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MYB4 and HY5 integrate
light and cytokinin signaling
pathways during Arabidopsis
seedling development
Abhideep Pal, Riya Basu and Sudip Chattopadhyay*

Department of Biotechnology, National Institute of Technology, Durgapur, India
Arabidopsis seedling growth is regulated by integration of various environmental
and hormonal signals. While the interactions between light and cytokinin
signaling pathways have been studied, the molecular mechanism by which
their interaction regulate hypocotyl elongation remain unclear. In this study,
we demonstrate that MYB4, a positive regulator of photomorphogenesis,
physically interacts with HY5 and attenuates HY5-mediated regulation of
MYB4. The expression of MYB4 is induced by different wavelengths of light and
it genetically interacts with HY5 to regulate hypocotyl length during light-
mediated seedling development. The MYB4 and HY5 mediated regulation of
hypocotyl length is altered upon cytokinin treatment in a light intensity-
dependent manner. Furthermore, on contrary to the light signals, cytokinin
suppresses MYB4 expression. MYB4 together with HY5 regulates the
expression of the key genes such as ABCG14, ARR4, and CHS involved in
cytokinin signaling pathway. Taken together, this study highlights how the
HY5-MYB4 module integrates light and cytokinin signals to �ne-tune
Arabidopsis seedling development.
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Introduction

Plants, as photoautotrophs, are highly sensitive to their light environment. Light plays a
crucial role not only as an energy source for photosynthesis but also in in�uencing various
developmental and physiological processes throughout the plant�s life cycle. These
processes include seed germination, seedling photomorphogenesis, photoperiodic
responses, shade avoidance, and �owering (Deng and Quail, 1999; Sullivan and Deng,
2003; Chen et al., 2004; Jiao et al., 2007; Bentsink and Koornneef, 2008; Alvarez-Buylla
et al., 2010). Plants have evolved with a sophisticated sensory network that monitors key
aspects of their illuminated environment, including light intensity, quality, duration, and
direction (Kendrick and Kronenberg, 1994). These various light signals are detected by at
least �ve classes of wavelength-speci�c photoreceptors, including phytochromes (PHYA-
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PHYE), cryptochromes (CRY1 and CRY2), phototropins (PHOT1
and PHOT2), F-box-containing �avin-binding proteins (ZTL,
FKF1, and LKP2), and UV-B RESISTANCE LOCUS 8 (UVR8)
(Paik and Huq, 2019). These photoreceptors are biologically
activated by different light signals, leading to widespread
transcriptional reprogramming at the genome level (Jing and
Lin, 2020).

Extensive genetic and biochemical research has shown that the
ELONGATED HYPOCOTYL5 (HY5), a bZIP transcription factor,
is a key regulator of light-responsive transcriptional changes. HY5
primarily binds to ACGT-containing cis-elements (such as the G-
box and T/G-box) of numerous target genes, thereby modulating
various light-regulated physiological and developmental processes
in plants (Chattopadhyay et al., 1998, Lee et al., 2007; Zhang et al.,
2011). Mutant seedlings lacking HY5 function exhibit signi�cantly
elongated hypocotyls under different light conditions (Oyama et al.,
1997), indicating that HY5 operates downstream of multiple
photoreceptors to promote photomorphogenesis. In addition to
inhibiting hypocotyl elongation, HY5 also regulates various other
physiological and developmental processes, including root growth,
pigment biosynthesis and accumulation, responses to various
hormonal signals, and adaptation to low and high temperatures
(Marzi et al., 2020; Bhagat et al., 2021; Wang et al., 2021). Similar to
HY5, CAM7 (Calmodulin7), also known as Z-box binding factors 3
(ZBF3) (McCormack et al.,2005; Kushwaha et al., 2008) acts as
transcription factor and directly interacts with promoters of several
light-inducible genes (Kushwaha et al., 2008; Kumar et al., 2016).
Previous studies have demonstrated that CAM7 physically interacts
with HY5 to enhance the activity of the HY5 promoter and promote
photomorphogenesis (Kushwaha et al., 2008; Abbas et al., 2014).
More recently, a yeast two-hybrid screen using CAM7 as bait
identi�ed MYB4 as one of its interacting partners. CAM7 also
interacts genetically with MYB4 to control the hypocotyl length
during Arabidopsis seedling development. Additionally, it was
reported that both HY5 and CAM7 bind to the promoter of
MYB4 and positively regulate its expression (Dutta et al., 2024).

The MYB protein family encompasses a large group of
transcription factors that play roles in various plant-speci�c
processes (Dubos et al., 2010). MYB4, a well-studied member of
the R2R3-MYB subfamily, is known for regulating the
phenylpropanoid metabolic pathway, which contributes to UV-B
light resistance (Jin et al., 2000; Zhao et al., 2007; Fornale� et al.,
2014; Zhou et al., 2015; Wang et al., 2019). MYB4 functions as a
transcriptional repressor by directly targeting the expression of C4H
(encodes cinnamate 4-hydroxylase, a crucial enzyme in the
biosynthesis of sinapate esters), and AtMYB7 , another
transcriptional repressor of several �avonoid biosynthesis genes.
MYB4 is expressed in various organs of adult plants, including
roots, stems, leaves, and �owers (Fornale� et al., 2014). Studies on
light-mediated regulation of MYB4 expression in rosette leaves have
shown that it is expressed in darkness and is induced under various
wavelengths of light, including white, blue, and UV light (Jin et al.,
2000). MYB4 has also been found to directly in�uence �avonoid
biosynthesis by repressing the expression of ADT6 (AROGENATE
DEHYDRATASE 6) and interfering with the transcriptional activity
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of MBW (composed of MYB, bHLH, and WD40 proteins)
complexes through interaction with bHLH transcription factors
(Baudry et al., 2004; Xu et al., 2014; Wang et al., 2019). More
recently, it has been shown that the N-terminal MYB domains of
MYB4 play a role in its stability and folding under thermal stress in
Arabidopsis thaliana (Mitra et al., 2021).

The internal hormonal balance in plants plays a signi�cant role
in determining its sensitivity and response to various environmental
stimuli. Light signaling components like HY5, PIF3, and PIF4 act as
key integrators of light and hormonal pathways by regulating the
levels of gibberellin, abscisic acid, auxin, and cytokinin in
Arabidopsis (Sibout et al., 2006; Chen et al., 2008; Feng et al.,
2008; de Lucas et al., 2008; Lau and Deng, 2010; Rasmussen et al.,
2012; Yu et al., 2013; Gangappa and Botto, 2016; van Gelderen,
2018; Yang et al., 2018; Doroshenko et al., 2020; Bhagat et al., 2021;
Duan et al., 2021; Dai et al., 2022; Chen et al., 2024; Basu et al.,
2025). Among the various hormones, exogenous cytokinin
treatment resulted in paler plants that exhibited stunted growth,
elevated levels of anthocyanin and diminished apical dominance
(Chory et al., 1994). Previously, it was also demonstrated that
cytokinins enhance the CHLOROPHYLL A/B BINDING
P R O TE I N ( C AB ) a n d R I B U L O S E B I S P H O S P H A T E
CARBOXYLASE SMALL CHAIN (RBCS) levels (Fierabend and
deBoer, 1978; Flores and Tobin, 1986). Additionally, the
RESPONSE REGULATOR 4 (ARR4) protein, which mediates
cytokinin action, directly interacts with PHYB and stabilizes its
active form (Sweere et al., 2001). Despite the signi�cant resistance of
hy5 seedlings to systemic cytokinin application in both shoot and
root growth inhibition (Cluis et al., 2004), cytokinin induces the
accumulation of HY5 regardless of light conditions. The MYB
transcription factors in Arabidopsis thaliana also play a crucial
role in regulating hormone signaling pathways. For instance,
AtMYB59 has been shown to in�uence cytokinin signaling by
modulating the expression of ARR16, a key component of the
cytokinin signal transduction pathway (Mu et al., 2009). Since
CAM7 genetically interacts with HY5 and MYB4, and that HY5
regulates the MYB4 transcript abundance, we examined the genetic
and molecular interrelation between HY5 and MYB4 during
Arabidopsis seedling development emphasising on light and
cytokinin signaling pathways.
Results

MYB4 physically interacts with HY5

A recent study has demonstrated that MYB4 physically
interacts with CAM7, and both CAM7 and HY5 bind to the
MYB4 promoter to regulate its transcriptional activation (Dutta
et al., 2024). To investigate whether MYB4 physically interacts with
HY5, we conducted in vitro pull-down assays using poly-His and
GST fusion proteins. GST, GST-CAM7, and GST-MYB4 were
incubated with Ni-NTA beads to which HY5-6His was bound.
The a-GST immunoblot of the pulled down proteins revealed that
GST-MYB4 was selectively pulled down by HY5-6His similar to
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GST-CAM7, used a positive control (Abbas et al., 2014), however
not with GST alone (Figure 1A, Upper Panel). The same membrane
was then stripped and re-probed using a-His to examine the equal
loading of HY5 (Figure 1A, Lower Panel). These results suggest that
MYB4 and HY5 physically interact with each other.

MYB4 has two distinct domains; the N-terminal domain (9-116
aa) comprises of two MYB domains and the C-terminal domain
(117-282 aa) comprises of transcriptional activation domain (Mitra
et al., 2019) (Figure 1B). To determine the HY5 interacting domain
of MYB4, we conducted yeast two-hybrid assays to examine the
domain wise protein-protein interaction. As shown in Figure 1C,
the C terminal domain of MYB4 interacted with HY5, however not
the N-terminal domain. The negative controls involving empty
vectors (AD and BD) and their respective combinations with HY5
and MYB4 (full length and truncated) did not exhibit any physical
interaction. These results suggest that MYB4 physically interacts
with HY5 through the C terminal domain.

To validate this physical interaction in vivo, we performed co-
immunoprecipitation assay. The rosette leaves of 30-d old hy5
mutant (Oyama et al., 1997) and HY5 OE line (Lee et al., 2007)
were in�ltrated with Agrobacterium harbouring either GFP, GFP-
CAM7 (positive control, Abbas et al., 2014), or GFP-MYB4
constructs, resulting in transient expression of these proteins. As
shown in Figure 1D, HY5 was co-immunoprecipitated with GFP-
CAM7 and GFP-MYB4 but not with GFP alone in HY5 OE
background. However, in hy5 mutant background, used as
negative control, HY5 wasn�t coimmunoprecipitated with any of
the transiently expressed proteins. These results further con�rm
that MYB4 physically interacts with HY5.
MYB4 genetically interacts with HY5 to
regulate photomorphogenic growth

MYB4 and HY5 work as pos i t i v e r egu la to r s o f
photomorphogenesis at various wavelengths of light (Koornneef
et al., 1980; Oyama et al., 1997; Ang et al., 1998; Chattopadhyay
et al., 1998; Brown and Jenkins, 2008; Dutta et al., 2024). To further
investigate the role of MYB4 in photomorphogenesis, we �rst
examined whether MYB4 expression is induced during dark-to-light
transition. The semi-quantitative and quantitative PCR analyses
revealed that MYB4 expression was induced at various wavelengths
of light during dark to light transition. As shown in Figures 2A�D and
Supplementary Figure 2, the level of induction varied with context to
time and wavelength of light tested. We then determined the
physiological signi�cance of the physical interaction between MYB4
and HY5 through genetic studies. For that, the myb4 was genetically
crossed with hy5 mutant, and the homozygous myb4 hy5 double
mutant lines were generated Supplementary Figure 3). To determine
the genetic relationship between MYB4 and HY5, 6-day-old wild-type
(segregated WT of F2 population), myb4, hy5, and myb4 hy5 seedlings
were grown in dark and at various wavelengths of light. Dark-grown
seedlings exhibited hypocotyl length similar to the WT background
(Figures 3A, B). The myb4 mutant seedlings displayed signi�cantly
increased hypocotyl length as compared to WT under white light
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(WL), blue light (BL), and far-red light (FRL) (Figures 3C�H). No
such effect was observed under red light (RL) condition (Figures 3I, J).
Consistent with the previous �ndings, hy5 mutant exhibited a
signi�cantly elongated hypocotyl compared to WT under all light
conditions tested (Ang et al., 1998). The hypocotyl of myb4 hy5 double
mutant was found to be signi�cantly more elongated than each of the
single mutants in WL, BL, and FRL, however not in RL (Figures 3C�J).
These results suggest that MYB4 and HY5 work in an additive manner
to control the hypocotyl length under WL, BL and FRL.
MYB4 modulates HY5-mediated
physiological responses

We then examined whether the genetic interaction between
MYB4 and HY5 could in�uence the expression of light-inducible
genes. To determine this, we assessed the transcript levels of RBCS-
1A and CAB1 in 6-day-old WT, myb4, hy5, and myb4 hy5 seedlings
grown under constant WL (30 mmol m-2 s-1). As previously
reported, the expression of these genes was signi�cantly decreased
in hy5 background as compared to the WT (Ang et al., 1998;
Chattopadhyay et al., 1998). However, as shown in Figure 3K, the
additional mutation of MYB4 in hy5 mutant, did not alter the
expression of RBCS-1A and CAB1, resulting in the expression
pattern similar to that of hy5 in myb4 hy5 double mutant. These
results collectively suggest that additional mutation in MYB4 in hy5
background does not affect the expression of light inducible
genes.The accumulation of chlorophyll and anthocyanin is an
important physiological response controlled by light signaling
pathways (Lifschitz et al., 1990; Neff and Chory, 1998;
Fankhauser and Casal, 2004). It has been reported earlier that hy5
mutant seedlings show a reduced level of chlorophyll and
anthocyanin contents (Oyama et al., 1997; Shin et al., 2007). To
examine the signi�cance of the genetic interplay between MYB4 and
HY5 in the accumulation of chlorophyll and anthocyanin, we
assessed the chlorophyll and anthocyanin levels in 6-day-old WT,
myb4, hy5, and myb4 hy5 double mutant seedlings grown in WL (30
µmolm-2s-1). As shown in Figures 3L, M, while chlorophyll content
between myb4 and WT seedlings was similar (Figure 3L), an
increase in anthocyanin accumulation was observed in myb4
mutants when compared to the WT seedlings (Figure 3M). The
additional mutation of MYB4 in hy5 mutant seedlings did not alter
the level of chlorophyll accumulation (Figure 3L), suggesting that
HY5 regulates the chlorophyll accumulation independently of
MYB4. However, as shown in Figure 3M, the anthocyanin
content of myb4 hy5 double mutant was similar to WT
background , sugges t ing tha t MYB4 and HY5 work
antagonistically to regulate the anthocyanin accumulation.
MYB4 regulates HY5 mediated activation of
its own promoter

Since HY5 binds to the MYB4 promoter and positively regulates
its expression, and given that HY5 and MYB4 physically interact,
frontiersin.org
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FIGURE 1

MYB4 physically interacts with HY5. (A) (Upper Panel). In vitro binding of MYB4 and HY5. Approximately 2 µg of HY5-6His was bound to Ni-NTA
beads. GST, GST-CAM7 and GST-MYB4 protein was added in equimolar ratio. Supernatant (Sup5%) and pellet fractions were fractionated by SDS-
PAGE, blotted, and probed with anti-GST antibodies. Lanes 2 and 5 show HY5-6His with GST-CAM7 (positive control), lanes 3 and 6 show HY5-6His
with GST-MYB4, and lanes 1 and 4 show HY5-6His with GST (negative control). (Lower Panel). The membrane was stripped and re-probed with anti-
His antibody (for loading control). The position of the full-length GST-MYB4 protein in elute fractions are indicated by asterisk. MW (molecular
weight) is in kDa (Kilo Dalton). (B) Diagram illustrating different segments of MYB4, including the full-length protein and various fragments, used in
yeast two-hybrid experiments. Each segment is labelled with corresponding amino acid numbers. (C) Co-transformed yeast cells were grown in 2D
[lacking Leucine (L) and Tryptophan (W) amino acids] and 4D [lacking Leucine (L), Tryptophan (W), Adenine (A) and Histidine (H) nutrients] selective
media to test the protein-protein interactions. The empty vectors (pGBKT7 and pGADT7) and their combinations with MYB4 (pGBKT7 + pGADT7-
MYB4; pGBKT7 + pGADT7-MYB4DN; pGBKT7 + pGADT7-MYB4DC) and HY5 (pGBKT7-HY5 + pGADT7) were used as negative controls. Numbers
below the panel indicate dilutions of the starting culture spotted on dropout media. (D) MYB4 interacts with HY5 in vivo. CAM7-GFP and MYB4-GFP
were transiently co-expressed with empty vector as negative control in rosette leaves of 30-d old Arabidopsis hy5 and HY5OE (Lee et al., 2007;
Abbas et al., 2014) lines. The protein samples were immunoprecipitated with anti-GFP antibody. Both input (5%) and IP fractions were
immunoblotted with anti-GFP antibody (upper panel) and the co-immunoprecipitated proteins were detected with anti-HY5 antibody (lower panel).
The interaction between CAM7 and HY5 served as the positive control. The experiment was repeated three times and similar results were obtained.
Frontiers in Plant Physiology frontiersin.org04
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we aimed to investigate the physiological relevance of this physical
interaction in mediating the transcriptional regulation of MYB4. To
investigate this, we analysed the DNA-protein interaction between
the MYB4 promoter and HY5 in the absence or presence of MYB4.
Previously it has been reported that the MYB4 promoter contains
three E-Boxes, and HY5 speci�cally binds to the third E-Box (Dutta
et al., 2024). We conducted electrophoretic mobility shift assays
(EMSA) using puri�ed GST-HY5 and GST-MYB4 fusion proteins,
along with both wild-type and mutated versions of the MYB4
promoter fragments (Figure 4A). As shown in Figure 4B, HY5
exhibited strong binding to the wild-type MYB4 promoter
fragment, however not to the mutated one. The binding af�nity
of HY5 to wild-type MYB4 promoter fragment is decreased in the
presence of MYB4 (Figure 4B, lane nos. 6 and 7). The reduction in
HY5 binding af�nity became more pronounced with increasing
concentrations of MYB4. However, the DNA-protein complex of
HY5 with the wild-type promoter fragment remained unchanged in
the presence of GST alone (Figure 4B, lane no. 4). Additionally, no
DNA-protein complex was formed between MYB4 and the wild-
type promoter fragment (Figure 4B, lane no. 3).

To further gain insight into this regulation, we conducted
transient expression assays in Arabidopsis protoplasts using a
construct in which the wild-type MYB4 promoter (DNA fragment
containing HY5 but not MYB4 binding sites) was fused to the b-
Frontiers in Plant Physiology 05
glucuronidase reporter gene (Pro AtMYB4-GUS) (Figure 4C). As
shown in Figure 4D, while HY5 increased the MYB4 promoter
activity by ~2.2-fold, MYB4 alone did not alter the promoter
activity. However, when both MYB4 and HY5 were introduced
into the protoplast, MYB4 could drastically reduce the HY5
mediated increase in MYB4 promoter activity (Figure 4D). Since
we omitted the MYB4 binding site in the transactivation assay, the
negative regulation is probably not due to direct binding to the
promoter which supports our EMSA results. These results
collectively suggest that the physical interaction between MYB4
and HY5 modulates HY5-mediated transcriptional activation
of MYB4.
MYB4 and HY5 mediate the integration of
light and cytokinin signaling

Previous studies have shown that HY5 protein is stabilized by light
(Ang et al., 1998; Wang et al., 2021; Fang et al., 2024) and cytokinin
(Vandenbussche et al., 2007). As this study revealed the genetic
interplay between HY5 and MYB4 during photomorphogenic
growth, we wanted to explore the genetic interaction between MYB4
and HY5 upon cytokinin treatment. To examine this, we �rst analyzed
whether cytokinin alters MYB4 expression. For this, we monitored
FIGURE 2

The expression of MYB4 is induced during dark to light transitions. (A, D) Transcript abundance of MYB4 in 5-day-old dark grown WT (ecotype
Landsberg erecta) seedlings transferred either to white light (WL: 20 µmolm-2s-1) (A) blue light (BL: 20 µmolm-2s-1) (B) red light (RL:30 µmolm-2s-1)
(C) or far-red light (FR: 1.5 µmolm-2s-1) (D) for various time points. ACTIN2 was used as the internal control. Error bars represent ± SE of three
biological replicates. Different alphabets denote statistically signi�cant differences (p < 0.05) of MYB4 transcript level. The data were compared by
using one-way ANOVA factorial analysis followed by Tukey’s HSD test.
frontiersin.org
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MYB4 transcript levels in WT seedlings grown on MS plates, with or
without 2 µM and 4 µM trans-zeatin. It was observed that at lower
light intensity (15 µmol m-2s-1) MYB4 expression was signi�cantly
reduced at 4 µM trans-zeatin, however not at 2 µM, suggesting that
higher concentrations of cytokinin represses MYB4 expression
Frontiers in Plant Physiology 06
(Supplementary Figure 4). Next, we examined the hypocotyl length
of 6-day-old WT, myb4, hy5, myb4 hy5 mutants in both cytokinin-
treated and untreated seedlings grown in the darkness. It was observed
that the dark-grown seedlings of each genotype studied exhibited
similar hypocotyl length in absence or presence of different
FIGURE 3

MYB4 works additively with HY5 to regulate the hypocotyl elongation. (A, B) Visible Phenotype (A) and Quanti�cation of hypocotyl length (B) of 6-
day-old wild type (Segregated WT, Ws-Ler), myb4, hy5 and myb4 hy5 double mutant seedlings grown under constant dark. Scale bar = 5 mm. The
error bars indicate ± SD (n=20). (C, D) Visible Phenotype (C) of 6-day-old wild type (Segregated WT, Ws-Ler), myb4, hy5 and myb4 hy5 double
mutant seedlings grown under constant WL (15 µmolm-2s-1). Scale bar = 5 mm. Quanti�cation (D) of hypocotyl length of WT (Segregated WT Ws-
Ler), myb4, hy5 and myb4 hy5 double mutant seedlings grown in various �uence of WL. The error bars indicate ± SD (n=20). (E, F) Visible Phenotype
(E) and Quanti�cation of hypocotyl length (F) of 6-day-old wild type (Segregated WT, Ws-Ler), myb4, hy5 and myb4 hy5 double mutant seedlings
grown under constant BL (20 µmolm-2s-1). Scale bar = 5 mm. The error bars indicate ± SD (n=20). (G, H) Visible Phenotype (G) and Quanti�cation of
hypocotyl length (H) of 6-day-old wild type (Segregated WT, Ws-Ler), myb4, hy5 and myb4 hy5 double mutant seedlings grown under constant FRL
(1.5 µmolm-2s-1). Scale bar = 5 mm. The error bars indicate ± SD (n=20). (I, J) Visible Phenotype (I) and Quanti�cation of hypocotyl length (J) of 6-
day-old wild type (Segregated WT, Ws-Ler), myb4, hy5 and myb4 hy5 double mutant seedlings grown under constant RL (30 µmolm-2s-1). Scale bar
= 5 mm. The error bars indicate ± SD (n=20). (K) Real-time PCR analyses of RBCS-1A and CAB1 in 6-day-old WT (Segregated WT Ws-Ler), myb4,
hy5 and myb4 hy5 seedlings grown under constant white light (30 µmolm-2s-1). Error bars represent ± SE of the mean of three biological replicates.
Different alphabets denote statistically signi�cant differences (p < 0.05) by One-way ANOVA followed by a Tukey-Kramer post-hoc test. ACTIN2 was
used as endogenous control. (L) Quanti�cation of accumulation of chlorophyll in 6-day-old WT (Segregated WT Ws-Ler), myb4, hy5 and myb4 hy5
double mutant seedlings grown under constant white light (30 µmolm-2s-1). Error bars represent ± SE of the mean of three biological replicates.
Different alphabets denote statistically signi�cant differences (p < 0.05) by One-way ANOVA followed by a Tukey-Kramer post-hoc test.
(M) Quanti�cation of accumulation of anthocyanin in 6-day-old WT (Segregated WT Ws-Ler), myb4, hy5 and myb4 hy5 double mutant seedlings
grown under constant white light (30 µmolm-2s-1). Error bars represent ± SE of the mean of three biological replicates. Different alphabets denote
statistically signi�cant differences (p < 0.05) by One-way ANOVA followed by a Tukey-Kramer post-hoc test.
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concentrations of cytokinin. (Supplementary Figure 5). These results
suggest that mutation in MYB4 doesn�t alter the cytokinin mediated
inhibition of hypocotyl elongation in dark.

To determine the effect of light and cytokinin on hypocotyl growth,
we examined hypocotyl length of 6-day-old WT, myb4, hy5, and myb4
hy5 double mutant seedlings grown under lower and higher WL
�uences on MS plates, with or without 1 µM, 2 µM, and 4 µM
trans-zeatin. As shown in Figures 5A, C, under lower intensity of WL
(15 mmol m�2 s�1), among the various cytokinin concentrations tested,
only the highest concentration (4 µM) was able to rescue the etiolated
growth of the myb4 mutant. However, at higher WL intensity (60 mmol
m�2 s�1), both 2 µM and 4 µM cytokinin were able to suppress
hypocotyl elongation, resulting in hypocotyl length in the myb4 mutant
similar to that of the WT (Figures 5B, D). Consistent with earlier
reports (Vandenbussche et al., 2007), we observed that similar to the
control condition, hy5 mutants exhibited elongated hypocotyl as
Frontiers in Plant Physiology 07
compared to the WT upon cytokinin treatment. Notably, the
hypocotyl length of the myb4 hy5 double mutant was signi�cantly
higher than that of hy5 mutant under all the conditions tested
(Figures 5A�D). These results suggest that the additional loss of
MYB4 function alters the hy5 phenotype upon cytokinin treatment.
At lower intensity of WL and lower cytokinin concentration, MYB4
and HY5 function additively to regulate hypocotyl length which is
similar to the effect of WL alone. However, at the same light intensity
but higher cytokinin concentration this genetic interaction is altered
and MYB4 and HY5 exhibit synergistic mode of interaction. At higher
light intensity even lower cytokinin concentration is suf�cient for the
cytokinin mediated synergistic interaction between MYB4 and HY5.
Thus, the genetic interaction between MYB4 and HY5 is modulated by
both light intensity and cytokinin levels.

We also measured the primary root length in WT, myb4, hy5,
and myb4 hy5 double mutant seedlings grown under cytokinin
FIGURE 4

MYB4 autoregulates the HY5 mediated regulation of its own promoter. (A) A visual depiction of the MYB4 promoter showing the wild type and
mutated sequence of the 3rd E-Box along with their positions. The (+1) notation denotes the transcription initiation site. The double-headed line
labeled as “P” denotes the location of the DNA fragment (from -708 to -815) used in DNA-protein interaction analyses during the competitive EMSA
experiment. (B) Electrophoretic mobility shift assay (EMSA) analysis of HY5 protein binding to MYB4 promoter in presence or absence of MYB4
protein. Lane 1 had no protein added, lane 2 contained 1.3 µg of GST and lane 3 had 1.3 µg of GST-MYB4 as control. In lane 4-7, 1 µg of GST-HY5
was added with 100 ng of wild type MYB4 promoter fragments (107 bp long: -708 to -815 bp) along with GST or GST-MYB4 in increasing
concentrations. In lane 8-9, 1 µg and 2 µg of GST-HY5 were respectively added with 100 ng of mutated MYB4 promoter fragments as control. The
DNA-protein complexes were separated using an 8% native polyacrylamide gel and visualized using SYBR® Green EMSA staining. The presence of a
double asterisk (**) signi�es the DNA-protein complex, a solid line (-) indicates the free probe, and a single asterisk (*) denotes a spurious band
consistently observed across all lanes. (C) Constructs used in the protoplast experiment in different combination to measure the MYB4 promoter
activity. (D) The relative MYB4 promoter activity values in Arabidopsis protoplasts transiently transformed with the indicated effectors and reporters
constructs. The experiments were repeated three times with similar results, and a representative result has been shown. The error bars indicate ±
SD. Different alphabets denote statistically signi�cant differences (p < 0.05) of MYB4 promoter activity. The data were compared by using one-way
ANOVA factorial analysis followed by Tukey’s HSD test.
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treatment in darkness and under various intensities of white light.
While cytokinin suppresses primary root length in WT in both dark
and WL (Liu et al., 2022), our results showed no signi�cant
differences in inhibition ratios between WT and myb4 mutant
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seedlings across all conditions (Supplementary Figures 6A�C).
Consistent with previous �ndings by Cluis et al. (2004), the hy5
mutant exhibited resistance to cytokinin treatment under both the
intensities of the white light. The myb4 hy5 double mutant
FIGURE 5

MYB4 and HY5 mediates the integration of light and cytokinin signaling. (A, B) Visible phenotype of 6-day-old WT (Segregated WT Ws-Ler), myb4,
hy5 and myb4 hy5 double mutant seedlings grown under constant WL (15 µmolm-2s-1) (A) or in constant WL (60 µmolm-2s-1) (B) in 0 µM, 1 µM, 2
µM or 4 µM (Top to bottom) trans-Zeatin concentration. Error bars represent ± SD (n=10). Different alphabets denote statistically signi�cant
differences (p < 0.05) by One-way ANOVA followed by a Tukey-Kramer post-hoc test. 1, 2, 3, 4 under the bar represents WT, myb4, hy5 and myb4
hy5 double mutant respectively. Scale bar = 10 mm. (C, D) Quanti�cation of hypocotyl length of 6-day-old WT (Segregated WT Ws-Ler), myb4, hy5
and myb4 hy5 double mutant seedlings grown under constant WL (15 µmolm-2s-1) (C) or in constant WL (60 µmolm-2s-1) (D) in 0 µM, 1 µM, 2 µM or
4 µM (Top to bottom) trans-Zeatin concentration. Error bars represent ± SD (n=10). Different alphabets denote statistically signi�cant differences (p <
0.05) by One-way ANOVA followed by a Tukey-Kramer post-hoc test. 1, 2, 3, 4 under the bar represents WT, myb4, hy5 and myb4 hy5 double
mutant respectively. Scale bar = 10 mm.
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displayed primary root inhibition patterns similar to the hy5 mutant
in white light, indicating that HY5 works independent of MYB4 in
regulating primary root length upon cytokinin treatment
(Supplementary Figures 6B, C).
MYB4 and HY5 differentially regulate the
expression of cytokinin responsive genes

Our study shows that while cytokinin rescues the etiolated
growth of myb4 seedlings, the primary root length of myb4
remains similar to WT in both presence and absence of
cytokinin. The ATP-binding cassette (ABC) transporter subfamily
G14 (ABCG14) in Arabidopsis is primarily active in roots and is
crucial for transporting cytokinin to the shoots. When ABCG14
expression is disrupted, it leads to signi�cant stunted growth in the
shoots, which can be reversed by applying trans-zeatin externally
(Ko et al., 2014; Zhang et al., 2014). To explore whether altered
ABCG14 levels is responsible for the suppression of the hypocotyl
length of myb4, we assessed the transcript levels of ABCG14 in 6-
day-old WT, myb4, hy5, and myb4 hy5 seedlings grown under low
(15 mmol m-2 s-1) and high (60 mmol m-2 s-1) white light in MS or in
MS with 2 mM and 4 mM trans-zeatin (Figures 6A, B). Under
control conditions (without cytokinin), at both low (15 mmol m-2 s-

1) and high intensities (60 mmol m-2 s-1) of WL, the expression of
ABCG14 in the myb4 mutant is similar to that in the WT, whereas
the hy5 mutants exhibit a signi�cant upregulation (~2.2-fold
increase) of ABCG14 expression compared to WT (Figures 6A,
B). An additional mutation in MYB4 could suppress the elevated
expression of ABCG14 in the hy5 mutant, resulting in expression
levels similar to WT in the myb4 hy5 double mutant. Earlier it was
reported that the expression of ABCG14 was induced by cytokinin
treatment (Ko et al., 2014). When we assessed the transcript levels
of ABCG14 in 6-day-old WT, myb4, hy5, and myb4 hy5 seedlings
grown under constant low white light (15 mmol m-2 s-1) and under
constant high white light (60 mmol m-2 s-1) in MS with 2 mM and 4
mM trans-zeatin, we observed that in low light intensity and low
cytokinin concentrations, the expression of ABCG14 is signi�cantly
reduced in myb4 mutant than that of WT (Figures 6A, B). The
expression level pattern of ABCG14 remains same like the untreated
for both myb4 and hy5 mutant in all other conditions. Interestingly,
unlike the untreated conditions, in myb4 hy5 double mutant, the
expression of ABCG14 is similar to that of hy5 mutants. This
suggests that upon 2 mM cytokinin treatment at low intensity of
WL, HY5 works downstream to MYB4 to regulate the expression of
ABCG14 (Figure 6A).

Sweere et al. (2001) suggested a potential mechanism through
which cytokinin and light signaling pathways interact to control
hypocotyl elongation through RESPONSE REGULATOR 4
(ARR4). To determine if ARR4 plays a role in the altered
response of myb4 mutant seedlings, we measured ARR4 transcript
levels in 6-day-old WT, myb4, hy5, and myb4 hy5 seedlings grown
under continuous low white light (15 mmol m�2 s�1) and high white
light (60 mmol m�2 s�1) conditions, both in untreated MS and in MS
supplemented with 2 mM and 4 mM trans-zeatin (Figures 6C, D).
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The results show that ARR4 expression was signi�cantly increased
in the myb4 mutant but decreased in the hy5 mutant. In the myb4
hy5 double mutant, ARR4 expression was similar to that in the hy5
mutant, indicating that HY5 functions downstream of MYB4 in
regulating ARR4 expression. As it was previously reported that the
ARR4 gene expression is also induced by cytokinin (Sweere et al.,
2001), we checked the transcript levels of ARR4 in 6-day-old WT,
myb4, hy5, and myb4 hy5 seedlings grown under constant low white
light (15 mmol m-2 s-1) and under constant high white light (60
mmol m-2 s-1) in MS with 2 mM and 4 mM trans-zeatin. In low light,
the pattern of expression of ARR4 is similar to that of the untreated
for both myb4 and hy5 mutants. Interestingly, the expression of
ARR4 in myb4 hy5 double mutant is similar to that of myb4
mutants, suggesting that under cytokinin treatment in low light,
MYB4 works downstream to HY5 to regulate the expression of
ARR4. However, in high light, there were no signi�cant differences
in the ARR4 transcript in any cytokinin concentrations tested
(Figure 6D). This suggests that the role of MYB4 and HY5 in the
regulation of cytokinin induced ARR4 expression is speci�c to low
intensity of WL.

Seedlings treated with exogenous cytokinins accumulate
anthocyanin pigments, with increased transcript levels of
CHALCONE SYNTHASE (CHS) gene, a key player in the
anthocyanin biosynthesis pathway (Deikman et al., 1995). HY5
enhances anthocyanin biosynthesis by directly binding to CHS
promoter resulting in its transcriptional activation (Ang et al.,
1998; Chattopadhyay et al., 1998). Conversely, MYB4, a known
negative regulator of anthocyanin biosynthesis, indirectly repress
CHS expression (Wang et al., 2020). Given these observations, we
asked how loss of MYB4 and HY5 functions in�uence CHS
regulation under cytokinin treatment. To answer this, we grew 6-
day-old WT, myb4, hy5, and myb4 hy5 seedlings under constant low
white light (15 mmol m�2 s�1) and high white light (60 mmol m�2

s�1) on MS media without trans-zeatin and with 2 µM and 4 µM
trans-zeatin (Figures 6E, F). Consistent with previous �ndings, we
observed that in untreated conditions, CHS transcript level was
signi�cantly elevated in the myb4 mutant whereas it was
signi�cantly reduced in the hy5 mutant. In the myb4 hy5 double
mutant, CHS expression was similar to the hy5 mutant, indicating
that HY5 acts downstream of MYB4 in regulating CHS expression
under control condition (Figures 6E, F). However, under both low
and high cytokinin treatment across both light intensities, CHS
expression was signi�cantly reduced (~2-3 fold) in the myb4
mutant. In contrast, CHS expression patterns were similar in hy5
and myb4 hy5 double mutants across both treated and untreated
conditions. These �ndings suggest that MYB4 plays opposing roles
in the regulation of CHS expression depending on the presence or
absence of cytokinin and HY5 works downstream to MYB4 in
this regulation.
Discussion

A signal transduction pathway relies on its interconnected
transcriptional regulatory network for proper functional
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execution. In this study, we show that MYB4 is functionally
connected with HY5 to integrate light and cytokinin responses.
Furthermore, our results suggest that MYB4, through its physical
interaction, attenuates HY5 from binding to the MYB4 promoter.
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Multiple lines of experimental evidences, including in vitro and in
vivo assays, demonstrate a physical interaction between MYB4 and
HY5 proteins. Domain-speci�c interaction studies further reveal
that HY5 interacts with the C-terminal domain (transcriptional
FIGURE 6

Differential regulation of cytokinin responsive genes by MYB4 and HY5. (A, B) Real-time PCR analyses of ABCG14 in 6-day-old wild type (Segregated
wild type Ws-Ler), myb4, hy5 and myb4 hy5 seedlings grown under constant white light (15 µmolm-2s-1) (A) and constant white light (60 µmolm-2s-

1) (A) in normal MS media (Control) or in MS media supplemented with 2 µM and 4 µM trans-zeatin (Treated). Error bars represent ± SE of the mean
of three biological replicates. Different alphabets denote statistically signi�cant differences (p < 0.05) by One-way ANOVA followed by a Tukey-
Kramer post-hoc test. ACTIN2 was used as endogenous control. (C, D) Real-time PCR analyses of ARR4 in 6-day-old wild type (Segregated wild type
Ws-Ler), myb4, hy5 and myb4 hy5 seedlings grown under constant white light (15 µmolm-2s-1) (C) and constant white light (60 µmolm-2s-1) (D) in
normal MS media (Control) or in MS media supplemented with 2 µM and 4 µM trans-zeatin (Treated). Error bars represent ± SE of the mean of three
biological replicates. Different alphabets denote statistically signi�cant differences (p < 0.05) by One-way ANOVA followed by a Tukey-Kramer post-
hoc test. ACTIN2 was used as endogenous control. (E, F) Real-time PCR analyses of CHS in 6-day-old wild type (Segregated wild type Ws-Ler),
myb4, hy5 and myb4 hy5 seedlings grown under constant white light (15 µmolm-2s-1) (E) and constant white light (60 µmolm-2s-1) (F) in normal MS
media (Control) or in MS media supplemented with 2 µM and 4 µM trans-zeatin (Treated). Error bars represent ± SE of the mean of three biological
replicates. Different alphabets denote statistically signi�cant differences (p < 0.05) by One-way ANOVA followed by a Tukey-Kramer post-hoc test.
ACTIN2 was used as endogenous control.
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