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In order to adapt to environmental changes of light species and
intensity, higher plants furnish complicate signaling systems
such as the UVR/COP/HY5 cascade which links several diverse
classes of photoreceptors. In addition, UV-B light provokes
accelerated production of UV-B protectants such as flavonoids
and vitamins. Following intensive research efforts, genes in the
UV-B signaling cascade have been characterized via forward
genetics approaches following mutant screens relying on
sensitivity to UV-B irradiation. However detailed processes of
the linkage between light signaling, and the upregulation of
metabolite accumulation remain unclear. Here we review both
the light signal cascades and metabolite pathways responding
to UV-B exposure. Finally, we generate co-expression network
analysis using published data in order to find novel candidate
genes which link light signaling and transcriptional regulation
to metabolic biosynthesis in attempt to describe how these
processes are interlinked.

Introduction

Sunlight irradiation is one of the most critical factors for energy
metabolism and the regulation of plant growth and development.
Accordingly, sunlight as an environment factor is not only for
energy source for photosynthesis in higher plants but also an
informational signal influencing their entire life cycle. Despite
the fact that sunlight has a wide range of different light fractions,
limited light of wavelength above ~290 nm reaches to the sur-
face of the earth,' because sunlight is filtrated by the atmosphere
such as ozone phase. This atmospheric filtration can, however,
not eliminate all toxic light fractions, such as UV-B light (UV-B,
280 to 315 nm). UV-B is long known to damage DNA, inhibit
photosynthesis and arrest of cell cycle.?

In order to survive the broad range of physiological responses
caused by toxic light fractions, higher plants possess several
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classes of photoreceptors. The model plant Arabidopsis, utilizes
more than three independent photoreceptor systems, perceiving
the red/far-red (phytochromes, phyA-E), blue/UV-A (crypto-
chromes cryl and 2) and UV-B (UVR8, UVB-RESISTANCE 8)
fractions.”> Genes of the member in UV-B signaling cascade
have been characterized via forward genetics approaches fol-
lowing mutant screens relying on sensitivity to UV-B irra-
diation. The principal genes-identified as mediators of UV-B
photomorphogenic responses were COP1 (CONSTITUTIVE
PHOTOMORPHOGENIC 1) ' and HY5 (ELONGATED
HYPOCOTYL 5),* while recently UVR8 which has been identi-
fied as a UV-B receptor.’ Detailed gene expression and phenotypic
analysis using gene knockout mutant analysis with UV-B treat-
ment revealed the structure and functional interplay of a complex
UV-B signaling cascade. Taking a different approach knockout
mutants that were deficient in metabolites which are known to
exhibit photoprotective function such as flavonoid mutants,>”
phenylpropanoid mutants,”® ascorbate mutants’ and tocopherol

mutants'®

have been characterized. These mutants displayed
UV-B sensitive phenotypic changes alongside an enhancement
of gene expression of UV-B responsive genes. In this mini-review
we will attempt both to summarize both the signal transduction
events and metabolic shifts which follow perception of UV-B
stress and where possible to synthesize their action to form a com-
mon model of response.

Although the UV-B signaling cascade and the pathways of
light protectant have been long studied and are at least par-
tially identified, the combined network of signaling cascade to
protectant metabolism has received relatively little attention.
HY5 regulation of PFG1 (PRODUCTION OF FLAVONOL
GLYCOSIDES)/AtMYBI12 gene expression which controls
flavonol metabolism has been uncovered.® However, the roles
of other, more minor, players in the UV-B responsive network
remain unclear, potentially simply because mutation of such
genes do not reveal severe phenotypic variance. That said a
recent combined metabolite and transcript profiling analysis of
phenolic deficient mutants following UV-B irradiation revealed
the relative importance of metabolic priming and induction of
flavonol production in response to this treatment.” In addition,
since considerable transcriptome data sets concerning UV-B
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stress are publicly available'! advanced in silico gene expression
analysis and co-expression network analysis can be used in order
to further characterize the response to this stress.'? Here, we show
an example of in silico gene expression analysis based on UV-B
experiments, for finding novel candidate genes out of transcrip-
tional network between signaling cascade to phenolic protectant
metabolism.

Plant Light Signaling Cascades

Higher plants are known to adapt a range of strategies in response
to the incidence of UV-B light including increases in leaf thick-
ness, UV-B reflective properties and in the cellular levels of UV-B
absorbing metabolites. In recent years, considerable advances in
our understanding of UV-B perception have been made. This
process involves phytochrome-mediated photoprotection, UV-B
invoked cell-death and UV-B signaling responses.”® In the UV-B
signaling transduction cascade, the bZIP transcription fac-
tor, HY5, a mediator of several photomorphogenic pathways, is
required for UV-B-mediated gene expression.! The multi-func-
tional E3-ubiquitin ligases, (COP1) ' and HY5-HOMOLOG
(HYH) ¥ transcription factors have also been demonstrated to
play important roles in UV-B signaling. In addition, UVR8 was
recently elegantly demonstrated to be a UV-B receptor mediating
key photomorphogenic responses.’ Here we intend to broaden
the focus beyond the specific signal transduction cascades
which fire in response to varying light conditions to additionally
encompass more general UV-light response Hypothetical signal-
ing transduction and transcriptional regulation network of light
response in higher plants are summarized in Figure 1A. Within
this cascade, the UV-B photoreceptor, UVRS, acts to upregulate
HY5 and HYH, and downregulate expression of COPI. This
regulation system can adjust balance of photomorphogenesis and
high light responsive pathways. The transcription factors, HY5
and HYH, control several important genes and pathways. For
example EARLY LIGHT-INDUCABLE PROTEIN 1 (ELIP1)
is one of the major light responsive genes which leads to tolerance
to photoinhibition and photooxidative stress.'* PRODUCTION
OF ANTHOCYANIN PIGMENT 1 (PAP1, AtMYB75) and
MYBI2 are regulators of flavonol/anthocyanin pathways.®!”
MYB4 is known as negative regulator of phenylpropanoids,
because MYB4 downregulates C4H expression.”® These regula-
tors are all under the control of HY5 suggesting that the complex
structure of light signaling cascades can adapt to changes of light
intensity to survive under more severe environments.

To understand time dependent expression of UV-B signal-
ing cascade related genes during UV-B irradiation, in silico gene
expression analysis was performed (Fig. 1B). At the gene expres-
sion level, half of genes related to light signaling cascade were
highly induced following application of 24 h UV-B irradiation.
The key positive regulators of the UV-B response—HY5 and
HYH-—displayed early responses (within the first 6 h) follow-
ing their increased expression genes downstream of HY5 and
HYH such as MYBI111, PAPI1, cryptochrome 3 (CRY3) and
RNA polymerase sigma subunit E (SIG5), were upregulated.
Furthermore, after increasing of gene expression of MYB111 and
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PAP1, enzymatic gene such as AtCHS and AtC4H were slightly
induced as a consequence of MYBI111 and PAP1 being direct
regulators of AtCHS expression. Far-red specific signaling related
genes (FHZ1, FHL and FHY3) were unchanged by UV-B irradi-
ation. The COP1 gene, however, which is a negative regulator of
UV-B light-dependent development displayed a slight decreased
in expression onwards from 3 h. However, the UV-B receptor
UVRS displayed unaltered gene expression under short-term
UV-B irradiation.

Metabolic Protection against UV-B Irradiation

Increasing evidence for the protective function of various com-
pounds against UV-B light has been provided by the analysis of
mutants in a range of biosynthetic pathways. In order to eluci-
date the function of putative protectant metabolites several gene
expression and phenotypic analysis using knockout mutants
exposed to UV-B treatment have been performed. Flavonoids,
one of the major polyphenol compounds derived from phenylala-
nine, are arguably the foremost compounds for UV-B protection
in plants. Li et al. (1993) reported that flavonoid-less mutants,
tt4 (CHS, chalcone synthase) and #5 (CHI, chalcone isomerase)
mutants revealed hypersensitive phenotypic responses to UV-B
irradiation. Subsequently, gene expression of CHS has been used
as one of the major markers of UV-B stress.»>" High accumu-
lation of anthocyanin has additionally been observed in higher
plants under UV-B treatment. In addition, obvious evidence for
the importance of flavonoid in protection against UV-B has been
obtained in experiments to confirm the regulation of CHS and
MYB12 by HY5."¢ Phenylpropanoids which are also derived from
phenylalanine are regarded as major UV-B protectants, because
knockout mutant of MYB4 gene which negatively regulates cin-
namate 4-Hydroxylase gene (AtC4H) expression has a reduced
tolerance to UV-B light.?*® Furthermore, ascorbate, carotenoids,
tocopherol and vitamin B6 are also considered as key compounds
for protection of UV-B light.*!* UV-B protectant metabolites can
thus be categorised to three different families according to their
chemical structural functions, (1) light protection in propor-
tion to aromatic ring, (2) antioxidant activity corresponding to
reduction moieties such as phenolic moiety and unsaturated car-
bon-carbon bonds and (3) increasing osmotic pressure cased by
compound accumulation in specific location for sample in vacu-
ole. In our recent study we identified that flavonoid-less mutants
were strongly effected by UV-B, even more so than mutants
deficient in other phenylpropanoids.” Transcriptional regulation
is, furthermore, much better characterized for these metabolites
than for those vitamins mentioned above. For these reasons we
focused here on flavonoids. Function of flavonoid accumula-
tion following UV-B irradiation has been investigated with fla-
vonoid deficient mutants (see examples, Jin et al. 2000; Kusano
et al. 2011). In flavonoid-less mutants, large metabolic changes
and enhancement of UV-B associated transcriptional programs
inducing senescence were observed.” These changes are likely the
consequence of an increased effective dose of UV-B perceived in
the cell due to the deficiency of protection afforded by aromatic
ring structures.
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Integrative Analysis of Signaling
Cascades and Metabolism

Although normally studied in isolation the rela-
tionship between cascade networks and protec-
tant biosynthesis is likely highly intertwined. In
recent years, given the ever accumulating amount
of transcriptome data has been possible to per-
form novel approaches for facilitate annotation
of plant gene function. Co-expression network
analysis based on similarity/distance measure
calculated from the vast publically available
microarray data are one of the new approach
for elucidation of transcriptionally regulated
gene network.'>?! To construct UV-B responsive
gene network, co-expression network analysis
was performed using 21 genes of UV-B signal-
ing cascade (Fig. 2). In an attempt to predict the
framework of UV-B responsive networks, data
obtained from ATTED-II version 6 # (atted.jp/)
were used in the construction of a co-expression
network. Network analysis queried the 21 light
signaling cascade related genes shown in Figure
1A.

This correlation analysis revealed 12 spe-
cific sub-clusters which were connected by
the known signaling cascade related genes,
COP1, HY5, PhyA, FHL, FHY3, SIG5 and
CRY3. COP1 which is a negative regulator of
light-dependent development played a central
role in the network being connected to HYS5,
PhyA and FHL. These connections have been
experimentally confirmed by identification of
protein-protein-interactions between them.*
Cluster 1 contributed of HY5, CRY3, ELIP3
and chalcone synthase (TT4, AtCHS). This
sub-cluster revealed a network with flavonol
biosynthesis, because it included major flavonol
related genes such as 4-coumarate-CoA ligase
3 (4CL3), chalcone isomerase (CHS, TT5),
flavanone-3-hydroxylase (F3H, TT6), flavo-
noid-3"-hydroxylase (F3'H, TT7), flavonol syn-
thase (FLS), flavonol 7-O-rhamnosyltransferse
(F7RT), flavonol  3-O-rhamnosyltransferse
F3RT and UDP-rthamnose synthase (RHM1).
In the cluster 1 network, some genes -puta-
tively related to light signaling cascade—such
as ELIP2 and DDB2 and transport related
genes (ATP-binding cassette A21, POP1; ATP-
binding cassette 120, NAP9; sugar transporter,
At5g17010) were observed. Subsequently, cluster
1 was connected to second larger sub-network

named cluster 2 which was contributed shikimate-phenylpro-
panoid biosynthetic genes such as chorismate mutase 1 (CM1),
arogenate dehzdratase 6 (ADTG6), phenylalanine ammonia-
lyase 1 (PALL), phenylalanine ammonia-lyase 2 (PAL2),

www.landesbioscience.com

<—— Positive regulation
<+—— Negative regulation

-1.0 0.0 L.0
log2-fold change

15min
30min
1h

= -
N

3h
6h
24

-

ELIP1
GPX7
HYH
HYS5
AtMYB12
MYB111
PAP1
CRY3
SIGS
MYB4
AtCHS
AtC4H
MKP1
SWAS
phyA
FAR1
FHY3
FHL
COP1
UVERSE

Figure 1. Hypothetical light signaling cascades. (A) Light signaling transduction and
transcriptional regulation network of light response in higher plants. (B) Hieratical Cluster-
ing Analysis (HCA) of gene expression profiling of light signaling related gene under UV-B
irradiation. AtCHS, naringenin-chalcone synthase, At59g13930; AtMYB12, At2g47460; AtC4H,
cinnamate-4-hydroxylase, At2g30490; COP1, CONSTITUTIVE PHOTOMORPHOGENIC 1,
At2g32950; CRY3, CRYPTOCHROME 3, At5924850; ELIP1, EARLY LIGHT-INDUCABLE PROTEIN
1, At3922840; FAR1, FAR-RED IMPAIRED RESPONSE 1, At4g15090; FHL, FAR-RED-ELONGAT-
ED HYPOCOTYL1-LIKE, At59g02200; FHY1, FRY1, PAT3, FAR-RED ELONGATED HYPOCOTYLS
1, At2g37678; FHY3, FAR-RED ELONGATED HYPOCOTYLS 3, At3g22170; GPX7, GLUTA-
THIONE PEROXIDASE 7, At4g31870; HY5, ELONGATED HYPOCOTYL 5, At5g11260; HYH,
HY5-HOMOLOG, At3g17609; MKP1, MITOGEN-ACTIVATED PROTEIN KINASE PHOSPHATASE
1, At3g55270; MYB111, At5g49330; MYB4, At4938620; PAP, MYB75, At1g56650; phyA, FHY2,
hy8, PHYTOCHROME A, At1G09570; SIG5, SIGMA FACTOR 5, At5924120; SWA3, WALKS,
SLOW WALKER 3, At1g16280; UVR8, UV REPAIR DEFECTIVE 8, At5963860.

cinnamate-4-hydroxylase (C4H), -O-methyltransferase
(OMT1), 4CL1, quinate O-hydroxycinnamoyltransferas (HCT)
and prephenate dehydratase 1 (PD1). In addition, cluster 1 also
well connected to cluster 3 which included Sigma factor 5 (SIG5)
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Figure 2. Co-expression network analysis of light signaling related genes. Co-expression data obtained from ATTED-II version 6 (atted.jp/) was used
in the construction of a co-expression network. Network analysis queried the 20 one light signaling cascade related genes shown in Figure 1A. Solid
edges indicate gene co-expression, and red dotted edges indicate known protein-protein-interaction. Red node indicates light signaling cascade
genes, yellow indicates putative light responsive and transcription factor genes, blue indicates genes encoding protectant metabolism, green indi-
cates transport related genes.

and glutathione peroxidase 7 (GPX7). In cluster 3, genes of the
carotenoid related MEP pathway (p-carotene hydroxylase 2,
CHY?2; solanesyl diphosphate synthase 1, SPS1 and SPS2) and
squalene epoxidase 3 (SQE3) were correlated. The connections
between clusters 1, 2 and 3 revealed the strong connections from
light signaling cascade related genes (HY5, CRY3, ELIP1, GPX7
and SIG5) to light irradiation protectant biosynthetic genes of
flavonol, phenylpropanoid, epoxysqualene and carotenoid. Since

the HYH gene was not included in the ATTED-II database, con-
nections between HYH could not be observed in this network.
However, connection between HY5 to HYH can be assumed as a
function of the connection between HY5 to GPX7 and SIGS5. In
cluster 3, we also observed some candidate genes which are puta-
tively related to the light signaling cascade (suppressor of PhyA,
SPAIL; root phototropism 2, RPT1; J-domain protein required
for chloroplast accumulation response, JAC1) and transcriptional
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regulation (constans-like 1, COL1; COL2; damaged DNA-
binding 2, DDB2). By contrast, clusters 5 through 10 contained
few metabolite associated genes. Some putative signaling related
genes (calmodulin 4, CAM4; ubiquitin-specific protease 5,
UBP5; cryptic precocious, CPR), transcription factors (methyl-
CpG binding 10, MBD10; At2g39260) and chromatin regula-
tion related genes (high mobility mobility group B3, HMGB3;
sister chromatid cohesion 1 SYN4; At5g19420) were observed in
cluster 10 which was constructed by three light signaling cascade
related genes UVRS, FHY3 and PAPI. Interestingly, the homo-
gentisate phytyltransferase (HPT1) gene which encodes homo-
gentisate phytyltransferase involved in tocopherol biosynthesis,
was included in this UVR-anthocyanin network. Despite the fact
that the UV-B receptor UVR8 was unaltered following shorten
UV-B irradiation, it was correlated closely to the the cluster of
anthocyanin and tocopherol biosynthesis.

Toward Application in Crop Species

Given the twin problems of environmental deterioration and a
booming global population efforts to maintain or improve crop
productivity are becoming ever more important. In view of the
fact that UV-B strongly affects plant growth and development,
understanding of UV-B response and adaptation is-very impor-
tant in crops on account of the potential effect of UV-B on food
security. In recent years, several crop species have been investi-
gated based on wide-target analyses such as transcriptomics,
proteomics and metabolomics with respect to their UV-B toler-
ance and response including studies on maize leaves,”® tomato
26 The majority of
these investigations focused on flavonoid biosynthesis which is

fruits,? carrot culture” and barley seedlings.

conserved across higher plants. Metabolite profiling of maize

leaves, tomato fruits, barley seedlings and carrot culture under
UV-B treatment revealed a common increase of flavonoid related
gene expression and indeed of the metabolites themselves. This
fact reveals that flavonoid related compounds play an important
role for the response to UV-B irradiation across both species and
tissue boundaries. Thus metabolic engineering of flavonoid pro-
duction within crop species is beneficial not only for health?” but
also for ensuring food security. The use of recently developed
tools and methodologies for translational research (reviewed in
ref. 28-31) will likely greatly extend the number of species for
which the knowledge we have acquired to date can be applied to.

In summary, in this review we suggest that gene expression of
UV-B signaling cascade and the production of UV-B protectants
are transcriptionally regulated under the same gene expression
network controlled by the UVR/COP/HYS5 system. Plant metab-
olites which can protect against UV-B light damage, for example,
flavonol, phenylpropanoid, anthocyanin and carotenoids, have a
transcriptional linkage to the UV-B response. These transcrip-
tional linkages thus facilitate identification of novel associated
genes via co-expression analysis. Given the genes increasing avail-
ability of genome information many tools for translational biol-
ogy are becoming available. Therefore in silico network analysis
based on Arabidopsis can be extended to other important crop
species, a construction of framework between UV-B signaling
and important metabolisms will be important targets for meta-
bolic engineering and/or breeding strategies for the maintenance
of plant performance in the future global climate.
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