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The basic helix-loop-helix (bHLH) transcription factor family is one of the largest transcription factor gene families in
Arabidopsis thaliana, and contains a bHLH motif that is highly conserved throughout eukaryotic organisms. Members of
this family have two conserved motifs, a basic DNA binding region and a helix-loop-helix (HLH) region. These proteins
containing bHLH domain usually act as homo- or heterodimers to regulate the expression of their target genes, which are
involved in many physiological processes and have a broad range of functions in biosynthesis, metabolism and
transduction of plant hormones.
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| 1. Introduction

Plants frequently encounter a wide array of environmental stresses, including drought, cold, salinity, UV radiation, ozone
and other abiotic stresses through their lifecycle, which severely affect plant growth, development and crop yield. To cope
with those problems, plants adapt to the different harsh conditions through transcription factors that regulate the
expression of a series of target genes. The basic helix-loop-helix (bHLH) protein family is one of the largest transcription
factor gene families in Arabidopsis thaliana, and contains a highly conserved amino acid motif that can be found
throughout eukaryotic organisms. They were originally identified in animals, and found to play important roles in diverse
regulatory networks, via the functions of DNA binding and dimerization W, The binding and dimerization networks of
those proteins also have diverse functions in plants, including in multiple aspects of plant growth and development, which
were characterized in recent years.

The bHLH superfamily, named after its highly conserved alkaline/helix-loop-helix domain, is the second largest
transcription factor family and is widely present in animals and plants B4, The bHLH domain is composed of
approximately 60 conserved amino acid residues and consists of two conserved motifs, namely, a basic region and helix-
loop-helix region (HLH region). The basic region participates in DNA binding to E-box (usually CANNTG) or G-box
(CACGTG) motif in their target genes, and the HLH region, which is composed of two alpha helices containing
hydrophobic residues, is required for dimerization to change the expression of target genes involved in various signaling
pathways. Based on their phylogenetic relationship and DNA binding function, the bHLH members in eukaryotes have
been classified into six main groups (named A, B, C, D, E and F) . In brief, Group A can specifically bind to the E-box
core sequence, Group B prefers to bind the G-box, and Group C binds to the ACTTG or GCGTG sequences &, Group
D lacks a typical basic region and mainly participates in heterodimerization with other bHLH family proteins . Group E
can preferentially bind to the CACGNG sequence, and the Group F members can bind to specific DNA target sequences
[ILOLL - At |east 162 members of bHLH proteins have been identified in Arabidopsis E2123114] which could be clustered
into 12 distinctive subfamilies, namely bHLH | to XII 23124l Though bHLH proteins in Arabidopsis are quite divergent, the
most abundant type of Arabidopsis bHLHs are more closely related to the phylogenetic group B of eukaryotic bHLHs,
which is proposed to be the ancestral bHLH type 24115 Arabidopsis also contains some atypical bHLH proteins, which
lack the basic region and are referred as AtHLHs. However, they do not share a close sequence similarity to the group D
proteins in animals 1141,

As a superfamily, bHLHs have been characterized in Arabidopsis over the years, and members of this family members
play vital roles in plant growth, development, light signal transduction and stress responses L8780 They are also
involved in the crosstalk of hormones signaling, including abscisic acid (ABA), jasmonic acid (JA), brassinosteroid (BR),
salicylic acid (SA) and ethylene (ET) LI4IL8I21] and they are pivotal for plant growth and survival in the environment.



2. Functions of bHLH Factors in Plant Growth and Development in
Arabidopsis

Seed dormancy and germination are critical processes in the lifespan of plants, which are mediated by various external
environmental factors such as temperature, light and humidity, and internal factors, such as phytohormones. Two type of
phytohormones, ABA and gibberellin (GA), are crucial regulators of seed dormancy and germination. ABA enhances seed
dormancy, whereas GA breaks dormancy and promotes germination. NCED (9-cis-epoxycarotenoid dioxygenase) is
considered to catalyze the first dedicated step in ABA biosynthesis 24, ODR1 (reversal of rdo5, an ortholog of the rice
seed dormancy 4

In addition to phytohormones, photoreceptors also regulate seed dormancy and germination. Phytochrome interacting
factors (PIFs), a group of typical of bHLH proteins, could interact with diverse groups of factors to integrate external
environmental and internal signals, and further control seed germination, shade avoidance and crosstalk of plant
hormones and the clock-derived signaling pathway 231241, The phytochrome-interacting bHLH protein PIL5 (PIF3-like 5
PIF1/bHLH15) is a repressor of seed germination, acting by reducing GA level in the dark; phytochromes accelerate the
PIL5 degradation and increase the level of bioactive GA in seeds upon exposure to light. In addition, PIL5 activates the
expression of the ABA synthesis gene and maintains a high level of ABA in the dark to inhibit seed germination (22!,

It is critical for plants to manage their flowering time, which is regulated by an intricate network of molecular signaling and
controlled by various environmental factors such as photoperiod and temperature. The CONSTANS (CO) protein functions
as an essential component for transforming biological clock signals into flowering signals to initiate plant flowering.
Cryptochromes (CRY1/2) are blue light receptors that inhibit hypocotyl elongation and control floral initiation 28, CRY2,
CIB1 and CO can form a protein complex in response to blue light and then promote floral initiation [27(28],

Recently, a bHLH transcription factor, named as NO FLOWERING IN SHORT DAY (NFL) was shown to be necessary for
the promotion of flowering specifically under short-day (SD) conditions, andnfimutants did not flower under SD conditions
but were similar to wild type under long-day (LD) conditions 22, Additionally, three myelocytomatosis (MYC) proteins
redundantly regulate flowering under both LD and SD conditions. Moreover, the Brassinosteroid Enhanced Expressionl
(BEE1, bHLH44) protein is stabilized under blue light; this protein is an integrator regulating photoperiodic flowering 29,

In Arabidopsis, temperature also affects the flowering time, and high temperature (29 °C) not only induces rapid hypocotyl
elongation but also results in early flowering. In addition, the central integrator bHLH transcription factor phytochrome-
interacting factor 4 (PIF4) can accelerate the flowering process by activating FT at high temperature conditions B2, In
addition to regulating the flowering time, bHLH family members are involved in the flower organ development. SPATULA

(SPT) encodes a bHLH transcription factor and plays a role in floral morphogenesis processes as previously described
)

In summary, the flowering time is strictly controlled by an intricate network, and bHLH family members act together with
many other proteins to allow plants to flower at suitable time and under favorable environments.

Plants process a cell determination mechanism for formatting specific cell types, and this system relies on the expression
of different genes in a proper spatiotemporal manner. Many transcription factors participate in this critical process,
including a number of bHLH transcription factors, which play essential roles in the root and shoot cell fate determination
(331 During the root development, two types of cells arise from the epidermis: root hair cells and non-hair cells.

bHLH83 (root hair defective 6, RHD6), is a transcription factor that has fewer root hairs and functions in the inhibition root
hair formation in cortical cells 23331 and another bHLH protein, ROOT HAIR DEFECTIVE Additional genes, such
asRSL3/4andLRL3(Lj-RHL1-LIKE3) also act as downstream of RHD6 and RSL1 to promote the root hair and cell
differentiation B4IE3l36 G| 2, a member of homeodomain-leucine zipper (HD-ZIP) protein, affects the epidermal cell fate
including in trichomes, root hair and the seed coat. It represses the transcription of RHD6 to inhibit hair formation in N-
cells (non-root hair cells), leading to the expression of non-hair genes [B2E7],

Furthermore, ET is involved in root hair initiation and elongation, and ETHYLENE INSENSITIVE 3 (EIN3) and its homolog
EIN3-likel (EIL1) can coordinate with RHD6/RSL1 to upregulate RSL4 and then participate in root epidermis development

(381 Another bHLH complex hamed MYB-bHLH-WD40 was proposed to regulate the guard cell and root hair differentiation
£

In addition to their roles in the root epidermis formation, the bHLH family is also involved in other cell fate related
processes, including stamen and stomatal development. The Ille bHLH transcription factor MYC5 (bHLH28) has
redundant functions with MYC2 (bHLH6), MYC3 (bHLH5) and MYC4 (bHLH4), which interact with MYB21 and MYB24 to



form the bHLH-MYB complex to regulate the stamen development 29, In addition, FAMA (bHLH97) is specifically
expressed in the stomata and has functions in halting proliferative division and promoting guard cells (1],

Overall, the establishment of this specification mechanism is complicated and also influenced by several plant growth
regulators, including hormones such auxin (indole-3-acetic acid, 1AA), ET, JA [42)(38]

| 3. Functions in the Response to Light and Phytohormones

Under specific conditions, multiple phytohormones and environmental factors are in constant crosstalk with each other to
affect the plant growth and development. Based on previous studies, GA, IAA, BR, ET and light are usually considered to
promote cell expansion in plant growth, while ABA, JA and SA are normally involved in the response to biotic and abiotic
stresses. bHLH proteins that respond to plant hormones and environmental factors participate in various processes. They
are able to interact with each other to cooperatively or antagonistically modulate the plant growth.

Light is an important factor that influences the plant growth and development, and many bHLH transcription factors are
reported to participate in this process by inducing the expression of related downstream genes and various light-mediated
effects.

PIFs interact with the active form (Pfr) of phytochrome to modulate growth, including in response to environmental signals
such as light and stress and via other signaling pathways 3. The PIF family belongs to the bHLH superfamily VII of
transcription factors, which play central roles in the regulation of light signaling. To date, 15 PIF members have already
been identified, and 7 PIF members have been shown to bind the Pfr form of phyB in Arabidopsis, while other members
do not interact with the light-activated phytochrome [3114144145][46]  Each PIF has individualized or redundant biological
functions with other PIF proteins during various responses.

In the dark, four PIFs (PIF1/PIL5, PIF3, PIF4 and PIF5/PIL6) directly interact with Pfr to promote skotomorphogenesis by
repressing photomorphogenesis. Loss-of-function ofpifmutant showed phenotypes of reduced hypocotyl elongation. PIFs
also interact with diverse groups of transcription factors to integrate external environmental and internal signals, including
in seed germination, shade avoidance and crosstalk among plant hormones and clock-related signaling pathways #2123,
A number of genes have been confirmed to be direct targets of PIF, thus mediating downstream light signaling networks
through the PIFs.

PIF3 (bHLH8), the first identified member in the PIF family, acts as a regulator in the seedling de-etiolation and modulates
both positive and negative response to phytochrome-mediated signaling 4448, PIF3 can also heterodimerize with the
atypical basic bHLH protein HFR1 (long hypocotyl in far-red, bHLH26) to modulate phyA signaling 2. In addition, PIF3 is
involved in plant freezing response as a negatively regulator which can interact with EBF1 (EIN1-BINDING F-BOX1)
through the CBF (C-REPEAT BINDING FACTOR) pathway 29,

PIF4 is a key transcription factor in the light signaling pathway; it interacts selectively with Pfr and negatively regulates
phyB signaling in Arabidopsis B, Phytochrome Rapidly Regulated 1 (PAR1, bHLH165) and its homolog PAR2 (bHLH166)
lack the ability to directly interact with phytochromes that are rapidly induced by shade 253l while PAR1 directly interacts
with PIF4 to form a heterodimer to inhibit PIF4 function in cell elongation 24, Moreover, growing evidence indicates that
PIF4 acts as central regulator, coordinating plant response to multiple environmental signals 22,

The PIL (PIF3-like proteins, PILs) (bHLH15) is a component that negatively regulate the chlorophyll biosynthetic pathway,
seeds germination and inhibit hypocotyl elongation in the dark. The activity of PIF1 was repressed by phyA and phyB in
light, and regulated ABA signaling BSIETEEISA |n addition, other PIFs, such as PIF5 (PIL6), PIF6 (PIL2) and PIF7, have
been shown to interact with the Pfr form of phyB or phyA, which are involved in phytochrome signaling [62[61162]

Taken together, the bHLH proteins PILs/PIFs are proposed to form heterodimers to regulate bHLH network activity and
are central components that integrate multiple signals in response to light.

The phytohormone jasmonate acid (JA) plays a vital role in the plant development and the response to various stresses.
The presence of JA triggers the key protein jasmonate ZIM-domain (JAZ) to interact with Coronatine Insensitive 1 (COI1),
part of the SCFCOIl1ubiquitin E3 ligase complex. Then, JAZ proteins were degraded by the 26S protease, resulting in
multiple transcription factors free from JAZ-mediated repression and further activating downstream JA-mediated
responsive genes. The homologs of MYC2, MYC3 (bHLH5) and MYC4 (bHLH4) are known to form
homodimers/heterodimers, and they can also bind to the G-box involved in the JA signaling pathway but exhibit gene
redundancy with MY C2 [63164],



The bHLH transcription factor GLABRA3 (GL3, bHLH1) can form a WD-repeat/bHLH/MYB complex with TRANSPARENT
TESTA (TTG1) and the R2R3-MYB transcription factor GLABRAL (GL1), which is repressed by JAZs and DELLAs, is
responsible for trichome initiation [62I[E6I67][68]

Four subgroup IVa bHLH transcription factors (bHLH18, bHLH19, bHLH20 and bHLH25) can be induced by JA and inhibit
the transcription of the FIT and Ib bHLH genes, which have been suggested to function redundantly in JA-mediated FIT
protein degradation in the presence of JA or under iron deficient conditions via the 26S proteasome pathway 89,

The jasmonate-activated transcription factor MYC2 has also been found to interact with the key component in the ET
signaling pathway EIN3 and its close homolog EIL1 to repressed its DNA binding activity and affect hook formation 29,
suggesting that jasmonate and ET have antagonistic functions during apical hook development.

The plant hormone IAA has multiple roles in the plant growth and development, such as in cell division, cell elongation
and cell differentiation, which are affected by the regulation of IAA response genes 4. BIGPETALp (BPEp, bHLH31) is a
bHLH transcription factor that can interact with AUXIN RESPONSE FACTORS8 (ARF8) to influence cell expansion and
petal growth /2, PREG6 is a target of ARF5 and ARF8 that negatively regulates auxin response genes in Arabidopsis [3.

Plant are constantly under extrinsic abiotic/biotic environmental stresses, including cold, drought, high salinity, pathogen
and extreme temperature. In response to these diverse stresses, plants have evolved sophisticated adaptation
mechanisms. To date, several bHLH transcription factors have been reported to mediate abiotic and biotic stress signaling
pathways to regulate plant responses in Arabidopsis in different ways.

The plant hormone ABA plays a central role in a variety of physiological processes and environmental response involved
in plant growth, including responses to drought, cold, heat and salinity stresses 47576l Several bHLH transcription
factors, such as bHLH112, MYC2, AIB, AtAIG1, bHLH129 and bHLH92, have been reported to be involved in the
regulation of ABA signaling via these processes ZAZEIZ9[8A]

A loss-of-function mutant of bHLH112, a transcriptional activator, displayed a late-flowering phenotype under long day
conditions in Arabidopsis, and its transcript level was correlated with salt and drought tolerance. bHLH112 regulates gene
expression by binding to E-box and GCG-box motifs in the gene promoters and then mediate multiple physiological
response to improve stress tolerance 81,

ABA-inducible bHLH-type transcription factor (AIB) and ABA-inducible gene (AIG1) are ABA-induced genes, the proteins
contain a bHLH type DNA binding domain and play a positive role in ABA signaling in Arabidopsis Z8Il/3. MYC2 and MYB2
have been shown to be transcription activators that function in the ABA signal transduction pathway by directly regulating
the expression of ABA response genes 4. In addition, MYC2 can also be involved in JA [B21[83](84]

The expression level of bHLH129 is reduced upon exogenously application of ABA, and bHLH129 regulates the
expression of several ABA signaling component genes 8% to promote root elongation.

PREs are involved in plant growth and development and are also involved in the regulation of ABA mediated salt
responses in Arabidopsis. Some PREs are ABA responsive genes; their expression levels are decreased under ABA
treatment, and this response has functions in regulating plant growth and environmental stimuli 2.

ABA induces stomatal closure and changes the expression of numerous genes to adapt to drought stress, ABA-
responsive kinase substrate (AKS1), also a bHLH transcription activator, is inhibited by ABA through phosphorylated to
form monomer by SNF1-related protein kinase 2 (SnRK2) in Arabidopsis guard cells [E8I[87],

In addition, the BEE transcription factor family members (BEE1/2/3) regulate plant responses to abiotic stress. BEE genes
are strongly repressed by ABA and are redundant negative regulators of physiological responses to abiotic stress,
whereas the BEE2 dimerized protein IBH1 is a positive modulator that improves salt and drought tolerance 8. NaCl-
induced expression of bHLH92 confers tolerance to salt and osmotic stress which is partially dependent on ABA and SALT
OVERLY SENSITIVE 2 (SOS2) 89,

Some bHLH transcription factors are involved in signal transduction networks mediated by plant hormones. Moreover,
many bHLH transcription factors have been reported to be involved in the regulation of BRs, ABA and IAA signaling
pathways. PREs participate in various hormone-, temperature- and light-responsive signaling pathways to regulate plant
growth and development in many ways [2A8192]93] pRE2 (bHLH134) and PRE6 (bHLH163) are ABA response genes
that affect plant sensitivity to ABA, indicating that some PREs are involved in ABA and salts responses 23],



Interacting Factors (AIFs), negatively regulate cell elongation in Arabidopsis 2284 Activators for cell elongation (ACEs)
can promote cell elongation, while IBH1 interacts with ACEs to inhibit their functions in the induction of cell elongation.
Another bHLH protein, homolog of BEE2 interacting with IBH1 (HBI1), is involved in BR-mediated growth to promote cell
elongation 9. Functional analysis showed that bHLH proteins have related functions but with different mechanisms to
regulate cell elongation.

BEE1 (bHLH44), BEE2 (bHLH58) and BEE3 (bHLH50) are functionally redundant bHLH transcription factors for which
expression is induced by BL treatment, indicating that they function in the early response to BRs and their expression is
required by ABA I8 |n brief, the BEE1 protein is stabilized under blue light, which is an integrator to regulate
photoperiodic flowering 22, BEE2 and CIB1 negatively regulate immunity and are functionally redundant with HBI1 in
plant immunity 2998 Moreover, BEEs positive regulate shade avoidance syndrome with BES1-INTERACTING MYC-
LIKE protein (BIMs) 27128],

| 4. Conclusions

Some transcription factors play the more crucial roles in many aspects of plant development, such as MYCs, PREs and
PIFs, and these bHLHs are key transcriptional regulators in the phytohormone crosstalk pathway and multiple
biosynthesis pathways. As JAZ targets, MYCs are involved in JA-mediated gene expression and the ABA signaling
pathway; they also mediate ET biosynthesis and regulate stamen development and flowering time. PREs respond to GA,
BR, temperature and light signaling to positively regulate cell elongation. PIFs are also involved in many other signaling
pathways, such as in mediating pathways responsive to light, GA, IAA, ABA, ET and abiotic/biotic stress [431199][100]
(Figure 1).

Temperature
Auxin ABA
BR Ethylene
PIFs
GA JA
Stress PREs MYCs Light

Plant growth and development

Figure 1. Simplified model for bHLH PREs, MYCs and PIFs, which play central roles in many pathways in Arabidopsis.
PIFs bind to their target genes to regulate plant growth and development via manipulation of signaling pathways. PREs
and MYCs also participate in core transcription networks together with PIFs to control plant responses to the environment.
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