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ABSTRACT

The phytohormone jasmonate (JA) coordinates
stress and growth responses to increase plant
survival in unfavorable environments. Although JA
can enhance plant UV-B stress tolerance, the
mechanisms underlying the interaction of UV-B
and JA in this response remain unknown. In this
study, we demonstrate that the UV RESISTANCE
LOCUS 8 - TEOSINTE BRANCHED1, Cycloidea

and PCF 4 - LIPOXYGENASE2 (UVR8-TCP4-LOX2)
module regulates UV-B tolerance dependent on
JA signaling pathway in Arabidopsis thaliana. We
show that the nucleus-localized UVR8 physically
interacts with TCP4 to increase the DNA-binding
activity of TCP4 and upregulate the JA biosyn-
thesis gene LOX2. Furthermore, UVR8 activates
the expression of LOX2 in a TCP4-dependent
manner. Our genetic analysis also provides evi-
dence that TCP4 acts downstream of UVR8 and
upstream of LOX2 to mediate plant responses to
UV-B stress. Our results illustrate that the UV-B-
dependent interaction of UVR8 and TCP4 serves
as an important UVR8-TCP4-LOX2 module, which
integrates UV-B radiation and JA signaling and
represents a new UVR8 signaling mechanism in
plants.
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INTRODUCTION

ighly energetic shorter wavelengths of solar UV-B cause

major damage to global plant productivity, whereas low
UV-B irradiation elicits production of secondary metabolism
to enhance crop quality (Schreiner et al., 2016; Shamala
et al., 2020). The UV-B photoreceptor UV RESISTANCE
LOCUS 8 (UVRS8) is a plant-specific and highly conserved
protein (Rizzini et al., 2011; Jenkins, 2014; Soriano et al.,
2018). UV-B absorption by UVR8's tryptophan chromophore
causes dissociation of the dimer, enabling monomeric UVR8

© 2024 Institute of Botany, Chinese Academy of Sciences.

to localize to the nucleus and interact with other proteins. In
Arabidopsis, UVR8 interacts with constitute photomorpho-
genesis protein 1 (COP1) in a UV-B-dependent manner, and
thereby mediates UV-B signaling (Christie et al., 2012; Huang
et al.,, 2013; Yin et al., 2016). REPRESSOR OF UV-B PHO-
TOMORPHOGENESIS (RUP) 1 and RUP2 physically interact
with UVR8 to mediate UVR8 re-dimerization independently
of COP1 and contribute to UV-B tolerance (Heijde and
Ulm, 2013; Tissot and Ulm, 2020). Recently, a study has
shown that UVR8 physically interacts with MYB73/MYB77 in a
UV-B-dependent manner and inhibits lateral root development
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via the coordination of UV-B light and auxin signaling (Yang
et al., 2020). In the nucleus, UVR8 also physically interacts
with  WRKY36, BES1 (BRI1-EMS-SUPPRESSOR1), and
BIM1 (bes1-INTERACTING MYC-LIKE 1) to regulate pho-
tomorphogenesis dependent on brassinosteroid (BR) sig-
naling (Yang et al., 2018; Liang et al., 2020). However, JA
may be significantly increased after exposure to UV-B
treatment in Arabidopsis (Mackerness et al., 1999). Fur-
thermore, exogenous application of JA can enhance plant
UV-B stress tolerance (Demkura et al., 2010; Liu et al.,
2012; Quan et al., 2018). The underlying mechanisms
interplayed between JA and UV-B/UVR8 signaling are
poorly understood.

The TEOSINTE BRANCHED1, Cycloidea and PCF (TCP)
family is a plant-specific transcription factor family which
regulates leaf morphology, branching, leaf senescence,
and petal development. Five CIN-like TCP genes, namely
TCP2, TCP3, TCP4, TCP10 and TCP24, are the targets of
miR319 (Palatnik et al., 2003). MiR319 and its targets have
been found to modulate leaf growth (Palatnik et al.,
20083; Ori et al., 2007; Sarvepalli and Nath, 2011; Li et al.,
2012; Bresso et al., 2018; Zheng et al., 2022), flower de-
velopment (Nag et al., 2009; Kubota et al., 2017; Liu et al.,
2017), xylem vessel formation (Sun et al., 2017), trichome
formation (Vadde et al., 2018; Zhou et al., 2019; Fan et al.,
2020; Lan et al.,, 2021; Saini et al., 2022), and photo-
morphogenesis (Dong et al., 2019; Saini et al., 2022). TCP4
is the major target of miR319 (Nag et al., 2009). The
miR319-TCP4 module was previously identified as a reg-
ulator of cell proliferation, affecting leaf form and size
(Schommer et al., 2014). In both in vivo and in vitro
experiments, TCP4 has demonstrated its ability to bind to
the promoter of LIPOXYGENASE?2 (LOX2) and activate the
expression LOX2, a gene crucial in the biosynthesis of JA
(Schommer et al., 2008; Guo et al., 2018). TCP4 also
integrates developmental and environmental signals to
promote hypocotyl elongation (Challa et al., 2016). Over-
expression of miR319 increased cold tolerance in rice and
sugarcane (Thiebaut et al., 2012; Yang et al., 2013), and
salt and drought tolerance in creeping bentgrass (Agrostis
stolonifera L.) and switchgrass (Panicum virgatum L.)
(Zhou et al., 2013; Liu et al., 2019). Although correlations
between the miR319-TCP4 module and stress tolerance
have been identified, these remain poorly understood
at the molecular level.

In this study, we show that Arabidopsis TCP4 positively
regulates UV-B tolerance dependent on JA signaling. We
further demonstrate that TCP4 physically interacts with UVR8
in a UV-B-dependent manner, and that the TCP4-UVR8
complex accumulates in nuclei to enhance tolerance to UV-B
radiation. Our genetic analysis showed that TCP4 acts
downstream of UVR8 and upstream of LOX2 to regulate JA
biosynthesis. Together, these results demonstrate that UV-B
light-dependent UVR8-TCP4 interactions enable a coordi-
nated JA signaling response to protect plants against UV-B
damage.
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RESULTS

TCP4 physically interacts with UVR8

In plants, transcription factors usually function in combination
with other protein partners. We first fused TCP4 with the
LexA DNA-binding domain (BD) to screen an Arabidopsis
complementary DNA (cDNA) library for identification of TCP4-
interacting proteins using the yeast two-hybrid (Y2H) system.
We found that TCP4 interacted with UVR8 in both darkness
and UV-B light (Figure S1). Intriguingly, jaw-D mutants, that
overexpress miR319, had reduced anthocyanin pigment
production, whereas the constitutive expression of miR319-
resistant TCP4 (rTCP4) resulted in significantly increased
production of anthocyanins (Figure S2A, B). We speculated
that TCP4 might interact with UVR8 in response to UV-B
stress and mediate anthocyanin biosynthesis.

To test this hypothesis, we first examined the tolerance of
wild type (WT), jaw-D, rTCP4-3, and rTCP4-6 to treatment
with UV-B. After UV-B treatment, rTCP4-3 and rTCP4-6 were
more tolerant to UV-B stress than WT, whereas jaw-D was
less tolerant to UV-B stress than WT (Figure S2C-E). Second,
the interaction between TCP4 and UVR8 was examined using
an in vitro pull-down assay. The recombinant UVR8"/284
(constitutively monomeric UVR8) protein could be pulled
down by TCP4 tagged with HIS (TCP4-HIS). Interestingly, the
recombinant UVR8 protein could also be pulled down by
TCP4-HIS (Figure 1A). The in vivo interaction of TCP4 and
UVR8 was further confirmed by co-immunoprecipitation
(Co-IP). TCP4 was co-immunoprecipitated with UVR8 from
leaf tissues irradiated with UV-B light (Figure 1B). A bimo-
lecular luciferase complementation (BiLC) assay confirmed
that TCP4 directly interacted with UVR8 in plant cells upon
UV-B treatment (Figure 1C, D). We also found that TCP4
interacted with UVR8"28%" in the BILC assay (Figure 1E). These
results indicate that TCP4 interacts with UVR8 in the nucleus in
a UV-B-dependent manner. As a transcription factor, TCP4
functions in the nucleus, and UV-B is known to promote the
nuclear accumulation of UVR8 (Liang et al., 2019). We there-
fore tested whether UV-B irradiation increases TCP4-UVR8
complex formation in the nucleus. Strong fluorescence was
detected in the nuclei of cells co-transformed with TCP4-nGFP
and UVR8-cGFP, but no fluorescence was detected in cells
co-transformed with TCP4-nGFP and cGFP or nGFP and
UVR8-cGFP under UV-B light (Figure 2). These results indicate
that UV-B induces the nuclear accumulation of UVR8 and
promotes TCP4-UVR8 complex formation in the nucleus.

TCP4 establishes UV-B tolerance alongside UVR8

To determine the biological roles of TCP4 under UV-B, we first
examined whether UV-B affected TCP4 expression. Expression
levels of TCP4 increased about twofold within the first hour of
UV-B light irradiation and then decreased, and this followed a
similar expression pattern to UVR8 (Figure 3A). To confirm the
effect of UVR8 on TCP4 expression, we first examined the
expression level of TCP4 in the uvr8 mutant. The results
showed no significant difference in TCP4 expression levels
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Figure 1. TEOSINTE BRANCHED1, Cycloidea and PCF 4 (TCP4) physically interacts with UV RESISTANCE LOCUS 8 (UVR8)

(A) TCP4 interacts with UVR8 by pull-down assays. TCP4-His bound to His beads was mixed with glutathione S-transferase (GST)-UVR8 purified from
Escherichia coli. (B) Co-immunoprecipitation (Co-IP) assays using 14-d-old transgenic seedlings expressing pER8-TCP4-EYFP treated with or without UV-B
for 30 min. Input: immunoblots showing the level of TCP4-YFP (yellow fluorescent protein) and UVRS8 in the total protein extract. Green fluorescent protein
(GFP)-IP, the IP products precipitated by the GFP antibody. Input or IP products were probed with an anti-GFP or anti-UVR8 antibody. (C) Bimolecular
luciferase complementation (BiLC) assays showing the interaction between TCP4 and UVRS8 in Nicotiana benthamiana under UV-B light. (D) Western blot of
whole cell extracts from co-injection of TCP4 and UVRS in (C). (E) BIiLC assay showing that TCP4 interacts with UVR8"/2%%* in white light (without UV-B).

—UV-B, without UV-B; +UV-B, treatment with UV-B.

under UV-B treatment (Figure 3B). Thus, the transient tran-
scription assays were conducted in tobacco leaves. ProTCP4:
LUC alone or in combination with 35S:UVR8 did not show any
obviously different luciferase (LUC) activity without UV-B radi-
ation. However, co-introduction of 35S:UVR8 with ProTCP4:
LUC led to increasing LUC activity in response to UV-B radi-
ation (Figure 3C). These results indicate that UV-B light induces
the transcription of TCP4 in a UVR8-dependent manner. We
next investigated genetic interactions between TCP4 and
UVRS8 genes. The uvr8 mutant was crossed with rTCP4-3, re-
sulting in rTCP4-3/uvr8 (Figure S3). In the absence of UV-B, the
phenotype of the rTCP4-3/uvr8 genotype was not affected
(Figure 3D, E, G). Most strikingly, we observed that rTCP4-3
plants were more tolerant to UV-B stress than WT, and over-
expression of rTCP4 in uvr8 mutants partially restored uvr8
tolerance to UV-B irradiation (Figure 3F, G). These results in-
dicated that TCP4 contributes to UV-B tolerance, which is
partially dependent on UVRS.

www.jipb.net

TCPA4 plays a positive role in UV-B tolerance dependent
on LOX2
Previous studies demonstrated that TCP4 can directly bind to
the promoter of LIPOXYGENASE2 (LOX2) (Schommer et al.,
2008; Guo et al., 2018). As LOX2 is a JA biosynthetic gene,
and JA mediates anthocyanin accumulation via regulating the
WD40/bHLH/R2R3-MYB (WBM) complex (Qi et al., 2011),
this suggests that TCP4 might mediate anthocyanin biosyn-
thesis via JA signaling. We therefore analyzed JA content and
LOX2 expression in genotypes with contrasting TCP ex-
pression. JA content and LOX2 expression in jaw-D mutants
was lower than that of wild type (WT) plants, whereas rTCP4
overexpression lines possessed higher JA concentrations
and LOX2 expression than WT plants (Figure S4), which were
in agreement with their relative anthocyanin contents.

To study genetic interactions in JA-mediated anthocyanin
biosynthesis, rTCP4-3 was crossed with the low-anthocyanin
lox2 mutant to generate rTCP4-3/lox2 plants. Overexpression
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Merge

Figure 2. UV-B promotes the formation of the TEOSINTE BRANCHED1, Cycloidea and PCF 4 - UV RESISTANCE LOCUS 8 (TCP4-UVRS)

complex in nucleus

Bimolecular fluorescence complementation (BiFC) assays showing that UV-B treatment promotes the formation of a TCP4-UVR8 complex. The leaves of
Nicotiana benthamiana were co-transformed with TCP4-nGFP and UVR8-cGFP and treated with (2 W/m?) or without UV-B for 10 min before imaging. DAPI,
4',6-diamidino-2-phenylindole staining. BF, bright field; GFP, green fluorescence protein; Merge, overlay of the DAPI, GFP, and BF images.

of rTCP4-3 in the lox2 background failed to restore antho-
cyanin biosynthesis of lox2 (Figures 4A, S5). In contrast,
treatment with methyl JA (MeJA) rescued anthocyanin ac-
cumulation in both the lox2 and rTCP4-3/lox2 genotypes
(Figures 4B, S5). Quantitative real-time polymerase chain
reaction (QRT-PCR) analysis showed that TCP4 cannot acti-
vate the expression of WBM genes in the absence of LOX2
(Figure S6). These results indicate that TCP4 activates the
expression of WBM genes dependent on the LOX2-mediated
JA signaling pathway.

Given that UV-B exposure contributes to anthocyanin bi-
osynthesis, we investigated whether higher anthocyanin
content increases UV-B resistance. In the absence of UV-B,

4  Month 2024 | Volume 00 | Issue 00 | 1-12

the phenotype and survival rates of WT, lox2 rTCP4-3, and
rTCP4-3/lox2 plants were not obviously different (Figure 4C,
D, G). However, when these genotypes were grown under
UV-B radiation, the survival rate of rTCP4-3 seedlings was
approximately 400% greater than WT seedlings, and almost
all Jlox2 mutants died. Overexpression of rTCP4 in lox2 plants
failed to enhance UV-B resistance (Figure 4E, F, G). These
results indicate that TCP4 enhances the tolerance of UV-B
radiation dependent on JA signaling.

UVR8 activates LOX2 expression dependent on TCP4

The interaction between TCP4 and UVR8 prompted us to
determine whether UVR8 affected the transcriptional activity
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Figure 3. TEOSINTE BRANCHED1, Cycloidea and PCF 4 (TCP4) acts downstream of UV RESISTANCE LOCUS 8 (UVRS) in response to
UV-B stress

(A) Quantitative real-time polymerase chain reaction (QRT-PCR) results showing that transcripts of TCP4 and UVRS8 have similar expression patterns under
UV-B (2 W/m?) radiation. Seven-d-old seedlings were grown in white light, then treated with UV-B for the indicated time. Error bars indicate + SE (n = 3). (B)
gRT-PCR results showing that transcript of TCP4 is dependent on UVR8 under UV-B radiation. Seven-d-old seedlings were grown in white light, then
treated with UV-B for the indicated time. Error bars indicate + SE (n=3). (C) UV-B induced transcription of TCP4 in a UVR8-dependent manner. Leaf
epidermal cells of Nicotiana benthamiana were transfected with ProTCP4:LUC or ProTCP4:LUC together with 35S:UVR8 and treated with or without UV-B
(2 W/m?) for 10 min before imaging. (D) Phenotype of seedlings of the indicated genotypes were grown in the presence of white light for 7 d. (E) Chlorophyll
fluorescence (Fv/Fm) of seedlings of the indicated genotypes in (D) were captured before UV-B treatment. (F), Fv/Fm of the indicated genotypes were
captured in (D) after 3d treatment with UV-B (3 W/m?) for 6 h. rTCP4-3/uvr8 (rTCP4-overexpressing plants in the genetic background of uvr8). The false
color code depicted at the right of the image ranges from 0 (black) to 1 (purple) as a viability/mortality indicator. (G) Survival rate of indicated genotypes in
(E, F). Data presented are the means + SD (n = 30) of three independent experiments. Shared letters indicate no statistically significant difference in the
means (P > 0.05).
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Figure 4. TEOSINTE BRANCHED1, Cycloidea and PCF 4 (TCP4) acts upstream of LOX2 in response to UV-B stress

(A) Ten-d-old seedlings grown on Murashige and Skoog (MS) supplied without methyl jasmonate (MeJA). (B) Ten-d-old seedlings grown on MS supplied with
25 umol/L MeJA. Bars = 0.2 cm. (C) Phenotype of seedlings of the indicated genotypes were grown in white light for 7 d. (D) Chlorophyll fluorescence (Fv/Fm) of
seedlings of the indicated genotypes in (C) were captured before UV-B treatment. (E) Fv/Fm of the indicated genotypes were captured in (C) after 3 d treatment with
UV-B (3 W/m?) for 6 h. rTCP4-3/lox2 (-TCP4-overexpressing plants in the genetic background of /ox2). The false color code depicted at the bottom of the image
ranges from 0 (black) to 1 (purple) as a viability/mortality indicator. (F) Photosynthetic traits of Fv/Fm in (E). (G) Survival rate of indicated genotypes in (E). Data
presented are the means + SD (n = 30) of three independent experiments. Shared letters indicate no statistically significant difference in the means (P > 0.05).

of TCP4. We first examined the expression level of LOX2 in WT
and jaw-D under UV-B irradiation. When continuous white light-
grown seedlings were exposed to UV-B light, the expression
level of LOX2 in WT seedlings increased within the first hour of
UV-B light irradiation (Figure 5A), which is reminiscent of the WT
TCP4 expression pattern in response to UV-B (Figure 3A).
However, the expression level of LOX2 in jaw-D seedlings (with

6 Month 2024 | Volume 00 | Issue 00 | 1-12

constitutively lower TCP4 levels) was lower than that in the WT,
and did not show obvious differences among different treat-
ment times (Figure 5A). We also performed transient expression
in Nicotiana benthamiana to analyze the involvement of UVR8 in
the association of TCP4 with the LOX2 promoter. We found that
UVRS8 could not activate the expression of LOX2 by itself, but
UVR8 could enhance the expression level of LOX2 when UVR8
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Figure 5. UV RESISTANCE LOCUS 8 (UVR8) activates LOX2 expression dependent on TEOSINTE BRANCHED1, Cycloidea and PCF
4 (TCP4)

(A) Quantitative real-time polymerase chain reaction (QRT-PCR) results showing that the expression of LOX2 is regulated by TCP4 under UV-B radiation.
Seven-d-old seedlings were grown in white light, then treated with UV-B for the indicated time. Error bars indicate + SE (n = 3). (B) Transient expression of
the 35S:TCP4 and/or 35S:UVR8 effector constructs with the ProLOX2:LUC reporter construct in Nicotiana benthamiana leaves. UVR8 increases the
transcriptional activity of TCP4 under UV-B treatment. (C) Transient expression of the 35S:TCP4-SRDX and/or 35S:UVR8 effector constructs with the
ProLOX2:LUC reporter construct in N. benthamiana leaves. UVR8 activates the LOX2 expression dependent on TCP4. (D) Electrophoresis mobility shift
assay showing that both UVR8 and UVR8"/2%%A could enhance the DNA-binding activity of TCP4. Biotin-P indicates the biotin-labeled probe. (E) Schematic
of the location of TCP4-binding motif in the promoter of LOX2 gene. Solid arrowheads indicate TCP4-binding sites. P1, P2, and P3 represent the fragments
amplified in (F). (F) Chromatin immunoprecipitation assay of TPC4 binding to the promoter region of LOX2 in 2-week-old pER8-TCP4-EYFP and wild type
leaves in white light or moved to white light plus UV-B (1 W/m?) for 30 min. Relative enrichment was calculated as the value of the amplified signal
normalized against that of the input DNA. Data presented are the means + SD of three biological replicates. (G) Jasmonate (JA) concentrations were
measured using high-performance liquid chromatography — tandem mass spectrometry in 2-week-old wild type (WT), jaw-D, rTCP4-3, and uvr8 plants in
white light or moved to white light plus UV-B (1 W/m?) for 1 h. Data presented are the means + SD of three biological replicates.
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and TCP4 co-transformed (Figure 5B). The luminescence in-
tensity was inhibited when UVR8 and TCP4-SRDX (SRDX,
transcriptional repressor domain) co-transformed (Figure 5C).
Next, we performed an electrophoresis mobility shift assay
(EMSA) using recombinant TCP4, UVR8, and UVR8"2%%A in
Escherichia coli. TCP4 bound to the TCP binding site of the
LOX2 promoter. Interestingly, not only UVR8“?®A but also
UVR8 could enhance the binding of TCP4 to the LOX2 pro-
moter (Figure 5D). A chromatin immunoprecipitation (ChiP)
assay was conducted to evaluate the potential binding of TCP4
to P1, P2, and P3 motifs (Figure 5E) in vivo. The ChIP-
quantitavive polymerase chain reaction analysis revealed that
the DNA fragments containing P1, P2, and P3 motifs were
enriched in plants expressing TCP4-YFP (yellow fluorescent
protein), with significantly higher enrichments observed after
UV-B treatment (Figure 5F). These results indicate that UV-B
may facilitate the binding of TCP4 to the LOX2 promoter.
Subsequently, the content of JA was measured in WT, jaw-D,
rTCP4-3, and uvr8 plants following UV-B treatment. The JA
concentrations in jaw-D, and uvr8 mutants did not show sig-
nificant differences after UV-B treatment, while the JA levels in
rTCP4-3 significantly increased upon UV-B treatment (Figure
5@G). These observations imply that both UV-B and UVR8 in-
fluence JA levels through TCP4. This is consistent with the
notion that UVR8 triggers the expression of LOX2 in a TCP4-
dependent manner.

DISCUSSION

TCP4, which belongs to the CIN subfamily, is the major target of
miR319. TCP4 has been well elucidated to regulate cell pro-
liferation, hypocotyl elongation, secondary cell wall formation,
and flowering time (Schommer et al., 2014; Challa et al.,
2016; Kubota et al., 2017; Liu et al., 2017; Sun et al., 2017).
Previous observations have shown TCP4 to bind to the promoter
of LOX2 in vivo and in vitro (Schommer et al., 2008; Guo et al.,
2018). LOX2 is involved in the initial step in JA biosynthesis,
which catalyses the oxidation of a-linoleic acid to 13 (S)-
hydroperoxylinolenic acid. LOX2 has been shown to be strongly
induced by wounding (Schommer et al., 2008; Glauser et al.,
2009), but the mutation of TCP4-binding sites in the LOX2 pro-
moter does not attenuate wounding-induced LOX2 expression,
which indicates that TCP4 is not involved in the wound response
(Schommer et al., 2008). Senescence, determined by chlorophyll
loss and SAG712 expression, did not differ between WT and
LOX2-RNAi (RNA interference) plants (Seltmann et al., 2010).
These results suggest that TCP4-LOX2 is not involved in
wounding responses or senescence. Until now, the deleterious
phenotypes of rTCP4:GFP transgenic plants have precluded the
collection of sufficient material for JA measurements (Schommer
et al., 2008). Hence, the physiological function of the miR319-
targeted TCP4 transcription factor in Arabidopsis JA biosyn-
thesis remains unknown.

Jasmonate is an important phytohormone involved in plant
development and environmental adaptation (Hu et al., 2017).
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JA induces the degradation of JAZ proteins dependent on the
SCFCO.26S proteasome pathway, after which WBM com-
plexes are released from the JAZ-WBM complex to activate
the expression of anthocyanin biosynthesis genes (Qi et al,,
2011). Previous studies have shown that TCP4 can directly
bind to the LOX2 promoter (Schommer et al., 2008; Guo et al.,
2018). Overexpression of rTCP4 in WT plants induces early-
onset senescence before maturity (Schommer et al., 2008),
suggesting that TCP4-targeted LOX2 may play a role in sen-
escence. However, Seltmann et al. (2010) have demonstrated
that LOX2 is not required for senescence to occur. In the
present study, we found that overexpression of rTCP4 in-
creases JA content and anthocyanin accumulation, which
suggests that TCP4 might mediate anthocyanin accumulation
through a LOX2-mediated JA signaling pathway. As JA regu-
lates anthocyanin accumulation via WBM complexes, we per-
formed transcriptional analysis to show that rTCP4 over-
expression upregulated WBM complex genes encoding basic
helix-loop-helix (bHLH) transcription factors (TT8, GL3 and
EGL3) and R2R3 MYB transcription factors (MYB75 and GL1).
The expression levels of these WBM complex genes were
disrupted in lox2 plants, and rTCP4 overexpression in lox2
failed to rescue their transcription. Genetic analysis showed
that overexpression of rTCP4 in lox2 could not recover an-
thocyanin accumulation in lox2. After MeJA treatment, lox2 and
rTCP4-3/lox2 plants could accumulate anthocyanin normally,
strongly suggesting that TCP4 regulates anthocyanin accu-
mulation through the LOX2-mediated JA signaling pathway.
UVR8 does not possess a DNA-BD, and the interaction be-
tween UVR8 and transcription factors (TFs) enables UVRS8 to be
involved in transcriptional regulation. The UVR8-COP1 interaction
stabilizes HY5 to elicit UV-B-responsive gene expression (Ren
et al., 2019). Similarly, UVR8-WRKY36 interaction alleviates
WRKY36 repression of HY5 expression, and inhibits hypocotyl
elongation (Yang et al., 2018), whereas the UVR8-BES1/BIM1
interaction inhibits BR-responsive gene expression for cell elon-
gation to promote UV-B-induced photomorphogenesis (Liang
et al., 2018, 2020). Recently, two studies reported that UVR8
interacts with different MYB TFs in roots and cotyledons to
regulate lateral root growth and cotyledon development, re-
spectively (Qian et al., 2020; Yang et al., 2020). In each case, the
interaction is enhanced by UV-B light and alters the DNA-binding
activity of the transcription factor. We also found that UVR8
could enhance the DNA-binding activity of TCP4 under UV-B
irradiation. jaw-D plants, in which TCP4 is downregulated, are
hypersensitive to UV-B stress, while TCP4-overexpressing plants
are more tolerant to UV-B. However, hypocotyls of rTCP4-
overexpressing plants are longer than those of WT plants, in-
dicating that TCP4 regulates UV-B tolerance independently of
HY5 signaling. However, overexpression of rTCP4 in uvr8 mu-
tants could not completely restore uvr8 tolerance to UV-B irra-
diation. Therefore, we speculate that TCP4-LOX2 pathway acts
redundantly with HY5 pathway under UV-B radiation. Our Co-IP
and BIiLC results showed that the interaction between TCP4 and
UVR8 is UV-B-dependent. TCP4, a transcription factor, is lo-
calized to the nucleus, and UV-B-light-triggered nuclear
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localization of UVR8 allows the interaction between TCP4 and
UVR8 in vivo. Our results establish a new UV-B signaling
pathway, through which UVR8 enhances the binding of TCP4 to
the LOX2 promoter in vivo to promote LOX2 transcription and
increase anthocyanin biosynthesis to enhance UV-B tolerance.

Based on our phenotypic and molecular analyses, we
propose a working model for the UVR8-TCP4-LOX2 module
in the regulation of UV-B-induced anthocyanin biosynthesis
and stress response (Figure 6). UV-B light induces the nuclear
localization of UVR8, and nuclear-localized UVR8 interacts
with TCP4 to promote DNA-binding to the LOX2 promoter to
induce LOX2 expression. Thereafter, JA biosynthesis re-
leases the MBW complexes to activate their respective
downstream genes, leading to anthocyanin biosynthesis. At
the same time, TCP4 represses cell proliferation, enabling the
plant to allocate energy from growth to anthocyanin biosyn-
thesis and activate defense responses.

MATERIALS AND METHODS

Plant materials and growth conditions

The Arabidopsis thaliana jaw-D, rTCP4-3, rTCP4-6 transgenic
plants were previously described (Sun et al., 2017). The lox2
mutant (CS3748) was obtained from the Arabidopsis Bio-
logical Resource Center (ABRC). The rTCP4-3/lox2 lines were
obtained by crossing rTCP4-3 transgenic plants with Jox2
plants. uvr8-6 (SALK_033468) and UVR8"2* (constitutively
monomeric UVR8) were kindly provided by Hongtao Liu (Yang
et al., 2020). pER8-TCP4-EYFP transgenic plants were kindly
provided by Aiwu Dong (Li et al., 2012). ProLOX2:LUC plas-
mids were kindly provided by Chuanyou Li (Zhai et al., 2013).
All seeds underwent imbibition and subsequently cold-treated
at 4°C for a duration of 2d in the dark prior to germination
under light conditions. All plants were cultivated on soil or

4
%
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Murashige and Skoog (MS) agar medium, which was supple-
mented with 1% sucrose. The cultivation was carried out
under a 16-h light and 8-h dark photoperiod at 23°C.

Seven-d-old seedlings of the indicated genotypes were
exposed to UV-B radiation at an intensity of 3 W/m? for 6 h and
allowed to recover for 3 d. Chlorophyll fluorescence (Fv/Fm) of
the indicated genotypes was captured used IMAGING-PAM
(WALZ, Effeltrich, Germany) before and after treatment with
UV-B. The photosynthetic capability was assessed by meas-
uring Fv/Fm. All experiments were conducted with a minimum
of three biological replicates.

Quantitative real-time polymerase chain reaction
analysis

Total RNA was isolated from 3-week old plant tissues using
Eastep® Super Total RNA extract kit (Promega, Beijing,
China). First-strand cDNA was synthesized utilizing the Go-
ScriptT'\’I Reverse Transcription System (Promega). Transcript
quantification was conducted through qRT-PCR analysis with
1/20th of the cDNA as template. The housekeeping gene
ACT2 served as internal standard. Independent plant sam-
ples were subjected to triplicate replicates. All primers em-
ployed in this study are listed in Table S1.

Transient expression in N. benthamiana

Transient expression assays conducted on N. benthamiana
leaves were executed following the protocol outlined
by Sun et al. (2017), with the experiment repeated three
times, yielding consistent results.

Anthocyanin measurement

Anthocyanin content of different lines was measured ac-
cording to Teng et al. (2005). Absorbances at 530 and 650 nm
were measured using a spectrophotometer. Anthocyanin
quantity = (Asss — Agso) per gram fresh weight.

UVRS
@
IR TCP4

‘L JA-response \
LOX2 { ; -

Anthocyanin
biosynthesis

}

14

UV-B
protection

Figure 6. A proposed working model depicting how TEOSINTE BRANCHED1, Cycloidea and PCF 4 (TCP4) acts with UV RESISTANCE

LOCUS 8 (UVR8) to mediate UV-B response in Arabidopsis

In response to UV-B light, monomerized UVR8 accumulates in the nucleus and interacts with TCP4, which then enhances TCP4 affinity with the LOX2
promoter to increase jasmonic acid levels and promotes anthocyanin biosynthesis to improve plant resistance against UV-B stress.
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Analysis of JA and JA-lle/JA-Leu accumulation

Five rosette leaves from the specified plants were used as a
biological repeat. Approximately 300 mg of each sample was
harvested and flash-frozen in liquid nitrogen. JA and JA-lle/JA-
Leu were subsequently isolated using ethyl acetate, spiked with
labeled internal standards ('3C,-JA and '®Cg-JA-lle, each with
100 ng), in accordance with the method delineated by Qi et al.
(2016) and then analyzed by high-performance liquid chroma-
tography — tandem mass spectrometry.

Yeast two-hybrid assay

The appropriate vector combinations were co-transformed
into the yeast strain AH109 (Clontech, Beijing, China), and
interactions were assessed by growth on fully selective
media for a duration of 3d at 30°C with or without 0.1 umol/
m?/s narrowband UV-B.

In vitro pull-down

The complete coding sequences of TCP4, UVRS8, and
UVR8"2854 were successfully cloned into pET28a and pGEX-
6P1, respectively. These proteins were subsequently ex-
pressed and purified from E. coli BL21. The protein complex
formed between TCP4-His and glutathione S-transferase
(GST)-UVR8 was incubated under either white light or white
light plus UV-B for 30 min. To isolate the protein complexes,
anti-His antibodies were employed, followed by washing to
remove unbound protein. The bound proteins were then
eluted and subjected to analysis using an immunoblot, which
was probed with an anti-UVR8 antibody. Before conducting
sodium dodecyl sulfate polyacrylamide gel electrophoresis,
samples were subjected to boiling.

Electrophoresis mobility shift assay

A DNA probe was synthesized through the end-labeling of a
double-stranded oligo (5'-tcagatcctGGACCACtgcaataa-3’),
which contains a TCP4-binding site and is tagged with a
biotin label at the 3’ end. The binding reaction was carried out
in a 20 uL total volume comprising 50 fmol of the probe, 1x
binding buffer (comprising 20 mmol/L HEPES-KOH, pH 7.8,
100 mmol/L KCI, 1 mmol/L ethylenediaminetetraacetic acid
(EDTA), 0.1% bovine serum albumin (BSA), 10 ng herring
sperm DNA, and 10% glycerol), and 2 ug of purified protein.
After a 30-min incubation at room temperature, the mixture
was loaded onto a 6% native polyacrylamide gel. Electro-
phoresis was carried out at 6 V/cm for 45 min with 0.25x Tris-
borate buffer at room temperature.

Co-immunoprecipitation

The Co-IP procedure were executed following the protocol out-
lined by Yang et al. (2020). For Co-IP, 14-d-old WT and pER8-
TCP4-EYFP seedlings, cultivated under long day conditions,
were exposed to white light alone or white light combined with
UV-B (1W/m? for 30 min. Subsequently, the seedlings were
ground in liquid nitrogen, homogenized in binding buffer (com-
prising 25 mmol/L Tris-HCI, 150 mmol/L NaCl, 1 mmol/L EDTA,
1 mM dithiothreitol (DTT), 0.5% (v/v) NP-40, and 1 mmol/L phe-
nylmethylsulfonyl fluoride (PMSF)), and incubated with 30 uL
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GFP-Trap (ChromoTek, Germany) at a temperature of 4°C for 60
min. The magnetic beads were rinsed three times using protein
extraction buffer, and the eluted precipitates were collected in
100 pL of loading buffer for immunoblot analysis.

Bimolecular fluorescence complementation assay and
BiLC assay

TCP4 or UVR8 was fused to the C or N terminus of GFP or
LUC, respectively, and subsequently transformed into Agro-
bacterium strain GV3101. N. benthamiana plants were culti-
vated for a period of 3d post-infiltration. Confocal laser scan-
ning microscopy was conducted utilizing epi-fluorescence
microscopy (Olympus 80i, Olympus Corporation, Tokyo,
Japan). The leaves were infiltrated with luciferin solution and
imaged using a Tanon 5200S Luminescent Imaging Work-
station. Each interaction pair was analyzed with three biological
replicates, and one representative result was presented.

Chromatin immunoprecipitation-quantitavive
polymerase chain reaction

Chromatin immunoprecipitation was carried out following the
method described by Guo et al. (2020). For ChIP assay, 14-d-
old WT and pER8-TCP4-EYFP seedlings, cultivated under
long day conditions, were exposed to white light or white
light combined with UV-B (1 W/m?) for 30 min. Anti-GFP an-
tibody (ab290, Abcam, Shanghai, China) was used for im-
munoprecipitation. The polymerase chain reaction primers
specific to the TCP4 target gene are listed in Table S1.
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