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Abstract  
Ambient light and the endogenous circadian clock play key roles in regulating Arabidopsis (Arabidopsis thaliana) seedling 
photomorphogenesis. PHYTOCHROME-INTERACTING FACTOR 4 (PIF4) acts downstream of both light and the circadian clock 
to promote hypocotyl elongation. Several members of the R2R3-MYB transcription factor (TF) family, the most common type 
of MYB TF family in Arabidopsis, have been shown to be involved in regulating photomorphogenesis. Nonetheless, whether 
R2R3-MYB TFs are involved in connecting the light and clock signaling pathways during seedling photomorphogenesis remains 
unknown. Here, we report that MYB112, a member of the R2R3-MYB family, acts as a negative regulator of seedling photo-
morphogenesis in Arabidopsis. The light signal promotes the transcription and protein accumulation of MYB112. myb112 mu-
tants exhibit short hypocotyls in both constant light and diurnal cycles. MYB112 physically interacts with PIF4 to enhance the 
transcription of PIF4 target genes involved in the auxin pathway, including YUCCA8 (YUC8), INDOLE-3-ACETIC ACID INDUCIBLE 
19 (IAA19), and IAA29. Furthermore, MYB112 directly binds to the promoter of LUX ARRHYTHMO (LUX), the central compo-
nent of clock oscillators, to repress its expression mainly in the afternoon and relieve LUX-inhibited expression of PIF4. Genetic 
evidence confirms that LUX acts downstream of MYB112 in regulating hypocotyl elongation. Thus, the enhanced transcript 
accumulation and transcriptional activation activity of PIF4 by MYB112 additively promotes the expression of auxin-related 
genes, thereby increasing auxin synthesis and signaling and fine-tuning hypocotyl growth under diurnal cycles. 

Introduction 
As one of the most important environmental signals for 
plants, light plays a key role in seedling morphogenesis. 

While germinating under soil without light, Arabidopsis 
(Arabidopsis thaliana) seedlings undergo skotomorphogen-
esis, characterized by rapid elongation of the hypocotyl, 
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closed cotyledons, and an apical hook. Upon reaching the light, 
the seedlings undergo photomorphogenesis, characterized by 
inhibited elongation of the hypocotyl, opened cotyledons, and 
the disappearance of the apical hook (Chory et al. 1989;  
Deng et al. 1991; Martinez-Garcia et al. 2000; Jiao et al. 2007). 
One of the most remarkable events of light-controlled morpho-
genesis is hypocotyl elongation (McNellis and Deng 1995). 
Accelerated hypocotyl elongation in the dark helps seedlings 
reach sunlight, while the inhibition of hypocotyl elongation by 
light signals prevents them from lodging (Shi et al. 2018). 

In Arabidopsis, different receptors have evolved that per-
ceive different wavelengths of sunlight (Vierstra and Quail 
1983; Sharrock and Quail 1989; Lin et al. 1995; Rizzini et al. 
2011; Christie et al. 2012). Photoreceptors activated by light re-
press the functions of central negative regulators to release the 
functions of light-responsive transcription factors (TFs) and 
thereby promote photomorphogenesis (Jiao et al. 2007). 
PHYTOCHROME-INTERACTING FACTORS (PIFs), a small 
subset of the basic helix-loop-helix (bHLH) TF family, are major 
repressors of photomorphogenesis (Martinez-Garcia et al. 
2000; Huq and Quail 2002; Leivar et al. 2008b; Shin et al. 
2009). Arabidopsis possesses 8 PIFs (PIF1–PIF8) (Leivar and 
Quail 2011; Pham et al. 2018a). Genetic analysis shows that 
the quadruple mutant pifq, which lacks PIF1, PIF3, PIF4, and 
PIF5 in Arabidopsis, exhibits constitutive photomorphogenesis 
in the dark (Leivar et al. 2008b; Shin et al. 2009). PIF proteins 
accumulate in large amounts in dark-grown seedlings (Bauer 
et al. 2004; Shen et al. 2007; Pham et al. 2018b). These proteins 
can bind to the G-box and E-box cis-elements to regulate 
the expression of numerous target genes (Martinez-Garcia 
et al. 2000; Shin et al. 2007; Franklin et al. 2011), thereby 
inhibiting photomorphogenesis in the dark. When seedlings 
are switched from dark to light, photoactivated phytochrome 
B rapidly induces phosphorylation of PIFs in a 
PHOTOREGULATORY PROTEIN KINASE (PPK)-dependent 
manner (Al-Sady et al. 2006; Ni et al. 2017). PIFs are subse-
quently polyubiquitinated and degraded via the 26S prote-
asome pathway. Two types of E3 ubiquitin ligases, 
LIGHT-RESPONSE BRIC-A-BRACK/TRAMTRACK/BROAD li-
gases (LRBs) and EIN3-BINDING F-BOX PROTEINS (EBFs), 
are involved in light-induced ubiquitination and degradation 
of PIF3 (Christians et al. 2012; Ni et al. 2014; Dong et al. 
2017). Interestingly, the protein levels of several PIFs, such as 
PIF4, can also reaccumulate in prolonged red light, thereby 
moderately inhibiting photomorphogenesis by modulating 
phyB protein levels (Leivar et al. 2008a; Yan et al. 2020). 
Notable target genes of PIF4 function in promoting hypocotyl 
elongation are mainly involved in auxin biosynthesis and signal 
transduction (Franklin et al. 2011; Hornitschek et al. 2012; Sun 
et al. 2012). PIF4 can directly bind to the G-box cis-element of 
YUCCA8, a gene for auxin biosynthesis, to transactivate its ex-
pression, thereby increasing the level of endogenous auxin and 
accelerating hypocotyl elongation (Hornitschek et al. 2012;  
Sun et al. 2012; Huai et al. 2018; Han et al. 2019; Zhou et al. 
2019; Gao et al. 2022). PIF4 also enables CYCLING DOF 
FACTOR 2 (CDF2) to activate YUCCA8 expression by 

enhancing DNA binding of CDF2 (Gao et al. 2022). PIF4 also 
directly activates the expression of IAA19 and IAA29 to sustain 
hypocotyl elongation in the presence of persistent shade (Sun 
et al. 2013; Pucciariello et al. 2018). 

In addition to the auxin signaling mentioned above, 
the intrinsic circadian clock in planta also functions as one 
of the major endogenous signals involved in the regulation 
of photomorphogenesis. It can adjust the growth of 
Arabidopsis to the day–night cycle, thus optimizing the en-
vironmental adaptation of Arabidopsis (Nozue et al. 2007;  
Nusinow et al. 2011; Su et al. 2021; Xu et al. 2022). The circa-
dian clock mainly consists of the input pathways, the central 
oscillator, and the output pathways. The central oscillator is 
used to receive input signals and generate rhythmic output 
signals (Xu et al. 2022). The oscillator consists of a set of tran-
scriptionals–translational feedback loops (TTFLs) that in-
clude morning-phased and evening-phased genes. Central 
oscillator genes are expressed at different times of a day 
and can affect the expression and/or activities of each other 
as well as of genes acting in output pathways (Schaffer et al. 
1998; Wang and Tobin 1998; Makino et al. 2001; Mizuno and 
Nakamichi 2005; Nusinow et al. 2011; Herrero et al. 2012;  
Huang et al. 2012; Kamioka et al. 2016). Morning-phased genes 
mainly include two homologous MYB TFs: CIRCADIAN CLOCK 
ASSOCIATED1 (CCA1) and LATE ELONGATED HYPOCOTYL 
(LHY) (Schaffer et al. 1998; Wang and Tobin 1998), whereas 
evening-phased genes mainly include EARLY FLOWERING3 
(ELF3), EARLY FLOWERING4 (ELF4), and LUX ARRHYTHMO 
(LUX) (Nusinow et al. 2011). The transcriptional regulatory 
complex formed by ELF3-ELF4-LUX is also known as the 
evening complex (EC) (Nusinow et al. 2011). LUX is a 
single-MYB-domain-containing TF in EC (Hazen et al. 2005;  
Nusinow et al. 2011). The morning complex CCA1/LHY can 
directly bind to the evening element in the LUX promoter 
to repress its expression (Hazen et al. 2005). CCA1/LHY can 
promote the expression of PIF4 under diurnal cycles (Nozue 
et al. 2007; Sun et al. 2019). In contrast, LUX targets EC to 
the promoter of PIF4 to repress PIF4 expression in the early 
evening (Nusinow et al. 2011). Thus, simultaneous elevation 
of PIF4 mRNA and protein levels at dawn allows maximal pro-
longation of the hypocotyl under short-day conditions 
(Nusinow et al. 2011). 

MYB TFs comprise one of the largest families of transcrip-
tional regulators in plants (Ma and Constabel 2019). Among 
them, the R2R3-MYB TFs, which have 2 MYB repeats in their 
DNA-binding domain (BD), are widely involved in regulating 
plant-specific processes, including secondary metabolisms, re-
sponse to biotic and abiotic stresses, etc. (Mengiste et al. 2003;  
Stracke et al. 2007; Dubos et al. 2010). The R2R3-MYB family in 
Arabidopsis includes 126 members (Millard et al. 2019). 
However, whether these genes are involved in the connection 
of light and clock signals during seedling photomorphogenesis 
is still completely unknown. The MYB112 is a member of 
the R2R3-MYB family (Lotkowska et al. 2015). Previous study 
has shown that high light stress induces transcription 
of MYB112. MYB112 regulates gene expression to promote  
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anthocyanin biosynthesis (Lotkowska et al. 2015). Here, we re-
port that MYB112 promotes hypocotyl elongation in both 
constant light and diurnal cycles. The light signal promotes 
transcription and protein accumulation of MYB112. On the 
one hand, MYB112 binds to the promoter of LUX to repress 
its expression in the afternoon, which relieves LUX-inhibited 
expression of PIF4. On the other hand, MYB112 physically in-
teracts with PIF4 to enhance transcription of PIF4’s target 
genes. Thus, MYB112 connects light and clock signals to pro-
mote PIF4-induced transcription of auxin-related genes and 
fine-tuning hypocotyl growth under diurnal cycles. 

Results 
MYB112 negatively regulates photomorphogenesis in 
the light 
A previous study has shown that MYB112 is involved 
in anthocyanin biosynthesis under high light stress 
(Lotkowska et al. 2015). To investigate the role of MYB112 
in regulating seedling photomorphogenesis, we used 
the CLUSTERED REGULARLY INTERSPACED SHORT 
PALINDROMIC REPEAT/CRISPR-ASSOCIATED 9 (CRISPR/ 
Cas9) system (Wang et al. 2015) to generate myb112 mu-
tants. We obtained 2 independent homozygous myb112 mu-
tants (Supplemental Fig. S1), which we designated myb112-3 
and myb112-4 to distinguish them from the preexisting 
T-DNA mutants myb112-1 and myb112-2 (Lotkowska et al. 
2015). We found that the hypocotyls of the myb112 mutants 
were the same length as those of the wild type (Columbia-0 
[Col-0]) in the dark (Supplemental Fig. S2), suggesting 
MYB112 has no effect on hypocotyl elongation in the dark. 
However, the hypocotyls of both myb112 mutants were sig-
nificantly shorter than those of Col-0 when grown under 
continuous white, red, far-red, and blue light (Fig. 1). 

Next, we generated transgenic plants overexpressing 
YFP-MYB112 driven by the cauliflower mosaic virus 35S pro-
moter. MYB112 mRNA and proteins in the YFP-MYB112 #2 
and YFP-MYB112 #3 lines are detectable by reverse transcription 
quantitative PCR (RT-qPCR) and immunoblot analysis 
(Supplemental Fig. S3). These two transgenic lines overexpres-
sing YFP-MYB112 had the same hypocotyl length as Col-0 in 
the dark (Supplemental Fig. S2), whereas they had longer hypo-
cotyls than Col-0 under different light conditions as indicated 
(Fig. 1). These genetic and phenotypic results confirm that 
MYB112 promotes hypocotyl elongation in the light and acts 
as a negative regulator of photomorphogenesis in Arabidopsis. 

Transcriptome analysis of MYB112-regulated genes 
To illustrate the molecular role of MYB112 in regulating 
photomorphogenesis in Arabidopsis, the global transcrip-
tome differences between Col-0 and the myb112-4 mutant 
were analyzed by RNA sequencing (RNA-seq). Col-0 and 
myb112-4 seedlings grown for 4 d under continuous white 
light (23.61 μmol m−2 s−1) were sampled for RNA-seq. 
We found that 788 genes were upregulated and 1,277 genes 

were downregulated in myb112-4 versus Col-0 (Fig. 2A and  
Supplemental Data Set 1). Gene ontology (GO) analysis re-
vealed that the downregulated genes in the myb112-4 mu-
tant were mainly involved in some biological processes, 
including red or far-red light signaling pathway, circadian 
rhythm, response to auxin, response to low light intensity 
stimulus, photosynthesis, light harvesting in photosystem I, 
and carboxylic acid catabolic process (Fig. 2B). Among these, 
we focused on three processes, red or far-red light signaling 
pathway, circadian rhythm, and response to auxin, which 
are closely related to photomorphogenesis. Intriguingly, we 
noticed that several PIF family genes, including PIF3 and 
PIF4, and several genes involved in the auxin biosynthetic 
or signaling pathway, including IAA19, IAA29, YUCCA7, and 
YUCCA8, were downregulated in the myb112-4 mutant ver-
sus Col-0 (Fig. 2, C and D, Supplemental Fig. S4). Therefore, 
we next examined the response of myb112 mutants to ex-
ogenous auxin. Treatment with 0.1 μM 2,4-D led to a signifi-
cant increase in hypocotyl elongation in myb112 mutants 
and completely rescued the hypocotyl elongation defect of 
myb112 mutants (Fig. 2E). These data provide further evi-
dence that the short hypocotyl phenotype of myb112 mu-
tants is due to auxin deficiency. 

MYB112 physically interacts with PIF4 to promote its 
transcriptional activation activity 
Previous studies have shown that PIF4 promotes hypocotyl 
elongation in an auxin-dependent manner (Franklin et al. 
2011; Sun et al. 2012; Huai et al. 2018). PIF4 can bind to 
the promoters of auxin pathway genes, such as the auxin bio-
synthesis gene YUCCA8 and the auxin response genes IAA19 
and IAA29, and activate the expression of these genes 
(Hornitschek et al. 2012; Sun et al. 2012; Sun et al. 2013;  
Huai et al. 2018; Pucciariello et al. 2018; Han et al. 2019;  
Zhou et al. 2019; Gao et al. 2022). Transcriptome analysis 
showed that the expression of PIF4 and its target genes, in-
cluding YUCCA8, IAA19, and IAA29, decreased significantly 
in myb112-4 (Fig. 2, C and D). We also used RT-qPCR to con-
firm the expression of these genes in myb112 mutants and 
YFP-MYB112 lines grown for 4 d under continuous white 
light conditions. As shown in Fig. 3A, the transcript level of 
PIF4 was significantly lower in myb112 mutants than in 
Col-0, whereas it was significantly higher in YFP-MYB112 
lines. Accordingly, the expression of YUCCA8, IAA19, and 
IAA29 was lower in myb112 mutants than in Col-0, whereas 
it was higher in YFP-MYB112 lines (Fig. 3B, Supplemental Fig. 
S5, A and B). Because MYB112 has been previously described 
as a TF, these results suggest that MYB112 may promote the 
expression of PIF4, thereby enhancing the expression of these 
target genes of PIF4 in the light. However, the results of the 
yeast 1-hybrid (Y1H) assay showed that MYB112 was unable 
to directly bind to the promoter of PIF4 in yeast cells 
(Supplemental Fig. S6A). In addition, while binding of PIF4 
to the YUCCA8 promoter was used as a positive control, 
MYB112 failed to bind directly to the YUCCA8 promoter in  
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Y1H (Supplemental Fig. S6B). These results indicate that 
MYB112 is unable to bind directly to the promoters of PIF4 
or YUCCA8. 

We next performed a yeast 2-hybrid (Y2H) assay to 
test whether MYB112 can directly interact with PIF4 protein. 
Full-length and truncated fragments of MYB112 were 
fused with the BD, and full-length PIF4 was fused with the ac-
tivation domain (AD). Although full-length MYB112 exhib-
ited self-activation in yeast cells, subsequent analysis of 
β-galactosidase activity revealed that full-length and 
N-terminal MYB112 could interact with PIF4 (Fig. 3C). To fur-
ther verify the physical interaction between MYB112 and 
PIF4, we performed an in vitro pull-down assay. The result 
shows that MYB112 physically interacts with PIF4 in vitro 
(Fig. 3D). Subsequently, the in vivo interaction between 

MYB112 and PIF4 was confirmed using firefly luciferase com-
plementation imaging (LCI) and coimmunoprecipitation 
(Co-IP) (Fig. 3, E and F). Taken together, these results demon-
strate that MYB112 physically interacts with PIF4 in 
Arabidopsis. 

Indeed, there are several lines of evidence that heterodimer 
combinations can enhance the transcriptional activity of 
TFs toward target genes. For example, the interaction of 
PIF4 and BRASSINAZOLE-RESISTANT 1 (BZR1) enhances 
its transcriptional activation activity toward the target 
gene PACLOBUTRAZOL RESISTANCE 5 (PRE5) (Oh et al. 
2012). We investigated the role of the interaction between 
MYB112 and PIF4 in regulating PIF4 activity using a transient 
expression assay in leaves of Nicotiana benthamiana. MYB112 
alone failed to induce the expression of YUCCA8pro:LUC, 

Figure 1. MYB112 suppress photomorphogenesis in the light. A) Hypocotyl phenotypes of Col-0, two myb112 mutants, and two independent 
MYB112 overexpression lines grown for 4 d under continuous light conditions. YFP-MYB112, transgenic plants overexpressing YFP-tagged 
MYB112. Scale bars, 1 mm. B) Hypocotyl lengths of Col-0, two myb112 mutants, and two independent MYB112 overexpression lines grown for 
4 d under various light conditions. Data are presented as means ± SD, n = 30. Lowercase letters above the histogram represent statistically signifi-
cant differences (P < 0.05) determined by one-way ANOVA with Tukey’s post hoc analysis.   
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consistent with the previous finding that MYB112 did 
not bind to the YUCCA8 promoter in yeast (Fig. 3G,  
Supplemental Fig. S6B). However, MYB112 was able to signifi-
cantly enhance the transcriptional activation activity of PIF4 

toward YUCCA8pro:LUC when MYB112 and PIF4 were coex-
pressed in N. benthamiana leaves (Fig. 3G). Similarly, we 
found that MYB112 alone failed to induce the expression 
of IAA19pro:LUC or IAA29pro:LUC but was able to significantly 

Figure 2. Transcriptome analysis of MYB112-regulated genes. A) Upregulated genes and downregulated genes in myb112-4 mutant versus Col-0. 
Col-0 and myb112-4 seedlings were grown under continuous white light (23.61 μmol m−2 s−1) for 4 d before sampling. B) Top 17 GO term enrich-
ments (biological process) for downregulated genes in myb112-4. The dashed line corresponds to the Benjamini–Hochberg adjusted P value = 0.05. 
C) Gene expression analysis of PIF4 in myb112-4 and Col-0. Asterisks represent statistically significant differences as determined by Student’s t-test 
(**P < 0.01). D) Hierarchical clustering of various genes related to the auxin biosynthetic or signaling pathway in myb112-4 mutant and Col-0. E) 
Hypocotyl phenotypes and lengths of Col-0 and myb112 mutants treated with 0.1 μM 2,4-D. Scale bars, 1 mm. Data are presented as means ± SD, n  
> 27. Lowercase letters above the histogram represent statistically significant differences (P < 0.05) determined by one-way ANOVA with Tukey’s 
post hoc analysis.   
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Figure 3. MYB112 physically interacts with PIF4 to promote YUCCA8 expression. The relative expression of PIF4 A) and YUCCA8 B) in Col-0, myb112 
mutants, and YFP-MYB112 lines was determined by RT-qPCR. Relative transcript levels were normalized to PP2A. Error bars represent SD of 3 technical 
replicates. Asterisks represent statistically significant differences in gene expression between MYB112 materials and Col-0 (**P < 0.01), as determined by 
one-way ANOVA with Tukey’s post hoc analysis. C) Interaction of MYB112 and PIF4 in the LexA-based yeast 2-hybrid system. BD, DNA-binding domain; 
AD, activation domain; MYB112-N, 1 to 170 aa; MYB112-C, 171 to 243 aa. The β-galactosidase activities of yeast cells were quantified by liquid culture 
assays using ONPG as the substrate. Results were presented as means ± SD, n = 3. Lowercase letters above the histogram represent statistically signifi-
cant differences (P < 0.01) determined by one-way ANOVA with Tukey’s post hoc analysis. D) In vitro pull-down assay showing the interaction between 
MYB112 and PIF4. MYB112 was fused with the GST-tag; PIF4 was fused with the His-tag. E) LCI assay showing the interaction between MYB112 and PIF4 
in N. benthamiana leaves. nLUC, the vector containing the N-terminal fragment of firefly luciferase; cLUC, the vector containing the C-terminal frag-
ment of firefly luciferase; cps, counts per second. F) Co-IP assay showing the association of MYB112 and PIF4 in vivo. YFP-MYB112 was immunopre-
cipitated with GFP-trap beads, and then, the pellet proteins were separated by SDS-PAGE and detected by immunoblot analysis with anti-GFP and 
anti-Myc antibodies. Actin was used as a loading control. G) Transient expression assay in N. benthamiana leaves. A 2,002 bp fragment upstream of 
the ATG start codon of YUCCA8 fused with the firefly luciferase gene (LUC) was used as a reporter. Relative LUC activities were quantified as the ratios 
of LUC/REN enzyme activities and presented as means ± SD, n = 6. Asterisks represent statistically significant differences (**P < 0.01; n.s., not signifi-
cant) determined by one-way ANOVA with Tukey’s post hoc analysis.   

6 | THE PLANT CELL 2023: Page 1 of 19                                                                                                                             Cai et al. 

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/advance-article/doi/10.1093/plcell/koad170/7202154 by C

hinese Academ
y of Agriculture Sciences (C

AAS) user on 30 June 2023



enhance the transcriptional activation activity of PIF4 toward 
IAA19pro:LUC or IAA29pro:LUC when MYB112 and PIF4 were 
coexpressed in N. benthamiana leaves (Supplemental Fig. 
S5, C and D). Taken together, these results indicate that 
MYB112 physically interacts with PIF4 to enhance its tran-
scriptional activation activity toward auxin-related genes. 

PIF4 is epistatic to MYB112 in regulating hypocotyl 
elongation 
Furthermore, we investigated whether MYB112 can genetic-
ally interact with PIF4. First, we generated myb112-3 pif4-2 
double mutants by crossing myb112-3 into pif4-2. Both 
myb112-3 and pif4-2 single mutants showed short hypocotyls 
under different light conditions, and the hypocotyls of pif4-2 
were significantly shorter than those of myb112-3. The hypo-
cotyls of the myb112-3 pif4-2 double mutant were the same 
length as those of pif4-2 (Fig. 4), suggesting that MYB112 and 
PIF4 act genetically in the same pathway. To test whether 
PIF4 is epistatic to MYB112, we then crossed plants overex-
pressing PIF4-Myc (Dong et al. 2014) into myb112-3. The 
phenotypic results show that the hypocotyls of PIF4-Myc 
myb112-3 are significantly longer than those of myb112-3, 
but slightly shorter than those of PIF4-Myc (Fig. 4), suggesting 
that the absence of PIF4 contributes significantly to the short 
hypocotyl of myb112-3. Taken together, these data confirm 
that MYB112 acts genetically upstream of PIF4 to promote 
hypocotyl elongation in the light. 

MYB112 suppresses the expression of LUX by direct 
binding to its promoter 
Because MYB112 is an R2R3-MYB TF, we tested its biochem-
ical activity in leaves of N. benthamiana using a transient ex-
pression assay. The full-length, N-terminal (1 to 170 aa), and 
C-terminal (171 to 243 aa) parts of MYB112 were each fused 
with the GAL4 BD, which could bind directly to the GAL4 
promoter (GAL4pro) (Huai et al. 2018). As shown in Fig. 5A, 
full-length MYB112 significantly suppressed the expression 
of the GAL4pro:LUC reporter. Moreover, MYB112-N did not 
affect the expression of GAL4pro:LUC, whereas MYB112-C 
dramatically increased the expression of GAL4pro:LUC. 
These results indicate that the full-length MYB112 protein 
has transcriptional repression activity, while its C-terminal re-
gion has strong transcriptional activation activity. 

Because full-length MYB112 exhibits transcriptional re-
pression activity (Fig. 5A) and indirectly promotes PIF4 ex-
pression (Fig. 3A, Supplemental Fig. S6A), we speculate that 
target genes of MYB112 should be involved in repressing 
PIF4 expression. Previous studies have shown that the EC 
ELF3-ELF4-LUX can repress the expression of PIF4 under diur-
nal cycles. LUX can directly bind to the promoter of PIF4 and 
recruit ELF3 and ELF4 together to repress PIF4 expression 
(Nusinow et al. 2011). We examined the transcript levels of 
ELF3, ELF4, and LUX in seedlings of Col-0 and myb112 mu-
tants grown for 4 d under continuous white light (Fig. 5B). 
We found that the transcript levels of ELF3 and ELF4 showed 

no significant difference between Col-0 and myb112 mu-
tants, whereas the transcript levels of LUX were significantly 
upregulated in both myb112-3 and myb112-4 mutants com-
pared with Col-0 (Fig. 5B). These results indicate that 
MYB112 can suppress the expression of LUX in the light. 

We then used several experiments in vitro and in vivo to 
test whether LUX is a direct target gene of MYB112. Our 
Y1H assay showed that MYB112 was able to directly interact 
with the promoter of LUX, and the LUXpro-N subfragment 
(−614 to −259 bp) was sufficient for this interaction in yeast 
cells (Fig. 5C). Because MYB112 was reported to bind to an 
8 bp DNA fragment containing the core sequence (A/T/ 
G)(A/C)CC(A/T)(A/G/T)(A/C)(T/C) (Lotkowska et al. 
2015), the 50 bp subfragment (−308 to −259 bp upstream 
of ATG) in the LUX promoter, containing a potential 
MYB112 binding site, was used as a probe to perform an elec-
trophoretic mobility shift assay (EMSA). His-TF-MYB112, but 
not His-TF protein (negative control), could bind to the pro-
moter of LUX (Fig. 5D). Moreover, the binding could be abol-
ished by introducing mutations into the potential binding 
site of the probe (Fig. 5D). The EMSA results suggest that 
MYB112 can bind to the specific motif in the promoter of 
LUX in vitro. To investigate whether MYB112 can bind to 
the promoter of LUX in vivo, we then performed chromatin 
immunoprecipitation (ChIP)-qPCR analysis. Our data 
showed that the B subfragment of the LUX promoter, which 
contained the core motif bound by MYB112 in vitro, was 
most enriched by YFP-MYB112 but not by YFP (Fig. 5E). 
Subsequent transient expression assays in N. benthamiana 
leaves show that MYB112 represses the expression of 
LUXpro:LUC (Fig. 5F). Overall, our results confirm that 
MYB112 can repress the expression of LUX by directly bind-
ing to its promoter. 

MYB112 genetically inhibits LUX to promote 
hypocotyl elongation 
Considering the biochemical relationship between MYB112 
and LUX, we moved to investigate the genetic relationship 
between MYB112 and LUX in regulating hypocotyl elong-
ation. First, we used the CRISPR/Cas9 system to generate a 
lux mutant, which was designated lux-6 (Supplemental Fig. 
S7). Then, we generated a myb112-3 lux-6 double mutant 
by crossing myb112-3 into lux-6. Similar to previous reports 
(Helfer et al. 2011; Silva et al. 2020), lux-6 exhibited longer hy-
pocotyls than Col-0 under different light conditions. In add-
ition, the hypocotyl lengths of myb112-3 lux-6 were 
indistinguishable from those of lux-6 (Fig. 6), indicating 
that MYB112 acts upstream of LUX to promote hypocotyl 
elongation in the light. 

MYB112 regulates LUX expression and PIF4 action in 
the afternoon under diurnal cycles 
Our results confirm that MYB112 promotes hypocotyl elong-
ation in the light (Fig. 1). Because the previous study has 
shown that high light stress (500 μmol m−2 s−1) induces  
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MYB112 expression (Lotkowska et al. 2015), we tested here 
whether MYB112 mRNA and protein levels are regulated 
by moderate light intensity. The RT-qPCR data showed 

that MYB112 expression increased significantly when the 
seedlings were switched from dark to light (Fig. 7A), whereas 
it decreased gradually when the seedlings were switched 

Figure 4. Genetic interaction between MYB112 and PIF4. A) Hypocotyl phenotypes of Col-0, myb112-3, pif4-2, myb112-3 pif4-2, PIF4-Myc, and 
PIF4-Myc myb112-3 grown for 4 d under continuous light conditions. Scale bars, 1 mm. B) Hypocotyl lengths of plant materials as indicated in 
A). Data are presented as means ± SD, n > 24. Lowercase letters above the histogram represent statistically significant differences (P < 0.05) deter-
mined by one-way ANOVA with Tukey’s post hoc analysis.   
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Figure 5. LUX acts as a target gene of MYB112. A) Transient expression assay showing the transcriptional activity of MYB112 in N. benthamiana 
leaves. The full-length, N-terminal (1 to 170 aa), and C-terminal (171 to 243 aa) parts of MYB112 were each fused with the GAL4 DNA-binding 
domain (Gal4BD). The Gal4 promoter fused with the LUC gene was used as a reporter. Relative LUC activities were presented as means ± SD, 
n = 6. Asterisks represent statistically significant differences determined by Student’s t-test (**P < 0.01). B) The relative expression of LUX, ELF3, 
and ELF4 in Col-0 and myb112 mutants. Relative transcript levels were normalized to PP2A. Error bars represent SD of three technical replicates. 
Asterisks represent statistically significant differences determined by Student’s t-test (**P < 0.01). C) Yeast 1-hybrid assay showing that MYB112 
bound directly to the LUX promoter. The CDS of MYB112 was cloned into the pB42AD vector. The full-length fragment of the LUX promoter, 
its subfragments LUXpro-N (−614 to −259 bp), and LUXpro-C (−258 to −1 bp) were fused with lacZ reporter gene. AD, activation domain. The 
red line indicates the position of the probe used in D). D) EMSA showing that MYB112 bound directly to the LUX promoter in vitro. A 50 bp sub-
fragment of the LUX promoter, as indicated in C), was used as a probe. Biotin-Probe-WT, the wild-type probe DNA labeled with biotin. 
Biotin-Probe-M, biotin-labeled probe with mutations at the potential MYB112 binding site (mutated nucleotides are shown in red). 
Competitor, biotin-unlabeled probes. 25× and 75× indicate the mole ratios of Competitor versus Biotin-Probe-WT. Red arrowheads indicate 
the DNA–protein complex. TF, trigger factor, a prokaryotic ribosome-associated chaperone protein. E) ChIP-qPCR assay showing that MYB112 as-
sociated with the LUX promoter in vivo. YFP and YFP-MYB112 seedlings were used for the assay. The protein–chromatin complex was immuno-
precipitated with GFP-trap beads. Values of ChIP were normalized to those of input DNA. PP2A was used as a negative control. Error bars 
represent SD of 3 technical replicates. The blue arrowhead in the gene body indicates the promoter, the green box indicates the exon regions, 
and the horizontal line indicates the intron regions. Red asterisks indicated the potential MYB112 binding sites. Asterisks above the histogram re-
present statistically significant differences (***P < 0.001) determined by one-way ANOVA with Tukey’s post hoc analysis. F) Relative LUC expression 
driven by LUXpro in N. benthamiana leaves. A 614 bp fragment upstream of the ATG start codon of LUX, fused with the LUC gene, was used as a 
reporter. Relative LUC activities are presented as means ± SD, n = 6. Asterisks above the histogram represent a statistically significant difference 
determined by Student’s t-test (**P < 0.01).   
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from light to dark (Supplemental Fig. S8A). Subsequently, the 
YFP-MYB112 overexpression line driven by the 35S promoter 
was used to analyze the protein stability of MYB112. As 
shown in Fig. 7B, light significantly induced the accumulation 
of MYB112 protein, whereas MYB112 was dramatically de-
graded within 0.5 h when the seedlings were switched from 
light to dark (Supplemental Fig. S8B). The degradation of 
MYB112 in the dark could be inhibited by MG132 treatment, 
indicating that MYB112 is degraded in the dark via the 26S 
proteasome pathway (Supplemental Fig. S8C). These results 
suggest that light promotes the accumulation of both the 
mRNA and protein of MYB112. To further investigate 
whether MYB112 is a clock-regulated gene, Col-0 seedlings 
were entrained for 6 d under 12 h light/12 h dark (12L/ 
12D) cycles and then switched to continuous white light. 
Whole seedlings were harvested every 4 h and used for 
MYB112 expression analysis by RT-qPCR. We found that 
MYB112 expression did not exhibit a circadian rhythm 
(Supplemental Fig. S9), suggesting that MYB112 expression 
is not regulated by the circadian clock. 

LUX is an indispensable TF of the circadian clock; it targets 
EC to the PIF4 promoter to repress its expression in the early 
evening (Nusinow et al. 2011). Since our results confirmed 
that MYB112 directly bound to the LUX promoter to inhibit 

its expression, we next asked whether MYB112 regulates the 
expression of LUX and PIF4 under diurnal cycles. Col-0 and 
myb112-3 were grown under 12L/12D cycles for 4 d, and 
then, whole seedlings were harvested every 4 h. Although 
the expression of LUX exhibited a diurnal rhythm in both 
Col-0 and myb112-3, the peak expression of LUX was signifi-
cantly higher in myb112-3 than in Col-0 at Zeitgeber time 8 
(ZT8) in the afternoon (Fig. 7C). In contrast, the expression of 
PIF4 was significantly lower in myb112-3 than in Col-0 at ZT8 
and ZT12 (Fig. 7D), consistent with the previous report that 
LUX suppressed PIF4 expression under diurnal cycles 
(Nusinow et al. 2011; Ezer et al. 2017). These results show 
that MYB112 inhibits the expression of LUX and promotes 
the expression of PIF4 mainly in the afternoon under 12L/ 
12D cycles. To further investigate whether the decreased ex-
pression of PIF4 in myb112-3 is caused by the increased ex-
pression of LUX in myb112-3, we analyzed the transcript 
levels of PIF4 at ZT8 and ZT12 in Col-0, myb112-3, lux-6, 
and myb112-3 lux-6 grown under 12L/12D cycles. 
Expression of PIF4 was slightly higher in lux-6 than in Col-0 
at ZT8, and this difference in expression became even 
more pronounced at ZT12 (Fig. 7E). The absence of LUX in 
myb112-3 significantly rescued the impaired expression of 
PIF4 in myb112-3 at ZT8 (Fig. 7E). Moreover, PIF4 expression 
in myb112-3 lux-6 was significantly higher than that in 
myb112-3 and equal to that in lux-6 at ZT12 (Fig. 7E). 
These results confirm that MYB112 promotes PIF4 expres-
sion by suppressing LUX expression in the afternoon under 
diurnal cycles. Genetic evidence showed that the hypocotyls 
of myb112-3 were significantly shorter than those of Col-0 
under different diurnal cycles (Fig. 7F), suggesting that 
MYB112 promotes hypocotyl elongation under diurnal cy-
cles. Mutation of LUX in myb112-3 resulted in hypocotyl 
elongation, and the hypocotyls of myb112-3 lux-6 were as 
long as those of the lux-6 single mutant under 12L/12D or 
8L/16D cycles (Fig. 7F), suggesting that LUX also acts down-
stream of MYB112 in regulating hypocotyl elongation under 
different diurnal cycles. 

Since we have shown that MYB112 physically interacts 
with PIF4 to enhance its transcriptional activation activity 
(Fig. 3, Supplemental Fig. S5), we next sought to determine 
when they interact to promote the expression of PIF4 target 
genes under diurnal cycles. First, MYB112pro:MYB112-GFP/ 
myb112-3 and MYB112pro:MYB112-GFP/myb112-4 transgenic 
plants were generated (Supplemental Fig. S10), and they 
were able to rescue the hypocotyl elongation defect of 
myb112-3 and myb112-4, respectively (Supplemental Fig. 
S10, B and C), indicating that the MYB112-GFP proteins pro-
duced in these 2 transgenic plants are biologically functional. 
The MYB112pro:MYB112-GFP/myb112-3 #6 line was used to 
analyze the temporal accumulation pattern of MYB112 pro-
tein under 12L/12D cycles. As shown in Fig. 7G, MYB112-GFP 
proteins accumulated mainly during daytime (ZT4 and ZT8). 
Using the PIF4 antibody, the temporal accumulation pattern 
of endogenous PIF4 proteins under diurnal cycles was ana-
lyzed in Col-0. Endogenous PIF4 proteins also accumulated 

Figure 6. Genetic interaction between MYB112 and LUX. A) Hypocotyl 
phenotypes of Col-0, myb112-3, lux-6, and myb112-3 lux-6 grown for 4 d 
under continuous light conditions. Scale bars, 1 mm. B) Hypocotyl 
lengths of plant materials as indicated in A). Data are presented as 
means ± SD, n > 20. Lowercase letters above the histogram represent 
statistically significant differences (P < 0.05) determined by one-way 
ANOVA with Tukey’s post hoc analysis.   
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Figure 7. MYB112 regulates LUX expression and PIF4 action in the afternoon under diurnal cycles. A) The relative expression of MYB112 when 
seedlings were switched from dark to light. Relative transcript levels were normalized to PP2A. Error bars represent SD of 3 technical replicates. 
D, darkness; L, continuous white light (55.07 μmol m−2 s−1). B) The change in YFP-MYB112 protein levels when seedlings were switched from 
dark to light for the indicated period. YFP-MYB112, transgenic seedlings overexpressing YFP-tagged MYB112; D, darkness; L, continuous white light 
(55.07 μmol m−2 s−1). The relative expression of LUX C) and PIF4 D) in Col-0 and myb112-3 grown under 12 h light/12 h dark (12L/12D) cycles. 
Relative transcript levels were normalized to PP2A. Error bars represent SD of 3 technical replicates. ZT, zeitgeber. The rectangles under the graphs 
represent the light conditions during harvest: black, light off; white, light on. Relative transcript levels were normalized to PP2A transcript levels. 
Asterisks represent statistically significant differences determined by Student’s t-test (**P < 0.01). E) The relative expression of PIF4 at ZT8 and 
ZT12 in Col-0, myb112-3, lux-6, and myb112-3 lux-6 grown under 12L/12D cycles. Relative transcript levels were normalized to PP2A transcript levels. 
Error bars represent SD of 3 technical replicates. Lowercase letters above the histogram represent statistically significant differences (**P < 0.01) 
determined by one-way ANOVA with Tukey’s post hoc analysis. F) Hypocotyl phenotypes and lengths of Col-0, myb112-3, lux-6, and myb112-3 
lux-6 grown under 12L/12D, 8L/16D, or 16L/8D cycles, respectively. Data are presented as means ± SD, n > 16. Lowercase letters above the histogram 
represent statistically significant differences (P < 0.05) determined by one-way ANOVA with Tukey’s post hoc analysis. Temporal accumulation pat-
terns of MYB112 G) and PIF4 H) under diurnal cycles. Seedlings grown for 6 d under 12L/12D cycles were harvested every 4 h. HSP G) and PEPC H) 
were each used as loading controls. Short exp., short exposure; Long exp., long exposure. Numbers below the lanes indicate relative band intensities 
of MYB112-GFP G) or PIF4 H). I) Semi–in vivo Co-IP assay showing the time course of interaction between MYB112 and PIF4. Six-day-old PIF4pro: 
PIF4-HA/pif4 seedlings grown under 12L/12D cycles were harvested from ZT8 to ZT16. PIF4-HA was immunoprecipitated with anti-HA nanobody 
beads. Actin was used as a loading control.   
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significantly during the day and peaked at ZT8 (Fig. 7H), 
which was similar to previous reports (Bernardo-García 
et al. 2014; Gao et al. 2022). These results indicate that the 
coaccumulation of MYB112 and PIF4 proteins begins in the 
morning, and the expression of both proteins subsequently 
overlaps until the end of the day. 

Next, we performed a semi–in vivo Co-IP assay using 
His-TF-MYB112 protein and the previously reported 
PIF4pro:PIF4-HA/pif4 seedlings (Zhang et al. 2017). Because en-
dogenous PIF4 proteins peaked at ZT8 and then decreased 
(Fig. 7H), PIF4pro:PIF4-HA/pif4 seedlings harvested from ZT8 
to ZT16 were used for the Co-IP. The same amount of 
His-TF-MYB112 was incubated with total extracts from 
PIF4pro:PIF4-HA/pif4 seedlings harvested at different time-
points, respectively. PIF4-HA proteins could coimmunopreci-
pitate more His-TF-MYB112 at ZT8 and 12 than at ZT16 
(Fig. 7I). All in all, this suggests that MYB112 interacts with 
PIF4 at least in the afternoon under 12L/12D cycles. 

Discussion 
Numerous studies have confirmed that light is a crucial cue 
determining photomorphogenesis of Arabidopsis seedlings 
(Vierstra and Quail 1983; Sharrock and Quail 1989; Deng 
et al. 1991; Lin et al. 1995; Osterlund et al. 2000; Leivar 
et al. 2008b; Rizzini et al. 2011; Christie et al. 2012; Liu et al. 
2020). The endogenous circadian clock adjusts seedling 
photomorphogenesis to the day–night cycle, thereby opti-
mizing the environmental adaptation of Arabidopsis 
(Nozue et al. 2007; Nusinow et al. 2011; Su et al. 2021; Xu 
et al. 2022). PIF4 acts downstream of both light and circadian 
clock signals to promote hypocotyl elongation (Huq and 
Quail 2002; Nozue et al. 2007; Leivar et al. 2008b; Nusinow 
et al. 2011). Transcription of PIF4 is inhibited by EC of circa-
dian oscillators mainly in the early evening under diurnal cy-
cles. At the end of the night, attenuated inhibition of PIF4 
transcription by EC, combined with protein accumulation 
of PIF4, dramatically promotes hypocotyl elongation 
(Nusinow et al. 2011). LUX targets EC to the promoter of 
PIF4 to repress its expression. The lux single mutant shows ac-
celerated hypocotyl elongation under diurnal cycles, indicat-
ing an indispensable role of LUX in the function of EC in 
regulating photoperiodic hypocotyl growth (Helfer et al. 
2011; Nusinow et al. 2011). It has been reported that 
ELONGATED HYPOCOTYL 5 (HY5), the key TF promoting 
photomorphogenesis, binds directly to the LUX promoter 
and represses its transcription specifically under blue light 
(Hajdu et al. 2018). However, the biological function of 
HY5-mediated regulation of LUX transcription is still un-
known. Further studies are needed to uncover the mechan-
ism of light-controlled regulation of LUX transcription. In this 
study, we demonstrated that light-regulated MYB112 could 
bind directly to the LUX promoter to repress its expression. 
The light signal induced both transcript and protein accumu-
lation of MYB112. On the one hand, MYB112 bound directly 
to the LUX promoter to repress its expression in the 

afternoon under diurnal cycles, relieving LUX-inhibited ex-
pression of PIF4. On the other hand, MYB112 physically inter-
acted with PIF4 at least in the afternoon to enhance the 
ability of PIF4 to activate the expression of auxin-related 
genes. Thus, the enhanced transcript accumulation and tran-
scriptional activation activity of PIF4 by MYB112 additively 
promoted the expression of auxin-related genes, thereby in-
creasing auxin synthesis and signaling and fine-tuning hypo-
cotyl growth under diurnal cycles (Fig. 8). 

MYB112 is a member of the R2R3-MYB TF family, which 
contains 126 members in Arabidopsis (Millard et al. 2019). 
Numerous R2R3-MYB TFs have been found to be involved 
in regulating plant-specific processes, including secondary 
metabolism and response to biotic and abiotic stresses 
(Mengiste et al. 2003; Stracke et al. 2007; Dubos et al. 
2010). Among these, only 4 members, i.e. MYB18/LONG 
AFTER FAR-RED LIGHT 1 (LAF1), MYB30, MYB38, and 
MYB61, have been shown to be involved in regulating seed-
ling photomorphogenesis (Ballesteros et al. 2001; Newman 
et al. 2004; Hong et al. 2008; Yan et al. 2020). Nonetheless, 
whether R2R3-MYB TFs are involved in connecting the light 
and clock signaling pathways during seedling photomorpho-
genesis remains completely unknown. In addition, although a 
previous study has shown that MYB112 is involved in antho-
cyanin biosynthesis under abiotic stress, the distinct biologic-
al function of MYB112 remains unreported (Lotkowska et al. 
2015). In this study, mutation of MYB112 impaired hypocotyl 
elongation of seedlings under either constant light or diurnal 
conditions (Supplemental Fig. S1; Figs. 1 and 7F). In contrast, 
overexpression of MYB112 in vivo promoted hypocotyl 
elongation in the light (Supplemental Fig. S3; Fig. 1). We fur-
ther dissected the molecular mechanism underlying 
MYB112-induced hypocotyl elongation (Fig. 8). All these re-
sults shed light on the molecular function of MYB112 in con-
necting light and clock signaling pathways and on the 
biological function of MYB112 in regulating hypocotyl elong-
ation under diurnal cycles. It will be of great interest to test 
the potential roles of other R2R3-MYB TFs in regulating 
photomorphogenesis. 

Figure 8. Proposed working model showing how MYB112 promotes 
hypocotyl elongation under diurnal conditions.   
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Our results showed that MYB112 physically interacts with 
PIF4 to enhance the expression of PIF4 target genes IAA19, 
IAA29, and YUCCA8 (Fig. 3; Supplemental Fig. S5). However, 
the mechanism of MYB112-regulated transcriptional 
activation activity of PIF4 needs further investigation. PIF4 is 
a well-known TF that plays a central role in seedling photo-
morphogenesis, and the regulatory mechanisms for PIF4 
activity have been extensively studied. Several factors regulate 
PIF4 activity by affecting its ability to bind to target genes. For 
example, activated phyB can not only trigger PIF4 degradation 
but also sequestrate PIF4 to inhibit its DNA-binding ability 
(Park et al. 2018). In contrast, TCP15 physically interacts with 
PIF4 to enhance PIF4’s association with DNA (Ferrero et al. 
2019). Therefore, it is possible that the interaction of 
MYB112 and PIF4 may increase the affinity of PIF4 for the pro-
moters of its target genes. Interestingly, although full-length 
MYB112 exhibited transcriptional repression activity, the 
C-terminus of MYB112 showed significant transcriptional acti-
vation activity (Fig. 5A). Similar to MYB112, most R2R3-MYB 
TFs harbor MYB BD in the N-terminus and intrinsically disor-
dered regions (IDRs) in the C-terminus (Millard et al. 2019). 
Several lines of evidence have linked IDRs to the activation ac-
tivity of R2R3-MYB TFs (Ballesteros et al. 2001; Zhang et al. 
2009; Lee et al. 2016; Stracke et al. 2017). It is possible that 
the interaction between the N-terminus of MYB112 and PIF4 
releases the activation activity of the C-terminus of MYB112, 
thereby coordinating PIF4 to increase gene expression. This 
should be investigated in a future study. 

Our results showed that MYB112 transcript and protein accu-
mulated during the dark-to-light transition (Fig. 7, A and B) and 
that MYB112 protein was degraded in the dark via the 26S pro-
teasome pathway (Supplemental Fig. S8, B and C). Nonetheless, 
the component required for MYB112 degradation in the dark re-
mains unknown. Phylogenic analysis shows that MYB112 be-
longs to subgroup 20 of the R2R3-MYB TF family. Subgroup 
20 contains 5 other members. Among them, MYB108, also 
known as BOTRYTIS-SUSCEPTIBLE1 (BOS1) (Mengiste et al. 
2003), is described as a potential substrate of the E3 ligase 
Botrytis-Susceptible1 Interactor (BOI) (Luo et al. 2010). 
Compared with Col-0, transgenic plants overexpressing BOI ex-
hibit significantly shorter hypocotyls (Park et al. 2013), similar to 
those of myb112 mutants. Further studies should be conducted 
to test the potential interaction between MYB112 and BOI. 

To summarize, our study reveals the biological function 
and molecular mechanism of MYB112 in connecting light 
and clock signaling pathways to regulate hypocotyl elong-
ation. It also sheds light on the function of R2R3-MYB TFs 
in connecting light and clock signaling pathways to regulate 
seedling photomorphogenesis. 

Methods 
Plant materials, growth conditions, phenotypic 
analyses, and antibodies 
The accession of all wild-type A. thaliana plants used in this 
study was Col-0. Seeds were first surface sterilized with 10% 

(v/v) sodium hypochlorite solution for 20 min and then 
grown on Murashige and Skoog (MS) medium, pH 5.7, supple-
mented with 1% (w/v) sucrose (Sangon Biotech) and 0.8% (w/v) 
agar (Sigma-Aldrich), followed by stratification at 4 °C in 
the dark for 48 h. Seeds were then germinated and grown at 
22 °C in the light chamber (Percival) under different light 
conditions, such as continuous darkness, white light 
(23.61 μmol m−2 s−1), red light (115.81 μmol m−2 s−1), far-red 
light (4.31 μmol m−2 s−1), or blue light (5.57 μmol m−2 s−1) 
conditions, depending on the requirements of the experiments. 
Four-day-old seedlings were photographed with a digital single- 
lens reflex camera (EOS 80D, Canon), and hypocotyl lengths 
were measured using ImageJ software. 

The A. thaliana pif4-2 mutant used in this study was re-
ported previously (Leivar et al. 2008a). myb112 mutants 
were generated using the CRISPR/Cas9 system (Wang et al. 
2015). Two target sites in the first exon of MYB112 were se-
lected (Supplemental Fig. S1A) using the web tool CRISPR-P 
(http://crispr.hzau.edu.cn/CRISPR/) (Lei et al. 2014). 
Agrobacterium tumefaciens strain GV3101 carrying the 
CRISPR/Cas9 expression vectors was used to transform 
Col-0 plants by the floral dip method (Clough and Bent 
1998). We selected primary transformants with MS medium 
containing 50 mg/L hygromycin and genotyped these plants 
by PCR amplification and sequencing analysis with specific 
primers for MYB112 (Supplemental Data Set 2). We identi-
fied 2 types of mutations (M1/47 bp deletion and M2/ 
59 bp deletion) that were homozygous for null alleles of 
MYB112 induced by CRISPR/Cas9, which were designated 
as myb112-3 and myb112-4, respectively (Supplemental Fig. 
S1A). Subsequently, the corresponding “transgene-free” 
homozygous myb112 mutants were screened in their pro-
geny using MS medium containing 50 mg/L hygromycin 
and PCR amplification with sequencing analysis. Using the 
same principle, 2 target sites in the first exon of LUX were se-
lected (Supplemental Fig. S7A). We identified 1 type of mu-
tation (32 bp deletion) that was homozygous for the null 
allele of LUX induced by CRISPR/Cas9, which was designated 
as lux-6 (Supplemental Fig. S7A). 

To generate transgenic plants overexpressing MYB112, we 
cloned the full-length coding sequence (CDS) of MYB112 
into the pDONR-223 vector (Invitrogen) using Gateway BP 
Clonase™ II Enzyme Mix (Invitrogen) and verified the 
construct by sequencing. We further introduced the 
CDS-containing vector into the pEarleyGate 104 (N-terminal 
eYFP tag) vector (Earley et al. 2006) using Gateway LR 
Clonase™ II Enzyme Mix (Invitrogen) to generate the plant 
binary construct pEarleyGate-YFP-MYB112. GV3101 carrying 
the construct was used to transform Col-0 plants. 
Homozygous transgenic lines were screened with MS medium 
containing 20 mg/L glufosinate ammonium. Overexpression 
of MYB112 in the transgenic lines was then detected by 
RT-qPCR and immunoblot with anti-GFP antibody. Based on 
the results of RT-qPCR and immunoblot, we selected 2 lines 
(YFP-MYB112 #2 and #3) for further study (Supplemental 
Fig. S3). To generate MYB112pro:MYB112-GFP/myb112-3 and  
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MYB112pro:MYB112-GFP/myb112-4 transgenic plants, the 
MYB112 promoter (2,000 bp upstream of the ATG start co-
don), the full-length CDS of MYB112, and GFP were amplified 
by PCR and integrated into the pCambia1300 vector. The con-
struct was then transferred into the myb112-3 or myb112-4 
mutant via GV3101-mediated transformation. Homozygous 
transgenic lines were screened with MS medium containing 
50 mg/L hygromycin and immunoblot with anti-GFP 
antibody. All primers used in this study are listed in  
Supplemental Data Set 2. 

All commercial antibodies used in this study are listed be-
low: anti-PIF4 (1:2,000 [v/v], catalog no. R2534-4; Abicode), 
anti-His (1:1,000 [v/v], catalog no. H1029; Sigma-Aldrich), 
anti-GST (1:1,000 [v/v], catalog no. AE006; Abclonal), anti- 
GFP (1:5,000 [v/v], catalog no. M20004; Abmart), anti-Myc 
(1:2,000 [v/v], catalog no. C3956; Sigma-Aldrich), anti-HA 
(1:5,000 [v/v], catalog no. H9658; Sigma-Aldrich), anti- 
Histone 3 (1:5,000 [v/v], catalog no. H0164; Sigma-Aldrich), 
anti-HSP (1:5,000 [v/v], catalog no. AbM51099-31-PU; 
Beijing Protein Innovation), anti-Actin (1:2,000 [v/v], catalog 
no. AC009; Abclonal), and anti-PEPC (1:2,000 [v/v], catalog 
no. AS09 458; Agrisera). 

RNA-seq analysis 
Col-0 and myb112-4 mutant seedlings were grown under 
continuous white light (23.61 μmol m−2 s−1) conditions for 
4 d before sampling. Total RNA was extracted using an 
E.Z.N.A. Plant RNA Kit (Omega Bio-tek). RNA-seq libraries 
were prepared, and their qualities were determined using 
an Agilent 2100 Bioanalyzer from Novogene Bioinformatics 
Technology Co. Ltd. and then sequenced using the Illumina 
method. The raw reads were cleaned and mapped to the 
Arabidopsis TAIR10 genome. Differential gene expression 
analysis was performed using the edgeR likelihood ratio 
test (Robinson et al. 2009). Genes with false discovery rate 
(FDR) < 0.05 were selected for subsequent analysis. 

Quantitative real-time PCR 
Total RNA was isolated from Arabidopsis seedlings using an 
E.Z.N.A. Plant RNA Kit (Omega Bio-tek). For reverse tran-
scription, 1 μg of total RNA was used as a template to gener-
ate first-strand cDNA using the All-In-One 5× RT Master Mix 
(Applied Biological Materials). RT-qPCR was performed using 
the ABI QuantStudio™ 6 Flex Real-Time PCR System follow-
ing the manufacturer’s instruction. The relative expression le-
vel of genes was analyzed using the 2−ΔΔCt method, with the 
value of PP2A expression serving as an internal control. 

Yeast 1-hybrid and yeast 2-hybrid assays 
The N-terminal (1 to 510 bp), C-terminal (511 to 732 bp), 
and full-length CDS of MYB112 were amplified by PCR 
(Supplemental Data Set 2) and cloned into the pLexA and 
pB42AD vectors (Clontech) to generate pLexA-MYB112-N, 
pLexA-MYB112-C, pLexA-MYB112, and pB42AD-MYB112 
constructs, respectively. The full-length CDS of PIF4 was amp-
lified by PCR (Supplemental Data Set 2) and cloned into the 

pB42AD vector to generate the pB42AD-PIF4 vector. The 
promoters of PIF4 (−2428 to −89 bp, −2428 to −1108 bp, 
−1145 to −89 bp, and −1145 to −456 bp) were amplified 
by PCR (Supplemental Data Set 2) and cloned into the 
pLacZ2U vector (Clontech). The promoter of YUCCA8 
(2,002 bp upstream of the ATG start codon) and its subfrag-
ment containing G-box (−650 to −451 bp), and the pro-
moter of LUX (614 bp upstream of the ATG start codon) 
and its subfragments LUXpro-N (−614 to −259 bp) and 
LUXpro-C (−258 to −1 bp) were amplified by PCR 
(Supplemental Data Set 2) and cloned into the reporter plas-
mid pLacZ2u. 

For the Y1H assay, various pB42AD and pLacZ2u recom-
bination constructs were cotransformed into yeast strain 
EGY48. Transformants were grown on a minimal synthetic 
defined (SD) base supplemented with the −Ura/−Trp drop-
out (DO) mix and X-gal (5-bromo-4-chloro-3-indolyl- 
β-D-galactopyranoside) for blue color development. For 
the Y2H assay, various pB42AD and pLexA recombination 
constructs were cotransformed into yeast strain EGY48 con-
taining p8op-LacZ vector. Transformants were grown on 
SD/-His-Trp-Ura medium with X-gal for blue color develop-
ment. β-Galactosidase activity was quantified by liquid cul-
ture assays using o-nitrophenyl-β-D-galactopyranoside 
(ONPG, Amresco) as the substrate, and Miller Units were cal-
culated according to the Yeast Protocols Handbook 
(Clontech). 

LCI assay 
The LCI assay was performed as previously described (Chen 
et al. 2008). The full-length CDS of MYB112 and PIF4 were 
amplified by PCR (Supplemental Data Set 2) and cloned 
into the cLUC and nLUC vectors, respectively (Chen et al. 
2008). These vectors were individually transformed into A. 
tumefaciens strain GV3101 and then infiltrated into fully ex-
panded young leaves of N. benthamiana using a needleless 
syringe. After infiltration, plants were grown for 3 d under 
16 h light/8 h dark conditions. The Night SHADE LB 985 
(Berthold Technologies) system was used to capture the lu-
ciferase signal. 

Purification of recombinant proteins 
The full-length CDS of MYB112 was amplified by PCR 
(Supplemental Data Set 2) and cloned into the pGEX-4T-1 
and pCold-TF vectors. The full-length CDS of PIF4 was amp-
lified by PCR (Supplemental Data Set 2) and cloned into the 
pCold-TF vector. These vectors were verified by sequencing 
and then transformed into Escherichia coli strain BL21. To in-
duce the expression of GST-MYB112, His-TF-MYB112, and 
His-TF-PIF4 proteins, these bacterial solutions were treated 
with 0.8 mM IPTG (isopropyl β-D-thiogalactoside) and incu-
bated overnight at 16 °C. Bacterial cells were collected by 
centrifugation at 3783 × g for 5 min at 4 °C. GST-tagged pro-
teins were purified with Glutathione Sepharose™ 4B (GE 
Healthcare), and TF-tagged protein was purified with 
Ni-NTA agarose (QIAGEN). Following the same principle,  
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GST and His-TF proteins were purified and used as the con-
trol group for further experiments. 

In vitro pull-down assay 
For the in vitro pull-down assay, 10 μg GST-MYB112 and 
10 μg His-TF-PIF4 were incubated in 1 mL binding buffer 
(20 mM Tris-HCl, pH 8.0, 200 mM NaCl, 10% [v/v] glycerol, 
and 1 mM PMSF) at 4 °C for 2 h. 20 μL Glutathione 
Sepharose™ 4B (GE Healthcare) was added to the binding 
buffer and then incubated for an additional 2 h. The beads 
were then washed 5 times with the binding buffer, and the 
proteins were eluted in 1× SDS loading buffer at 100 °C for 
10 min. The eluted proteins were separated on 10% (w/v) 
SDS-PAGE gels and detected by immunoblotting using 
anti-His and anti-GST antibodies. 

Co-IP assays 
Co-IP experiments were performed as previously described 
with minor modifications (Li et al. 2020). Briefly, about 
0.6 g seedlings grown for 6 d under continuous white light 
were harvested, ground into powder, and added to Co-IP lysis 
buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 
1 mM EDTA, 10% (v/v) glycerol, 0.1% (v/v) Tween-20, 
1 mM PMSF, and 1× protease inhibitor cocktail (Roche). 
Total proteins were extracted by centrifugation at 12,000× g 
for 10 min at 4 °C, and protein concentrations were deter-
mined using the Bradford quantification kit. Two milligrams 
total proteins were incubated with 15 μL GFP-Trap beads 
(catalog no. gta-20; ChromoTek) for 3 h at 4 °C. After incuba-
tion, the beads were washed 3 times with 500 μL washing 
buffer (20 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1 mM 
EDTA, 10% (v/v) glycerol, and 1× protease inhibitor cocktail) 
at 4 °C. Then, the immunoprecipitated proteins were eluted 
with 1× SDS loading buffer and detected by immunoblotting 
using anti-GFP, anti-Myc, and anti-Actin antibodies. 

For semi–in vivo Co-IP, Col-0 and PIF4pro:PIF4-HA/pif4 
seedlings grown under 12L/12D cycles were harvested, 
ground to powder in liquid nitrogen, and added into lysis 
buffer (25 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM 
EDTA, 10% [v/v] glycerol, 0.1% [v/v] Tween-20, 2× protease 
inhibitor cocktail). The lysates were sonicated to disrupt 
the nuclei. 500 μg total proteins were incubated with 8 μg 
His-TF-MYB112 protein in 0.6 mL lysis buffer for 2 h at 
4 °C, and then, 10 μL anti-HA nanobody beads (catalog no. 
KTSM1305; AlpalifeBio) were added and incubated with 
the mixture for another 1.5 h at 4 °C. Beads were then 
washed 3 times with 50 column volumes of washing buffer 
(25 mM Tris-Cl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 10% 
[v/v] glycerol, 0.02% [v/v] Tween-20, 1× protease inhibitor 
cocktail). Proteins were eluted with 1× SDS loading buffer 
and analyzed by immunoblotting with anti-His, anti-HA, 
and anti-Actin antibodies. 

Transient dual-luciferase assays 
The full-length CDS of MYB112 and PIF4 were amplified 
by PCR (Supplemental Data Set 2) and cloned into the 

pGreenII 62-SK vector (Hellens et al. 2005) to generate 
pGreenII 62-SK-MYB112 and pGreenII 62-SK-PIF4 constructs. 
The promoters of LUX (614 bp upstream of ATG), IAA19 
(1,755 bp upstream of ATG), IAA29 (1,888 bp upstream of 
ATG), and YUCCA8 (2,002 bp upstream of ATG) were amp-
lified by PCR (Supplemental Data Set 2) and cloned into the 
reporter vector pGreenII 0800-LUC (Hellens et al. 2005). 
These vectors were individually transformed into A. tumefa-
ciens strain GV3101 and then infiltrated into fully expanded 
young leaves of N. benthamiana using a needleless syringe. 
After infiltration, plants were grown for 3 d under 16 h 
light/8 h dark conditions. Luminescent signals of LUC and 
RENILLA (REN) were detected using the Dual-Luciferase 
Reporter Assay System (Promega). The ratio of LUC/REN 
was calculated as the expression levels of LUC. 

For the MYB112 transcriptional activity assay, the 
N-terminal (1 to 510 bp), C-terminal (511 to 732 bp), and full- 
length CDS of MYB112 were amplified by PCR (Supplemental 
Data Set 2) and cloned into the effector vector pEAQ-GAL4BD 
to generate the pEAQ-GAL4BD-MYB112-N, pEAQ-GAL4BD- 
MYB112-C, and pEAQ-GAL4BD-MYB112 constructs. GAL4pro: 
LUC was used as the reporter. These vectors were individually 
transformed into A. tumefaciens strain GV3101 and then infil-
trated into fully expanded young leaves of N. benthamiana 
using a needleless syringe. After infiltration, plants were grown 
for 3 d under 16 h light/8 h dark conditions. Luminescent sig-
nals of LUC and REN were detected using the Dual-Luciferase 
Reporter Assay System (Promega). The ratio of LUC/REN was 
calculated as the expression levels of LUC. 

EMSA 
The 50 bp subfragment of LUX promoter (−308 to −259 bp), 
which contained a potential MYB112 binding site, was used 
as a probe to perform EMSA. The sequences of the wild-type 
probe (Probe-WT) and the mutant probe (Probe-M, with 
mutations at the potential binding site) are listed 
in Supplemental Data Set 2. The double-stranded probes 
were labeled with biotin using the EMSA Probe Biotin 
Labeling Kit (Beyotime Biotech). EMSA was performed as 
previously described (Hellman and Fried 2007). Incubation 
of proteins and probes was performed following the instruc-
tion of the LightShift EMSA Optimization and Control Kit 
(Thermo Scientific). Briefly, 1.5 μg His-TF-MYB112 protein 
and 50 fmol biotin-labeled probe were incubated for 
30 min at room temperature in 20 μL binding buffer con-
taining 1× binding buffer, 0.05 μg/μL Poly (dI-dC), 2.5% 
(v/v) glycerol, 5 mM MgCl2, and 0.05% (v/v) Nonidet P-40. 
The DNA–protein complex was separated on 5% (w/v) na-
tive polyacrylamide gels containing 2.5% (v/v) glycerol. 
Electrophoresis was carried out in an ice-water bath to 
avoid high temperature of the gels. Probes were then elec-
troblotted to Hybond N+ (Millipore) nylon membranes in 
an ice-water bath and detected following the instructions 
of the LightShift Chemiluminescent EMSA Kit (Thermo 
Scientific).  
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ChIP-qPCR 
Seedlings overexpressing YFP-MYB112 or YFP were grown un-
der continuous white light (99.07 μmol m−2 s−1) for 5 d and 
harvested for ChIP assays. First, 2 g seedlings were fixed in 
37 mL 1% (v/v) formaldehyde under vacuum for 15 min, 
and then, 2.5 mL 2 M glycine was added to stop the reaction. 
The tissue was rinsed 3 times with 35 mL ddH2O to remove 
all the formaldehyde. After that, the ddH2O was removed as 
thoroughly as possible using filter papers. The fixed tissue was 
ground into powder and added to 30 mL extraction buffer 1 
containing 0.4 M sucrose, 10 mM Tris-HCl (pH 8.0), 10 mM 
MgCl2, 5 mM β-ME (β-mercaptoethanol), 1× protease in-
hibitor cocktail (Roche), and 0.1 mM PMSF. The homoge-
neous solution was filtered through a 2-layer Miracloth 
(Millipore) into a fresh 50 mL tube and then centrifuged at 
3,000×g for 20 min at 4 °C. The pellet was resuspended in 
1 mL extraction buffer 2 containing 0.25 M sucrose, 10 mM 
Tris-HCl (pH 8.0), 10 mM MgCl2, 5 mM β-ME, 1% (v/v) 
Triton X-100, 1× protease inhibitor cocktail, and 0.1 mM 
PMSF. The solution was centrifuged at 12,000×g at 4 °C for 
10 min. The pellet was resuspended in 500 μL extraction 
buffer 3 containing 1.70 M sucrose, 10 mM Tris-HCl (pH 
8.0), 2 mM MgCl2, 5 mM β-ME, 0.15% (v/v) Triton X-100, 
1× protease inhibitor cocktail, and 0.1 mM PMSF. The solu-
tion was centrifuged at 15,000×g at 4 °C for 1 h. The chro-
matin solution was sonicated in nuclei lysis buffer (50 mM 
Tris-HCl [pH 8.0], 10 mM EDTA, 1% (w/v) SDS, and 0.1 mM 
PMSF) at 4 °C to generate 250 to 500 bp fragments. 
Approximately 10% (v/v) of the sonicated solution was 
used as input DNA control. The protein–chromatin com-
plexes were immunoprecipitated with GFP-Trap beads at 
4 °C overnight. The crosslinked status of the chromatin 
was reversed, and the enrichments of 4 regions in the 
LUX promoter (LUX-A, B, C, and D) were analyzed by 
RT-qPCR. Primers used for ChIP assays are listed in  
Supplemental Data Set 2. 

Quantification and statistical analysis 
Band intensities of immunoblot results were quantified using 
ImageJ software. Statistical analyses were performed using 
GraphPad Prism 8 software. The summary of statistical ana-
lyses is presented in Supplemental Data Set 3. 

Accession numbers 
Sequence data from this article can be found in the Arabidopsis 
TAIR database (www.arabidopsis.org) under the following ac-
cession numbers: MYB112 (At1g48000), PIF1 (At2g20180), 
PIF3 (At1g09530), PIF4 (At2g43010), PIF5 (At3g59060), PIF7 
(At5g61270), LUX (At3g46640), ELF3 (At2g25930), ELF4 
(At2g40080), YUCCA8 (At4g28720), IAA19 (At3g15540), 
IAA29 (At4g32280), and PP2A (At1g69960). The raw RNA-seq 
data for this study were deposited in the NCBI Sequence 
Read Archive under BioProject ID PRJNA963228 with accession 
number SRP435210. 
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