by various
phytohormones, including indole acetic acid (IAA), abscisic acid (ABA), gibberellin (GA),
cytokinin (CTK), and brassinosteroid (BR). Meanwhile, MYB TFs are also involved in
phytohormone response processes to regulate root growth and development and stress
response by activating downstream phytohormone-related genes and/or acting as response
factors to regulate various physiological biochemical processes in roots (Figure 3).

Phytohormones
r s ~
IAA ABA GA CTK BR
AtMYB44
AtMYBS88 AtMYB20 AtMYB11
AtMYB73 AtMYB12
AtMYB93 AtMYB30 AtMYB62 AtMYB3R4 AtMYB56
AtMYB77
AtMYB124 AtMYB70 AtMYB111
AtMYB96
OsMYB1
- = .

Root growth, development, and abiotic stress response

Figure 3. The regulatory roles of MYBs in roots are mediated by various phytohormones. IAA:
indole acetic acid; ABA: abscisic acid; GA: gibberellin; CTK: cytokinin; BR: brassinosteroid. The blue
dots represent MYB TFs. The MYBs crosslink different types of phytohormones indicating they can
integrate different phytohormone signaling.

The IAA-mediated MYB signaling transduction pathways are widely involved in
the regulation of diverse developmental and stress response processes in roots. In most
cases, MYBs directly regulate the expression of IAA-related genes to modulate the RSA.
For instance, in Arabidopsis, AtMYB88 and AtMYB124 participate in root gravitropism
by regulating the transcription of PIN3 and PIN7 genes that encode auxin transporter
proteins [82]; AtMYB96 upregulates the expression of the GH3 gene which encodes the
auxin-conjugating enzyme to negatively regulate LRs growth [81]. In turn, IAA could
induce the expression of MYBs to perform their biological function in roots. For example,
the expression of AtMYB96 could be induced by IAA leading to reduced LRs and enhanced
drought resistance in Arabidopsis [81]; AtMYB93 is a novel auxin-induced negative regulator
in LRs development [109].

ABA is well-known for its key role in abiotic stress. Many MYB TFs are widely
involved in the ABA signaling pathway to modulate RSA. For example, AtMYB30 regulates
root cell elongation depending on the ABA signaling [110]; AtMYB20 modulates the RSA
by downregulating the expression of ABI1 and PP2C genes which encode the key regulators
of the ABA signaling pathway [72]; AtMYB12 modulates the RSA under salt and drought
stresses by upregulating the ABA biosynthesis genes (e.g., AtZEP, AtINCED, AtABA2, and
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AtAAO) [71]. In most cases, the roles of MYBs in roots were addressed by integrating
signaling of different phytohormones, such as ABA-IAA. For instance, AtMYB70 regulates
the RSA through activating the expression of the GH3 gene under ABA signaling [28];
AtMYB44/73/77 promotes LRs growth by activating the auxin-responsive genes under ABA
signaling [111]; AtMYB96 is a molecular link that integrates ABA and IAA signaling in LRs
growth under drought stress [81].

MYBs can regulate root development through other phytohormone signal pathways,
such as GA, CTK, and BR. AtMYB62 and OsMYBI1 function in the modulation of RSA under
P starvation by changing the GA metabolism and signaling [80,92]. AtMYB11, AtMYB12,
and AtMYBI111 positively regulate root growth under the presence of GA signaling by
affecting the IAA content, suggesting that AtMYB11/12/111-mediated GA signals are in-
tegrated into the IAA signaling pathway [112]. In addition, CTK promotes the nuclear
localization of AtMYB3R4 protein which is essential for cell division in both SAM and
RAM [113]; AtMYBb56 acts as a switch to modulate the QC cells division by interacting
with the BR-regulated transcription factor BRI1-EMS SUPPRESSOR 1 (BES1) [67]. Thus,
the roles of MYB TFs in roots were generally mediated by phytohormone-mediated signal-
ing pathways.

6. Conclusions and Prospects

The root system plays an essential role in plant anchorage, water, nutrient acquisition,
and stress response. Therefore, genetic improvement of the root system has been recognized
gradually as an effective strategy, which contributes to improving crop productivity under
diverse growing conditions and thus enables a more inclusive green revolution. In the
past decade, an increasing number of MY Bs have been experimentally demonstrated to
play critical roles in nearly all areas of root systems, such as PR, LRs, RHs, and ARs
growth and development, and responding to diverse biotic and abiotic stresses. Among
the MYB superfamily, 3R-MYBs maintain their cell cycle regulatory roles in roots, whereas
1R-MYBs and 2R-MY Bs function in root regulation in various ways, including cell cycle,
cell differentiation, biotic and abiotic stresses, and phytohormone signaling pathways. The
current understanding shows the fact that MYB TFs are becoming mainstream in plant
roots, showing important application potential in molecular and genetic manipulation of
root traits.

The MYB gene family is one of the largest transcription factor families in plant genome,
with hundreds of members in most angiosperms. However, compared with its larger
number, relatively limited members have been functionally characterized to date. The
current knowledge regarding the functions of plant MYBs is mainly based on the studies
in model plant Arabidopsis, these in non-model plants, especially in crops, remain rather
unclear. Fortunately, an increasing number of sequenced genome and transcriptome data
are available, which enabled genome-wide identification, systematic analysis, and overview
of this gene family in diverse plant species. Consequently, the MYB superfamily has been
widely identified and functionally verified in many plants, such as maize, soybean, and
rapeseed. Based on the genome-wide expression analyses, a large proportion of MYBs have
been proved to be preferentially and even specifically expressed in roots. Undoubtedly,
much wider roles of MYBs in plant roots will be continuously recognized in the near future
based on the efforts from both of the traditional and modern disciplines, such as Molecular
Biology, Genetics, Cell Biology, Genomics, multi-omics, etc.

Author Contributions: Conceptualization, H.D.; methodology, formal analysis, Z.C.; software,
validation, Z.W.; investigation, W.D.; data curation, S.L. and L.T.; writing—original draft preparation,
H.D. and Z.C.; project administration, J.L.; writing—review and editing, supervision, funding
acquisition, H.D. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (32072094).

Institutional Review Board Statement: The study did not require ethical approval.



Int. . Mol. Sci. 2022, 23, 9262 12 of 16

Informed Consent Statement: The study did not involve humans.
Data Availability Statement: The study did not report any data.
Acknowledgments: This work was mainly supported by the Du Hai lab in Southwest University.

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

References

1. Kohli, PS.; Maurya, K.; Thakur, J.K.; Bhosale, R.; Giri, J. Significance of root hairs in developing stress-resilient plants for
sustainable crop production. Plant Cell Environ. 2022, 45, 677-694. [CrossRef] [PubMed]

2. Lynch, ].P. Harnessing root architecture to address global challenges. Plant |. 2022, 109, 415-431. [CrossRef] [PubMed]

3. Calleja-Cabrera, J.; Boter, M.; Ofate-Sanchez, L.; Pernas, M. Root Growth Adaptation to Climate Change in Crops. Front. Plant Sci.
2020, 11, 544. [CrossRef] [PubMed]

4.  Lombardi, M.; De Gara, L.; Loreto, F. Determinants of root system architecture for future-ready, stress-resilient crops. Physiol.
Plant. 2021, 172, 2090-2097. [CrossRef]

5. Tracy, S.R.; Nagel, K.A.; Postma, J.A.; Fassbender, H.; Wasson, A.; Watt, M. Crop Improvement from Phenotyping Roots:
Highlights Reveal Expanding Opportunities. Trends Plant Sci. 2020, 25, 105-118. [CrossRef]

6. Lee,].-Y; Colinas, J.; Wang, ].Y.; Mace, D.; Ohler, U.; Benfey, P.N. Transcriptional and posttranscriptional regulation of transcription
factor expression in Arabidopsis roots. Proc. Natl. Acad. Sci. USA 2006, 103, 6055-6060. [CrossRef]

7. Motte, H.; Vanneste, S.; Beeckman, T. Molecular and Environmental Regulation of Root Development. Annu. Rev. Plant Biol. 2019,
70, 465-488. [CrossRef]

8.  Forzani, C.; Aichinger, E.; Sornay, E.; Willemsen, V.; Laux, T.; Dewitte, W.; Murray, ].A. WOX5 Suppresses CYCLIN D Activity to
Establish Quiescence at the Center of the Root Stem Cell Niche. Curr. Biol. 2014, 24, 1939-1944. [CrossRef]

9.  Okushima, Y.; Fukaki, H.; Onoda, M.; Theologis, A.; Tasaka, M. ARF7 and ARF19 Regulate Lateral Root Formation via Direct
Activation of LBD/ASL Genes in Arabidopsis. Plant Cell 2007, 19, 118-130. [CrossRef]

10. Lee, M.M,; Schiefelbein, ]. WEREWOLF, a MYB-Related Protein in Arabidopsis, Is a Position-Dependent Regulator of Epidermal
Cell Patterning. Cell 1999, 99, 473-483. [CrossRef]

11.  Klempnauer, K.-H.; Gonda, T.J.; Bishop, ]. M. Nucleotide sequence of the retroviral leukemia gene v-myb and its cellular progenitor
c-myb: The architecture of a transduced oncogene. Cell 1982, 31 Pt 1, 453-463. [CrossRef]

12. Jiang, C.-K,; Rao, G.-Y. Insights into the Diversification and Evolution of R2R3-MYB Transcription Factors in Plants. Plant Physiol.
2020, 183, 637-655. [CrossRef] [PubMed]

13.  Riechmann, J.L.; Heard, J.; Martin, G.; Reuber, L.; Jiang, C.; Keddie, J.; Adam, L.; Pineda, O.; Ratcliffe, O.].; Samaha, R.R,;
et al. Arabidopsis Transcription Factors: Genome-Wide Comparative Analysis Among Eukaryotes. Science 2000, 290, 2105-2110.
[CrossRef] [PubMed]

14. Du, H,; Liang, Z.; Zhao, S.; Nan, M.-G.; Tran, L.-S.P.; Lu, K.; Huang, Y.-B.; Li, ].-N. The Evolutionary History of R2ZR3-MYB
Proteins across 50 Eukaryotes: New Insights Into Subfamily Classification and Expansion. Sci. Rep. 2015, 5, 11037. [CrossRef]
[PubMed]

15. Davidson, C.; Tirouvanziam, R.; Herzenberg, L.A.; Lipsick, ].S.; Jiggins, C.D.; Mavarez, J.; Beltran, M.; McMillan, W.O.; Johnston,
J.S.; Bermingham, E. Functional evolution of the vertebrate Myb gene family: B-Myb, but neither A-Myb nor c-Myb, complements
Drosophila Myb in hemocytes. Genetics 2005, 169, 215-229. [CrossRef]

16. Stober-Grésser, U.; Brydolf, B.; Bin, X.; Grasser, E; Firtel, R.A.; Lipsick, ].S. The Myb DNA-binding domain is highly conserved in
Dictyostelium discoideum. Oncogene 1992, 7, 589-596.

17.  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] [PubMed]

18. Du, H,; Wang, Y.-B.; Xie, Y.; Liang, Z.; Jiang, S.-J.; Zhang, S.-S.; Huang, Y.-B.; Tang, Y.-X. Genome-Wide Identification and
Evolutionary and Expression Analyses of MYB-Related Genes in Land Plants. DNA Res. 2013, 20, 437-448. [CrossRef]

19. Kobayashi, K.; Suzuki, T.; Iwata, E.; Nakamichi, N.; Suzuki, T.; Chen, P.; Ohtani, M.; Ishida, T.; Hosoya, H.; Mueller, S.; et al.
Transcriptional repression by MYB 3R proteins regulates plant organ growth. EMBO . 2015, 34, 1992-2007. [CrossRef] [PubMed]

20. Haga, N.; Kato, K; Murase, M.; Araki, S.; Kubo, M.; Demura, T.; Suzuki, K.; Miiller, I; Vof, U,; Jiirgens, G.; et al. RIR2R3-Myb
proteins positively regulate cytokinesis through activation of KNOLLE transcription in Arabidopsis thaliana. Development 2007, 134,
1101-1110. [CrossRef]

21. Umeda, M,; Aki, S.S.; Takahashi, N. Gap 2 phase: Making the fundamental decision to divide or not. Curr. Opin. Plant Biol. 2019,
51, 1-6. [CrossRef] [PubMed]

22. Wu, Y,; Wen, J; Xia, Y.; Zhang, L.; Du, H. Evolution and functional diversification of R2R3-MYB transcription factors in plants.
Hortic. Res. 2022, 9, uhac058. [CrossRef] [PubMed]

23. Wang, S.; Chen, ].-G. Regulation of cell fate determination by single-repeat R3 MYB transcription factors in Arabidopsis. Front.

Plant Sci. 2014, 5, 133. [CrossRef]


http://doi.org/10.1111/pce.14237
http://www.ncbi.nlm.nih.gov/pubmed/34854103
http://doi.org/10.1111/tpj.15560
http://www.ncbi.nlm.nih.gov/pubmed/34724260
http://doi.org/10.3389/fpls.2020.00544
http://www.ncbi.nlm.nih.gov/pubmed/32457782
http://doi.org/10.1111/ppl.13439
http://doi.org/10.1016/j.tplants.2019.10.015
http://doi.org/10.1073/pnas.0510607103
http://doi.org/10.1146/annurev-arplant-050718-100423
http://doi.org/10.1016/j.cub.2014.07.019
http://doi.org/10.1105/tpc.106.047761
http://doi.org/10.1016/S0092-8674(00)81536-6
http://doi.org/10.1016/0092-8674(82)90138-6
http://doi.org/10.1104/pp.19.01082
http://www.ncbi.nlm.nih.gov/pubmed/32291329
http://doi.org/10.1126/science.290.5499.2105
http://www.ncbi.nlm.nih.gov/pubmed/11118137
http://doi.org/10.1038/srep11037
http://www.ncbi.nlm.nih.gov/pubmed/26047035
http://doi.org/10.1534/genetics.104.034132
http://doi.org/10.1016/j.tplants.2010.06.005
http://www.ncbi.nlm.nih.gov/pubmed/20674465
http://doi.org/10.1093/dnares/dst021
http://doi.org/10.15252/embj.201490899
http://www.ncbi.nlm.nih.gov/pubmed/26069325
http://doi.org/10.1242/dev.02801
http://doi.org/10.1016/j.pbi.2019.03.001
http://www.ncbi.nlm.nih.gov/pubmed/30954849
http://doi.org/10.1093/hr/uhac058
http://www.ncbi.nlm.nih.gov/pubmed/35591925
http://doi.org/10.3389/fpls.2014.00133

Int. . Mol. Sci. 2022, 23, 9262 13 of 16

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Zhang, X.; Ju, H.-W.; Chung, M.-S.; Huang, P.; Ahn, S.-J.; Kim, C.S. The R-R-type MYB-like transcription factor, AtMYBL, is
involved in promoting leaf senescence and modulates an abiotic stress response in Arabidopsis. Plant Cell Physiol. 2010, 52, 138-148.
[CrossRef] [PubMed]

Wang, X.; Niu, Y.; Zheng, Y. Multiple Functions of MYB Transcription Factors in Abiotic Stress Responses. Int. J. Mol. Sci. 2021, 22,
6125. [CrossRef]

Cao, Y;; Li, K,; Li, Y,; Zhao, X.; Wang, L. MYB Transcription Factors as Regulators of Secondary Metabolism in Plants. Biology 2020,
9, 61. [CrossRef]

Fernandez-Marcos, M.; Desvoyes, B.; Manzano, C.; Liberman, L.M.; Benfey, PN.; del Pozo, ].C.; Gutierrez, C. Control of Arabidopsis
lateral root primordium boundaries by MYB 36. New Phytol. 2017, 213, 105-112. [CrossRef]

Wan, J.; Wang, R.; Zhang, P; Sun, L.; Ju, Q.; Huang, H.; L1, S.; Tran, L.-S.; Xu, ]. MYB70 modulates seed germination and root
system development in Arabidopsis. iScience 2021, 24, 103228. [CrossRef]

Yang, Y.; Zhang, L.; Chen, P; Liang, T.; Li, X.; Liu, H. UV-B photoreceptor UVRS interacts with MYB73/MYB77 to regulate auxin
responses and lateral root development. EMBO J. 2020, 39, €101928. [CrossRef]

Hassan, H.; Scheres, B.; Blilou, I. JACKDAW controls epidermal patterning in the Arabidopsis root meristem through a non-cell-
autonomous mechanism. Development 2010, 137, 1523-1529. [CrossRef]

Kwak, S.-H.; Schiefelbein, ]. Regulated accumulation of the SCRAMBLED receptor and position-dependent cell type patterning
in Arabidopsis. Plant Signal. Behav. 2009, 4, 332-335. [CrossRef] [PubMed]

Bernhardt, C.; Lee, M.M.; Gonzalez, A.; Zhang, F.; Lloyd, A.; Schiefelbein, J. The bHLH genes GLABRA3 (GL3) and ENHANCER
OF GLABRAS3 (EGL3) specify epidermal cell fate in the Arabidopsis root. Development 2003, 130, 6431-6439. [CrossRef] [PubMed]
Walker, A.R.; Davison, P.A.; Bolognesi-Winfield, A.C.; James, C.M.; Srinivasan, N.; Blundell, T.L.; Esch, J.J.; Marks, M.D.; Gray,
J.C. The TRANSPARENT TESTA GLABRA1 Locus, Which Regulates Trichome Differentiation and Anthocyanin Biosynthesis in
Arabidopsis, Encodes a WD40 Repeat Protein. Plant Cell 1999, 11, 1337-1349. [CrossRef] [PubMed]

Masucci, J.; Rerie, W.; Foreman, D.; Zhang, M.; Galway, M.; Marks, M.D.; Schiefelbein, J. The homeobox gene GLABRA2 is
required for position-dependent cell differentiation in the root epidermis of Arabidopsis thaliana. Development 1996, 122, 1253-1260.
[CrossRef]

Shibata, M.; Sugimoto, K. A gene regulatory network for root hair development. J. Plant Res. 2019, 132, 301-309. [CrossRef]
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]

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]

Tominaga, R.; Iwata, M.; Okada, K.; Wada, T. Functional Analysis of the Epidermal-Specific MYB Genes CAPRICE and WERE-
WOLF in Arabidopsis. Plant Cell 2007, 19, 2264-2277. [CrossRef]

Wang, W.; Ryu, K.H.; Barron, C.; Schiefelbein, J. Root Epidermal Cell Patterning Is Modulated by a Critical Residue in the
WEREWOLF Transcription Factor. Plant Physiol. 2019, 181, 1239-1256. [CrossRef]

Kang, Y.H.; Kirik, V.; Hulskamp, M.; Nam, K.H.; Hagely, K.; Lee, M.M.; Schiefelbein, J. The MYB23 Gene Provides a Positive
Feedback Loop for Cell Fate Specification in the Arabidopsis Root Epidermis. Plant Cell 2009, 21, 1080-1094. [CrossRef]

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] [PubMed]
Tominaga, R.; Iwata, M.; Sano, R.; Inoue, K.; Okada, K.; Wada, T. Arabidopsis CAPRICE-LIKE MYB 3 (CPL3) controls endoredupli-
cation and flowering development in addition to trichome and root hair formation. Development 2008, 135, 1335-1345. [CrossRef]
[PubMed]

Li, P; Wen, J.; Chen, P,; Guo, P; Ke, Y.; Wang, M.; Liu, M.; Tran, L.-S.P; Li, J.; Du, H. MYB Superfamily in Brassica napus: Evidence
for Hormone-Mediated Expression Profiles, Large Expansion, and Functions in Root Hair Development. Biomolecules 2020, 10,
875. [CrossRef] [PubMed]

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] [PubMed]

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]
Schellmann, S.; Schnittger, A.; Kirik, V.; Wada, T.; Okada, K.; Beermann, A.; Thumfahrt, J.; Jirgens, G.; Hiilskamp, M. TRIP-
TYCHON and CAPRICE mediate lateral inhibition during trichome and root hair patterning in Arabidopsis. EMBO J. 2002, 21,
5036-5046. [CrossRef]

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]
Savage, N.S.; Walker, T.; Wieckowski, Y.; Schiefelbein, J.; Dolan, L.; Monk, N.A.M. A Mutual Support Mechanism through
Intercellular Movement of CAPRICE and GLABRA3 Can Pattern the Arabidopsis Root Epidermis. PLoS Biol. 2008, 6, e235.
[CrossRef]


http://doi.org/10.1093/pcp/pcq180
http://www.ncbi.nlm.nih.gov/pubmed/21097474
http://doi.org/10.3390/ijms22116125
http://doi.org/10.3390/biology9030061
http://doi.org/10.1111/nph.14304
http://doi.org/10.1016/j.isci.2021.103228
http://doi.org/10.15252/embj.2019101928
http://doi.org/10.1242/dev.048777
http://doi.org/10.4161/psb.4.4.8191
http://www.ncbi.nlm.nih.gov/pubmed/19794855
http://doi.org/10.1242/dev.00880
http://www.ncbi.nlm.nih.gov/pubmed/14627722
http://doi.org/10.1105/tpc.11.7.1337
http://www.ncbi.nlm.nih.gov/pubmed/10402433
http://doi.org/10.1242/dev.122.4.1253
http://doi.org/10.1007/s10265-019-01100-2
http://doi.org/10.1242/dev.00111
http://doi.org/10.1242/dev.02139
http://doi.org/10.1105/tpc.106.045732
http://doi.org/10.1104/pp.19.00458
http://doi.org/10.1105/tpc.108.063180
http://doi.org/10.1186/1471-2229-8-81
http://www.ncbi.nlm.nih.gov/pubmed/18644155
http://doi.org/10.1242/dev.017947
http://www.ncbi.nlm.nih.gov/pubmed/18305006
http://doi.org/10.3390/biom10060875
http://www.ncbi.nlm.nih.gov/pubmed/32517318
http://doi.org/10.1371/journal.pone.0054019
http://www.ncbi.nlm.nih.gov/pubmed/23326563
http://doi.org/10.1038/srep19254
http://doi.org/10.1093/emboj/cdf524
http://doi.org/10.1242/dev.01565
http://doi.org/10.1371/journal.pbio.0060235

Int. . Mol. Sci. 2022, 23, 9262 14 of 16

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Kwak, S.-H.; Schiefelbein, ]. TRIPTYCHON, not CAPRICE, participates in feedback regulation of SCM expression in the Arabidopsis
root epidermis. Plant Signal. Behav. 2014, 9, €973815. [CrossRef]

Kaufmann, C.; Stithrwohldt, N.; Sauter, M. Tyrosylprotein sulfotransferase-dependent and -independent regulation of root
development and signaling by PSK LRR receptor kinases in Arabidopsis. |. Exp. Bot. 2021, 72, 5508-5521. [CrossRef]

Mutanwad, K.V.; Zangl, I.; Lucyshyn, D. Arabidopsis O-fucosyltransferase SPINDLY regulates root hair patterning independently
of gibberellin signaling. Development 2020, 147, dev192039. [CrossRef] [PubMed]

Kamiya, T.; Borghi, M.; Wang, P.; Danku, ].M.C.; Kalmbach, L.; Hosmani, P.S.; Naseer, S.; Fujiwara, T.; Geldner, N.; Salt, D.E. The
MYB36 transcription factor orchestrates Casparian strip formation. Proc. Natl. Acad. Sci. USA 2015, 112, 10533-10538. [CrossRef]
[PubMed]

Liberman, L.M.; Sparks, E.E.; Moreno-Risueno, M.A.; Petricka, ].].; Benfey, PN. MYB36 regulates the transition from proliferation
to differentiation in the Arabidopsis root. Proc. Natl. Acad. Sci. USA 2015, 112, 12099-12104. [CrossRef] [PubMed]

Ciciro, Y.; Sala, A. MYB oncoproteins: Emerging players and potential therapeutic targets in human cancer. Oncogenesis 2021, 10,
19. [CrossRef]

Hanano, S.; Stracke, R.; Jakoby, M.; Merkle, T.; Domagalska, M.A.; Weisshaar, B.; Davis, S.J. A systematic survey in Arabidopsis
thaliana of transcription factors that modulate circadian parameters. BMIC Genom. 2008, 9, 182. [CrossRef]

Haga, N.; Kobayashi, K.; Suzuki, T.; Maeo, K.; Kubo, M.; Ohtani, M.; Mitsuda, N.; Demura, T.; Nakamura, K,; Jiirgens, G.; et al.
Mutations in MYB3R1 and MYB3R4 Cause Pleiotropic Developmental Defects and Preferential Down-Regulation of Multiple
G2/M-Specific Genes in Arabidopsis. Plant Physiol. 2011, 157, 706-717. [CrossRef]

Magyar, Z.; Bogre, L.; Ito, M. DREAMs make plant cells to cycle or to become quiescent. Curr. Opin. Plant Biol. 2016, 34, 100-106.
[CrossRef]

Sozzani, R.; Maggio, C.; Varotto, S.; Canova, S.; Bergounioux, C.; Albani, D.; Cella, R. Interplay between Arabidopsis Activating
Factors E2Fb and E2Fa in Cell Cycle Progression and Development. Plant Physiol. 2006, 140, 1355-1366. [CrossRef]

del Pozo, ].C.; Diaz-Trivino, S.; Cisneros, N.; Gutierrez, C. The Balance between Cell Division and Endoreplication Depends on
E2FC-DPB, Transcription Factors Regulated by the Ubiquitin-SCFSKP2A Pathway in Arabidopsis. Plant Cell 2006, 18, 2224-2235.
[CrossRef]

Wang, W.; Sijacic, P.; Xu, P,; Lian, H.; Liu, Z. Arabidopsis TSO1 and MYB3R1 form a regulatory module to coordinate cell
proliferation with differentiation in shoot and root. Proc. Natl. Acad. Sci. USA 2018, 115, E3045-E3054. [CrossRef]

Araki, S.; Ito, M.; Soyano, T.; Nishihama, R.; Machida, Y. Mitotic Cyclins Stimulate the Activity of c-Myb-like Factors for
Transactivation of G2/M Phase-specific Genes in Tobacco. J. Biol. Chem. 2004, 279, 32979-32988. [CrossRef] [PubMed]

Ma, Q.; Dai, X.; Xu, Y.; Guo, J.; Liu, Y.; Chen, N.; Xiao, J.; Zhang, D.; Xu, Z.; Zhang, X.; et al. Enhanced Tolerance to Chilling Stress
in OsMYB3R-2 Transgenic Rice Is Mediated by Alteration in Cell Cycle and Ectopic Expression of Stress Genes. Plant Physiol.
2009, 150, 244-256. [CrossRef] [PubMed]

Feng, G.; Burleigh, ].G.; Braun, E.; Mei, W.; Barbazuk, W.B. Evolution of the 3R-MYB Gene Family in Plants. Genome Biol. Evol.
2017, 9, 1013-1029. [CrossRef] [PubMed]

Sadasivam, S.; Duan, S.; DeCaprio, ]J.A. The MuvB complex sequentially recruits B-Myb and FoxM1 to promote mitotic gene
expression. Genes Dev. 2012, 26, 474-489. [CrossRef] [PubMed]

Sadasivam, S.; DeCaprio, J.A. The DREAM complex: Master coordinator of cell cycle-dependent gene expression. Nat. Rev.
Cancer 2013, 13, 585-595. [CrossRef]

Mu, R.-L.; Cao, Y.-R;; Liu, Y.-F; Lei, G.; Zou, H.-F,; Liao, Y.; Wang, H.-W.; Zhang, W.-K.; Ma, B.; Du, J.-Z; et al. An R2R3-type
transcription factor gene AtMYB59 regulates root growth and cell cycle progression in Arabidopsis. Cell Res. 2009, 19, 1291-1304.
[CrossRef]

Vilarrasa-Blasi, J.; Gonzalez-Garcia, M.-P,; Frigola, D.; Fabregas, N.; Alexiou, K.G.; Lopez-Bigas, N.; Rivas, S.; Jauneau, A.;
Lohmann, J.; Benfey, PN.; et al. Regulation of Plant Stem Cell Quiescence by a Brassinosteroid Signaling Module. Dev. Cell 2014,
30, 36-47. [CrossRef]

Betegon-Putze, I.; Mercadal, J.; Bosch, N.; Planas-Riverola, A.; Marqueés-Bueno, M.; Vilarrasa-Blasi, J.; Frigola, D.; Burkart, R.C.;
Martinez, C.; Conesa, A.; et al. Precise transcriptional control of cellular quiescence by BRAVO/WOX5 complex in Arabidopsis
roots. Mol. Syst. Biol. 2021, 17, €9864. [CrossRef]

Lin, Z,; Yin, K.; Zhu, D.; Chen, Z.; Gu, H.; Qu, L.-J. AtCDCS5 regulates the G2 to M transition of the cell cycle and is critical for the
function of Arabidopsis shoot apical meristem. Cell Res. 2007, 17, 815-828. [CrossRef]

Baek, D.; Kim, M.C.; Chun, H.J.; Kang, S.; Park, H.C.; Shin, G.; Park, J.; Shen, M.; Hong, H.; Kim, W.-Y,; et al. Regulation of
miR399f Transcription by AtMYB2 Affects Phosphate Starvation Responses in Arabidopsis. Plant Physiol. 2012, 161, 362-373.
[CrossRef]

Wang, E; Kong, W.; Wong, G.; Fu, L.; Peng, R.; Li, Z.; Yao, Q. AtMYBI12 regulates flavonoids accumulation and abiotic stress
tolerance in transgenic Arabidopsis thaliana. Mol. Genet. Genom. 2016, 291, 1545-1559. [CrossRef] [PubMed]

Cui, M.H.; Yoo, K.S.; Hyoung, S.; Nguyen, HT.K; Kim, Y.Y.; Kim, H.J.; Ok, S.H.; Yoo, S.D.; Shin, J.S. An Arabidopsis R2R3-MYB
transcription factor, AtMYB20, negatively regulates type 2C serine/threonine protein phosphatases to enhance salt tolerance.
FEBS Lett. 2013, 587, 1773-1778. [CrossRef] [PubMed]


http://doi.org/10.4161/15592324.2014.973815
http://doi.org/10.1093/jxb/erab233
http://doi.org/10.1242/dev.192039
http://www.ncbi.nlm.nih.gov/pubmed/32928908
http://doi.org/10.1073/pnas.1507691112
http://www.ncbi.nlm.nih.gov/pubmed/26124109
http://doi.org/10.1073/pnas.1515576112
http://www.ncbi.nlm.nih.gov/pubmed/26371322
http://doi.org/10.1038/s41389-021-00309-y
http://doi.org/10.1186/1471-2164-9-182
http://doi.org/10.1104/pp.111.180836
http://doi.org/10.1016/j.pbi.2016.10.002
http://doi.org/10.1104/pp.106.077990
http://doi.org/10.1105/tpc.105.039651
http://doi.org/10.1073/pnas.1715903115
http://doi.org/10.1074/jbc.M403171200
http://www.ncbi.nlm.nih.gov/pubmed/15175336
http://doi.org/10.1104/pp.108.133454
http://www.ncbi.nlm.nih.gov/pubmed/19279197
http://doi.org/10.1093/gbe/evx056
http://www.ncbi.nlm.nih.gov/pubmed/28444194
http://doi.org/10.1101/gad.181933.111
http://www.ncbi.nlm.nih.gov/pubmed/22391450
http://doi.org/10.1038/nrc3556
http://doi.org/10.1038/cr.2009.83
http://doi.org/10.1016/j.devcel.2014.05.020
http://doi.org/10.15252/msb.20209864
http://doi.org/10.1038/cr.2007.71
http://doi.org/10.1104/pp.112.205922
http://doi.org/10.1007/s00438-016-1203-2
http://www.ncbi.nlm.nih.gov/pubmed/27033553
http://doi.org/10.1016/j.febslet.2013.04.028
http://www.ncbi.nlm.nih.gov/pubmed/23660402

Int. . Mol. Sci. 2022, 23, 9262 150f 16

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Mabuchi, K.; Maki, H.; Itaya, T.; Suzuki, T.; Nomoto, M.; Sakaoka, S.; Morikami, A.; Higashiyama, T.; Tada, Y.; Busch, W.; et al.
MYB30 links ROS signaling, root cell elongation, and plant immune responses. Proc. Natl. Acad. Sci. USA 2018, 115, E4710-E4719.
[CrossRef] [PubMed]

Gong, Q.; Li, S.; Zheng, Y.; Duan, H,; Xiao, F; Zhuang, Y.; He, J.; Wu, G.; Zhao, S.; Zhou, H.; et al. SUMOylation of MYB30
enhances salt tolerance by elevating alternative respiration via transcriptionally upregulating AOX1a in Arabidopsis. Plant ]. 2020,
102, 1157-1171. [CrossRef]

Sun, Y.; Zhao, J.; Li, X,; Li, Y. E2 conjugases UBC1 and UBC2 regulate MYB42-mediated SOS pathway in response to salt stress in
Arabidopsis. New Phytol. 2020, 227, 455-472. [CrossRef]

Du, X.-Q.; Wang, E-L.; Li, H,; Jing, S.; Yu, M.; Li, J.; Wu, W.-H.; Kudla, J.; Wang, Y. The Transcription Factor MYB59 Regulates
K*/NO3 ™~ Translocation in the Arabidopsis Response to Low K* Stress. Plant Cell 2019, 31, 699-714. [CrossRef]

Fasani, E.; DalCorso, G.; Costa, A.; Zenoni, S.; Furini, A. The Arabidopsis thaliana transcription factor MYB59 regulates calcium
signalling during plant growth and stress response. Plant Mol. Biol. 2019, 99, 517-534. [CrossRef]

Wisniewska, A.; Wojszko, K.; Rézanska, E.; Lenarczyk, K.; Kuczerski, K.; Sobczak, M. Arabidopsis thaliana Myb59 Gene Is Involved
in the Response to Heterodera schachtii Infestation, and Its Overexpression Disturbs Regular Development of Nematode-Induced
Syncytia. Int. ]. Mol. Sci. 2021, 22, 6450. [CrossRef]

Oh, J.E.; Kwon, Y.; Kim, ].H.; Noh, H.; Hong, S.-W.; Lee, H. A dual role for MYB60 in stomatal regulation and root growth of
Arabidopsis thaliana under drought stress. Plant Mol. Biol. 2011, 77, 91-103. [CrossRef]

Devaiah, B.N.; Madhuvanthi, R.; Karthikeyan, A.S.; Raghothama, K.G. Phosphate Starvation Responses and Gibberellic Acid
Biosynthesis are Regulated by the MYB62 Transcription Factor in Arabidopsis. Mol. Plant 2009, 2, 43-58. [CrossRef]

Seo, PJ.; Xiang, F; Qiao, M,; Park, J.-Y.; Na Lee, Y.; Kim, S.-G; Lee, Y.-H.; Park, W.J.; Park, C.-M. The MYB96 Transcription Factor
Mediates Abscisic Acid Signaling during Drought Stress Response in Arabidopsis. Plant Physiol. 2009, 151, 275-289. [CrossRef]
[PubMed]

Wang, H.-Z.; Yang, K.-Z.; Zou, ].-J.; Zhu, L.-L.; Xie, Z.D.; Morita, M.T.; Tasaka, M.; Friml, J.; Grotewold, E.; Beeckman, T.; et al.
Transcriptional regulation of PIN genes by FOUR LIPS and MYB88 during Arabidopsis root gravitropism. Nat. Commun. 2015, 6,
8822. [CrossRef] [PubMed]

Rubio, V.; Linhares, E; Solano, R.; Martin, A.C.; Iglesias, J.; Leyva, A.; Paz-Ares, ]. A conserved MYB transcription factor involved
in phosphate starvation signaling both in vascular plants and in unicellular algae. Genes Dev. 2001, 15, 2122-2133. [CrossRef]
[PubMed]

Bustos, R.; Castrillo, G.; Linhares, F.; Puga, M.L; Rubio, V.; Pérez-Pérez, ].; Solano, R.; Leyva, A.; Paz-Ares, ]. A Central Regulatory
System Largely Controls Transcriptional Activation and Repression Responses to Phosphate Starvation in Arabidopsis. PLoS Genet.
2010, 6, €1001102. [CrossRef] [PubMed]

Sun, L.; Song, L.; Zhang, Y.; Zheng, Z.; Liu, D. Arabidopsis PHL2 and PHR1 Act Redundantly as the Key Components of the
Central Regulatory System Controlling Transcriptional Responses to Phosphate Starvation. Plant Physiol. 2016, 170, 499-514.
[CrossRef]

Liu, H.; Yang, H.; Wu, C.; Feng, J.; Liu, X,; Qin, H.; Wang, D. Overexpressing HRS1 Confers Hypersensitivity to Low Phosphate-
Elicited Inhibition of Primary Root Growth in Arabidopsis thaliana. ]. Integr. Plant Biol. 2009, 51, 382-392. [CrossRef]

Nagarajan, V.K,; Satheesh, V.; Poling, M.D.; Raghothama, K.G.; Jain, A. Arabidopsis MYB-Related HHO2 Exerts a Regulatory
Influence on a Subset of Root Traits and Genes Governing Phosphate Homeostasis. Plant Cell Physiol. 2016, 57, 1142-1152.
[CrossRef]

Chen, C.-Y.; Schmidt, W. The paralogous R3 MYB proteins CAPRICE, TRIPTYCHON and ENHANCER OF TRY AND CPC1
play pleiotropic and partly non-redundant roles in the phosphate starvation response of Arabidopsis roots. J. Exp. Bot. 2015, 66,
4821-4834. [CrossRef]

Wang, N.; Zhang, W.; Qin, M.; Li, S.; Qiao, M,; Liu, Z.; Xiang, F. Drought Tolerance Conferred in Soybean (Glycine max L.) by
GmMYB84, a Novel R2R3-MYB Transcription Factor. Plant Cell Physiol. 2017, 58, 1764-1776. [CrossRef]

Zhao, P; Hou, S.; Guo, X,; Jia, J.; Yang, W,; Liu, Z.; Chen, S.; Li, X.; Qi, D.; Liu, G.; et al. A MYB-related transcription factor from
sheepgrass, LcMYB2, promotes seed germination and root growth under drought stress. BMC Plant Biol. 2019, 19, 564. [CrossRef]
Wang, Z.; Li, ].; Mao, Y.; Zhang, M.; Wang, R.; Hu, Y.; Mao, Z.; Shen, X. Transcriptional regulation of MdPIN3 and MdPIN10 by
MAJFLP during apple self-rooted stock adventitious root gravitropism. BMC Plant Biol. 2019, 19, 229. [CrossRef] [PubMed]

Gu, M,; Zhang, J; Li, H.; Meng, D.; Li, R;; Dai, X.; Wang, S.; Liu, W.; Qu, H.; Xu, G. Maintenance of phosphate homeostasis
and root development are coordinately regulated by MYB1, an R2R3-type MYB transcription factor in rice. J. Exp. Bot. 2017, 68,
3603-3615. [CrossRef] [PubMed]

Dai, X.; Wang, Y.; Yang, A.; Zhang, W.-H. OsMYB2P-1, an R2R3 MYB Transcription Factor, Is Involved in the Regulation of
Phosphate-Starvation Responses and Root Architecture in Rice. Plant Physiol. 2012, 159, 169-183. [CrossRef] [PubMed]

Yang, W.T.; Baek, D.; Yun, D.-J.; Hwang, W.H.; Park, D.S.; Nam, M.H.; Chung, E.S.; Chung, Y.S.; Yi, Y.B.; Kim, D.H. Overexpression
of OsMYBA4P, an R2R3-type MYB transcriptional activator, increases phosphate acquisition in rice. Plant Physiol. Biochem. 2014, 80,
259-267. [CrossRef] [PubMed]

Guo, M,; Ruan, W,; Fangliang, H.; Huang, F.; Zeng, M.; Liu, Y;; Yu, Y; Ding, X.; Wu, Y.; Wu, Z; et al. Integrative Comparison of
the Role of the PHOSPHATE RESPONSE1 Subfamily in Phosphate Signaling and Homeostasis in Rice. Plant Physiol. 2015, 168,
1762-1776. [CrossRef]


http://doi.org/10.1073/pnas.1804233115
http://www.ncbi.nlm.nih.gov/pubmed/29712840
http://doi.org/10.1111/tpj.14689
http://doi.org/10.1111/nph.16538
http://doi.org/10.1105/tpc.18.00674
http://doi.org/10.1007/s11103-019-00833-x
http://doi.org/10.3390/ijms22126450
http://doi.org/10.1007/s11103-011-9796-7
http://doi.org/10.1093/mp/ssn081
http://doi.org/10.1104/pp.109.144220
http://www.ncbi.nlm.nih.gov/pubmed/19625633
http://doi.org/10.1038/ncomms9822
http://www.ncbi.nlm.nih.gov/pubmed/26578169
http://doi.org/10.1101/gad.204401
http://www.ncbi.nlm.nih.gov/pubmed/11511543
http://doi.org/10.1371/journal.pgen.1001102
http://www.ncbi.nlm.nih.gov/pubmed/20838596
http://doi.org/10.1104/pp.15.01336
http://doi.org/10.1111/j.1744-7909.2009.00819.x
http://doi.org/10.1093/pcp/pcw063
http://doi.org/10.1093/jxb/erv259
http://doi.org/10.1093/pcp/pcx111
http://doi.org/10.1186/s12870-019-2159-2
http://doi.org/10.1186/s12870-019-1847-2
http://www.ncbi.nlm.nih.gov/pubmed/31146692
http://doi.org/10.1093/jxb/erx174
http://www.ncbi.nlm.nih.gov/pubmed/28549191
http://doi.org/10.1104/pp.112.194217
http://www.ncbi.nlm.nih.gov/pubmed/22395576
http://doi.org/10.1016/j.plaphy.2014.02.024
http://www.ncbi.nlm.nih.gov/pubmed/24813725
http://doi.org/10.1104/pp.15.00736

Int. . Mol. Sci. 2022, 23, 9262 16 of 16

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Ruan, W.; Guo, M.; Wu, P; Yi, K. Phosphate starvation induced OsPHR4 mediates Pi-signaling and homeostasis in rice. Plant Mol.
Biol. 2016, 93, 327-340. [CrossRef]

Qiu, B.; Chen, H.; Zheng, L.; Su, L.; Cui, X,; Ge, E; Liu, D. An MYB Transcription Factor Modulates Panax notoginseng Resistance
against the Root Rot Pathogen Fusarium solani by Regulating the Jasmonate Acid Signaling Pathway and Photosynthesis.
Phytopathology 2022, 112, 1323-1334. [CrossRef]

Wang, H.; Pak, S.; Yang, J.; Wu, Y,; Li, W.; Feng, H.; Yang, J.; Wei, H.; Li, C. Two high hierarchical regulators, PuMYB40 and
PuWRKY?75, control the low phosphorus driven adventitious root formation in Populus ussuriensis. Plant Biotechnol. J. 2022, 112,
1323-1334. [CrossRef]

Liu, X;; Yang, L.; Zhou, X.; Zhou, M,; Lu, Y.;; Ma, L.; Ma, H.; Zhang, Z. Transgenic wheat expressing Thinopyrum intermedium
MYB transcription factor TiMYB2R-1 shows enhanced resistance to the take-all disease. J. Exp. Bot. 2013, 64, 2243-2253. [CrossRef]
Li, X,; Tang, Y.; Li, H.; Luo, W.; Zhou, C.; Zhang, L.; Lv, ]. A wheat R2R3 MYB gene TaMpc1-D4 negatively regulates drought
tolerance in transgenic Arabidopsis and wheat. Plant Sci. 2020, 299, 110613. [CrossRef]

Wei, X.; Shan, T.; Hong, Y.; Xu, H,; Liu, X.; Zhang, Z. TaPIMP2, a pathogen-induced MYB protein in wheat, contributes to host
resistance to common root rot caused by Bipolaris sorokiniana. Sci. Rep. 2017, 7, 1754. [CrossRef] [PubMed]

Puga, M.1; Rojas-Triana, M.; de Lorenzo, L.; Leyva, A.; Rubio, V.; Paz-Ares, ]. Novel signals in the regulation of Pi starvation
responses in plants: Facts and promises. Curr. Opin. Plant Biol. 2017, 39, 40-49. [CrossRef] [PubMed]

Li, Q.; Zhou, L.; Li, Y.,; Zhang, D.; Gao, Y. Plant NIGT1/HRS1/HHO Transcription Factors: Key Regulators with Multiple Roles in
Plant Growth, Development, and Stress Responses. Int. J. Mol. Sci. 2021, 22, 8685. [CrossRef] [PubMed]

Yang, Y.; Liu, H. Coordinated Shoot and Root Responses to Light Signaling in Arabidopsis. Plant Commun. 2020, 1, 100026.
[CrossRef]

Raffaele, S.; Vailleau, F,; Léger, A.; Joubeés, J.; Miersch, O.; Huard, C.; Blée, E.; Mongrand, S.; Domergue, F.; Roby, D. A MYB
Transcription Factor Regulates Very-Long-Chain Fatty Acid Biosynthesis for Activation of the Hypersensitive Cell Death Response
in Arabidopsis. Plant Cell 2008, 20, 752-767. [CrossRef]

Van der Ent, S.; Verhagen, B.W.; Van Doorn, R.; Bakker, D.; Verlaan, M.G.; Pel, M.].; Joosten, R.G.; Proveniers, M.C.; Van Loon,
L.; Ton, J.; et al. MYB72 Is Required in Early Signaling Steps of Rhizobacteria-Induced Systemic Resistance in Arabidopsis. Plant
Physiol. 2008, 146, 1293-1304. [CrossRef]

Cheong, Y.H.; Chang, H.-S.; Gupta, R.; Wang, X.; Zhu, T.; Luan, S. Transcriptional Profiling Reveals Novel Interactions between
Wounding, Pathogen, Abiotic Stress, and Hormonal Responses in Arabidopsis. Plant Physiol. 2002, 129, 661-677. [CrossRef]
Yuan, Y,; Qin, L.; Su, H.; Yang, S.; Wei, X.; Wang, Z.; Zhao, Y.; Li, L.; Liu, H.; Tian, B.; et al. Transcriptome and Coexpression Net-
work Analyses Reveal Hub Genes in Chinese Cabbage (Brassica rapa L. ssp. pekinensis) During Different Stages of Plasmodiophora
brassicae Infection. Front. Plant Sci. 2021, 12, 650252. [CrossRef]

Gibbs, D.J.; Vof, U.; Harding, S.A.; Fannon, J.; Moody, L.A.; Yamada, E.; Swarup, K.; Nibau, C.; Bassel, G.W.; Choudhary, A; et al.
AtMYB93 is a novel negative regulator of lateral root development in Arabidopsis. New Phytol. 2014, 203, 1194-1207. [CrossRef]
Sakaoka, S.; Mabuchi, K.; Morikami, A.; Tsukagoshi, H. MYB30 regulates root cell elongation under abscisic acid signaling.
Commun. Integr. Biol. 2018, 11, e1526604. [CrossRef]

Zhao, Y.; Xing, L.; Wang, X.; Hou, Y.-].; Gao, J.; Wang, P.; Duan, C.-G.; Zhu, X.; Zhu, ].-K. The ABA Receptor PYL8 Promotes
Lateral Root Growth by Enhancing MYB77-Dependent Transcription of Auxin-Responsive Genes. Sci. Signal. 2014, 7, ra53.
[CrossRef] [PubMed]

Tan, H.; Man, C.; Xie, Y; Yan, J.; Chu, J.; Huang, J. A Crucial Role of GA-Regulated Flavonol Biosynthesis in Root Growth of
Arabidopsis. Mol. Plant 2019, 12, 521-537. [CrossRef] [PubMed]

Yang, W.; Cortijo, S.; Korsbo, N.; Roszak, P.; Schiessl, K.; Gurzadyan, A.; Wightman, R.; Jonsson, H.; Meyerowitz, E. Molecular
mechanism of cytokinin-activated cell division in Arabidopsis. Science 2021, 371, 1350-1355. [CrossRef] [PubMed]


http://doi.org/10.1007/s11103-016-0564-6
http://doi.org/10.1094/PHYTO-07-21-0283-R
http://doi.org/10.1111/pbi.13833
http://doi.org/10.1093/jxb/ert084
http://doi.org/10.1016/j.plantsci.2020.110613
http://doi.org/10.1038/s41598-017-01918-7
http://www.ncbi.nlm.nih.gov/pubmed/28496196
http://doi.org/10.1016/j.pbi.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/28587933
http://doi.org/10.3390/ijms22168685
http://www.ncbi.nlm.nih.gov/pubmed/34445391
http://doi.org/10.1016/j.xplc.2020.100026
http://doi.org/10.1105/tpc.107.054858
http://doi.org/10.1104/pp.107.113829
http://doi.org/10.1104/pp.002857
http://doi.org/10.3389/fpls.2021.650252
http://doi.org/10.1111/nph.12879
http://doi.org/10.1080/19420889.2018.1526604
http://doi.org/10.1126/scisignal.2005051
http://www.ncbi.nlm.nih.gov/pubmed/24894996
http://doi.org/10.1016/j.molp.2018.12.021
http://www.ncbi.nlm.nih.gov/pubmed/30630075
http://doi.org/10.1126/science.abe2305
http://www.ncbi.nlm.nih.gov/pubmed/33632892

	Introduction 
	MYB TFs Are Regulators of Root Cell Differentiation 
	MYB TFs Regulate Root Growth and Development through Cell Cycle 
	MYB TFs Function in Root System Architecture in Response to Biotic and Abiotic Stresses 
	Drought 
	Salt Stress 
	Nutrient Stress 
	Light and Gravity 
	Biotic Stress 

	The Regulatory Roles of MYB in Roots Are Mediated by Various Phytohormones 
	Conclusions and Prospects 
	References

