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ARTICLE INFO ABSTRACT

Keywords:

Plants are extremely plastic organisms with the ability to adapt and respond to the changing environmental

UV-B conditions surrounding them. Sunlight is one of the main resources for plants, both as a primary energy source

Plant development
Plant growth
Molecular mechanisms

for photosynthesis and as a stimulus that regulates different aspects of their growth and development. UV-B
comprises wavelengths that correspond to a high energy region of the solar spectrum capable of reaching the
biosphere, influencing plant growth. It is currently believed that plants are able to acclimate when growing

under the influence of this radiation and perceive it as a signal, without stress signs. Nonetheless, many UV-B
induced changes are elicited after DNA damage occurs as a consequence of exposure. In this review we focus on
the influence of UV-B on leaf, flower and root development and emphasize the limited understanding of the
molecular mechanisms for most of this developmental processes affected by UV-B documented over the years of

research in this area.

1. Introduction

Plants are normally exposed to a constantly changing environment,
which influences the developmental programs executed throughout
their lifetime. Light is undoubtedly the most important environmental
factor affecting processes such as seed germination, leaf, root and seed
development, and flowering time. Perception of light is mediated by
different photoreceptors leading to the modulation of signaling net-
works and genetic pathways to adjust plant growth and development
accordingly. Even though ultraviolet-B (UV-B) radiation (280-315 nm)
represents only a small fraction of the solar radiation reaching the
Earth’s surface, it is a high-energy component to which plants need to
respond. Some of these responses involve changes in plant morphology,
physiology and production of secondary metabolites, which are com-
monly described and several aspects of the underlying mechanisms
have been elucidated [1-3].

Diverse UV-B intensities have been used in different experiments
described in the literature, which are usually in the range of UV-B in-
tensities that can reach the earth surface, since this is not uniform in
different points of the planet. The influence of UV-B radiation on plant
growth include both general deleterious effects and specific regulatory
responses [1,2,4]. The deleterious effects include DNA damage, mem-
brane changes, protein crosslinking and the formation of reactive
oxygen species (ROS) which results in oxidative stress, these effects are
usually produced by high UV-B intensity, typically above
1umolm~2s~2 UV-B [5-7]. The more specific photomorphogenic
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responses are usually triggered by lower intensities of UV-B radiation,
usually below 1pmolm~2s~2 UV-B, some photomorphogenic re-
sponses can be activated even at 0.1 mol m~2s~2 UV-B [8]. It is cur-
rently believed that plants are able to perceive this radiation as a signal,
without stress signs [9]. However, higher UV-B doses can also affect
plant growth.

So far, UV RESISTANT LOCUS (UVRS8) is the only UV-B specific
photoreceptor identified [10,11], which has been shown to enhance
Arabidopsis plant survival under low UV-B levels [10,12]. This receptor
mediates some photomorphogenic responses through changes in the
expression of genes involved in DNA repair, antioxidative defense and
production of phenolic compounds that can act as UV screening mo-
lecules [10]. The UVRS8 photoreceptor interacts with CONSTITUTIVELY
PHOTOMORPHOGENIC 1 (COP1, an E3 ubiquitin ligase) after UV-B
exposure to activate transcription of UV-B signaling and response genes,
which initiate UV-B acclimation pathways [10,13-15].

In addition, high intensities of UV-B induce damage responses in
plants; which involve signaling pathways that are partially conserved
among different organisms [16-18], and are independent of UVRS8. For
example, to deal with UV-B damaged DNA, the protein kinase ATM
AND RAD3-RELATED (ATR) functions as a key regulator of the DNA
damage response rendering atr mutants hypersensitive to UV-B in
Arabidopsis [16]. Besides this, the mitogen activated protein kinases
(MAPK) MPK3 and MPK6 are triggered after exposure to DNA-dama-
ging agents in Arabidopsis; making the MPK3/MPK6 cascade an addi-
tional major pathway contributing to UV-B-induced DNA damage
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Table 1
UV-B influence on developmental processes.

Leaf area reduction [22,41-44]
Downward curling [41]

Leaf number reduction [58]
Higher trichome density [43,66-68]
Reduced hypocotyl extension [12,34-38]
UV-B phototropism [39,40]
Reduced root growth [77-79]
Delay in flowering time [43,71-73]

[17,19].

A summary of photomorphological changes induced by UV-B ra-
diation in plants is shown in Table 1. Even though the effect of UV-B on
developmental aspects of plant growth has been several times de-
scribed, the mechanistic details behind these changes are largely
missing. Recent revision articles have focused on different aspects of
UV-B responses in plants, including UV-B responses controlled by hor-
mones [3] and UVR8-mediated photomorphogenic responses [20,21],
therefore in this review examine the current knowledge of UV-B
mediated developmental reprogramming in plants, including UVRS8-
independent responses and identify areas of limited knowledge.

2. The influence of UV-B radiation on plant growth and
development

UV-B radiation can induce several plant photomorphogenic re-
sponses which appear to be adaptive, including hypocotyl growth in-
hibition, cotyledon curling, and rapid induction of the expression of a
variety of genes, including those involved in the synthesis of phenyl-
propanoid and flavonoid UV sunscreens [12,22-26]. After the identi-
fication of a UV-B specific photoreceptor, important advances in the
elucidation of the initial steps of signal transduction have been made.
UVRS8 acts as the primary chromophore for UV-B, in an analogous
manner to other well-characterized light receptors [27]. However,
UVRS is unique because it lacks a prosthetic chromophore to perform
photoreception; instead this photoreceptor senses UV-B light through a
triad of tryptophan residues present in this protein [11]. UVR8-medi-
ated signal transduction involves the action of the photomorphogenesis
response regulators COP1 [10,14] ELONGATED HYPOCOTYL 5 (HY5)
and HY5 HOMOLOG (HYH), two bZIP transcription factors [13,28]. In
the dark, HY5 is ubiquitinated by COP1 which acts as an E3 ubiquitin
ligase and therefore marks HY5 for degradation by the proteasome.
HY5 plays an important role during de-etiolation in the initiation of
photomorphogenesis as well as in UV-B signaling through UVRS. This
receptor localizes both in the nucleus and cytoplasm, when plants are
grown under white light, it exists as a dimer mainly in the cytoplasm,
whereas nuclear localization prevails after UV-B irradiation. This nu-
clear localization has been recently proposed to be mediated by asso-
ciation with COP1 [29,30]. Several genes are regulated by this pathway
shortly after UV-B exposure, including HY5 and HYH, which act
downstream of UVR8-COP1 and are required for most of the UVRS8-
dependent the transcriptional regulation [12,13,15].

The molecular mechanisms behind the UVR8-mediated transcrip-
tional changes are still not clear. Even though some evidence suggests
UVR8 associates to chromatin at certain loci [31], there is currently
some controversy on this subject [32]. ChIP experiments performed by
different authors failed to confirm direct UVR8-chromatin association,
therefore it was proposed that UVR8-COP1 could modulate gene ex-
pression through interaction with HY5 and HYH, without direct chro-
matin binding [32].

Analysis of UVRS signaling through expression from tissue-specific
promoters indicated that early steps occur tissue-autonomously and
require expression of UVR8 in epidermal cells, such as induction of HY5
expression, whereas expression of UVR8 from mesophyll cell is neces-
sary for the processed leading to protect adult plants from the damaging
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effects of UV-B, and the acclimation of adult plants require signaling
from mesophyll and epidermal cells simultaneously [33]. Amongst
others, the UVR8-mediated UV-B signaling pathway affects hypocotyl
growth, leaf morphogenesis, and phototropism, which are next de-
scribed in more detail. Even though UVR8-mediated responses are de-
scribed in numerous reports, we also include information about UV-B
signaling through alternative pathways.

2.1. UV-B radiation and hypocotyl elongation

Low levels of UV-B radiation inhibit hypocotyl growth in one of the
best characterized responses in Arabidopsis. This inhibition seems to be
a major developmental effect regulated by the UVR8 pathway. Involved
in this UV-B response are COP1, UVR8, and HY5, and the negative
regulators of  this pathway REPRESSOR OF UV-B
PHOTOMORPHOGENESIS 1 (RUP1) and RUP2, which are two highly
related WD40-repeat proteins and interact with UVR8 as strong re-
pressors of UV-B signaling [34]. Wild type plants show a significant
inhibition of hypocotyl growth after UV-B exposure, while uvr8 mutants
do not [12]; similarly, overexpression of RUP2 leads to a reduction in
UV-B-induced hypocotyl growth inhibition [34]. In addition to these,
the transcription factor FAR-RED ELONGATED HYPOCOTYL3 (FHY3),
together with HY5, has also an important role in the regulation of COP1
expression in the low UV-B photomorphogenic UV-B signaling. For
example, in the absence of FHY3, UV-B-induced inhibition of hypocotyl
growth is impaired [35].

UVRS8 not only mediates the inhibition of hypocotyl growth as a
consequence of UV-B exposure but also by small changes in ambient
temperature, called as thermomorphogenesis [36]. Thermo-
morphogenesis induces stem elongation and leaf elevation, which are
predicted to improve leaf cooling. UV-B perceived by UVR8 decreases
thermomorphogenesis via different mechanisms inhibiting the activity
of a bHLH transcription factor PHYTOCHROME INTERACTING FAC-
TOR 4 (PIF4), which up-regulates the biosynthesis of auxins that is
required to regulate plant growth under high temperature. This result
suggests that there is a crosstalk between UV-B and high-temperature
signaling, and that UV-B-mediated inhibition of hypocotyl elongation is
affected with growth temperature [36].

Nonetheless, UV-B not only induces photomorphogenic hypocotyl
growth inhibition via de UVR8 photoreceptor but also via DNA damage
responses at higher doses. For example, Arabidopsis mutants of the
endonucleases of the Nucleotide Excision Repair (NER) DNA repair
pathway (xpf-3 and uvrl-1) showed a higher inhibition of hypocotyl
growth by UV-B [37,38]. Therefore, increased DNA damage by UV-B
also results in hypocotyl growth inhibition after UV-B treatment in
Arabidopsis plants. Interestingly, at the high UV-B doses used in these
experiments, etiolated uvr8 mutants showed a similar inhibition of
hypocotyl growth as wild type seedlings, suggesting that under the
experimental conditions used, this photomorphogenic response is di-
rected by signals originating from UV-B absorption by DNA in-
dependently of the UVR8 pathway [38].

2.2. UV-B radiation and leaf responses

2.2.1. Phototropism and epinasty

Leaves are crucial organs for light capture and efficient photo-
synthesis; in consequence most plants are able to adapt their mor-
phology in order to achieve this function in the process known as
phototropism. Phototropins mediate this process in response to blue
and UV-A light, but orientation towards UV-B light requires UVR8 and
is independent from the phototropins PHOT1 and PHOT2 and the
phototropin-mediated signaling component NPH3 [39]. Interestingly,
UV-B through the UVR8 pathway seems to repress the expression of
auxin-responsive genes affecting directional bending. However, a re-
cent report indicates that at very low UV-B intensities, phototropins
mediate the response to UV-B in etiolated wild type seedlings, acting as
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the most important receptors for UV-B induced phototropism and sig-
naling by the UVR8 pathway becomes important when the phototropin-
dependent response is complete [40].

An additional leaf response induced by UV-B radiation is the
downward curling (or epinasty). In Arabidopsis thaliana, UV-B provokes
leaf epinasty of the edges of the blade in wild type plants, while this is
not observed in uvr8 mutants, suggesting that this photomorphogenic
effect is mediated by the UVR8 pathway after UV-B irradiation, with a
mechanism similar to that activated by phytocrome PHYB and its
downstream components PHYTOCHROME INTERACTING FACTORS
(PIFs) under red light [41]. Interestingly, under low levels of supple-
mentary UV-B, PHYB signaling is necessary for epinasty of the blade
edges. Moreover, downward leaf curling apparently rely on altered
auxin distribution, as auxin levels accumulate at the leaf blade edges in
the presence of UV-B [41]. Therefore, epinasty after UV-B exposure
seems to require the co-action of PHYB and UVRS signaling pathways,
both affecting auxin levels [41].

2.2.2. Leaf growth

One of the most consistent responses to UV-B exposure is the re-
duction in leaf area [22,41-43]. This reduction has been attributed to
both inhibition of cell division and decrease in cell expansion, which
seems to be a species-specific response [44]. Different data about UV-B
effects on cell proliferation and cell expansion seem to be contradictory,
but these inconsistencies probably reflect differences in experimental
conditions. For example, stress-inducing UV-B conditions that produce
DNA damage and necrosis generally inhibit cell proliferation, while
lower doses and/or chronic UV-B treatments can result in both inhibi-
tion of cell proliferation and expansion [9,45-53]. For example, fewer
epidermal cells were observed after UV-B exposure in wheat and pea
[52,54]; but UV-B radiation can also reduce epidermal cell expansion in
leaves of Arabidopsis thaliana [44]. Moreover, several reports have
shown that UV-B inhibits cell expansion in different plant species
[22,45,54-56].

Molecular details regarding the mechanism behind the reduction in
leaf area were provided for Arabidopsis plants. This process was de-
monstrated to be a result of inhibition of cell proliferation mediated by
the action of miR396, a microRNA responsible for the downregulation
of GROWTH REGULATING FACTORS (GRF) transcription factors [42].
miRNA396 levels are increased by UV-B in proliferating leaves, and this
induction parallels the decrease in GRF1, GRF2 and GRF3 transcripts.
Induction of miR396 results in inhibition of cell proliferation. Inter-
estingly, this response is independent of UVR8 and ATR, but dependent
on MPK3, which is activated by UV-B-induced DNA damage [42].
Hence, at intensities that can cause DNA damage in Arabidopsis, UV-B
radiation restricts leaf growth by inhibiting cell division in proliferating
tissues. Also, UV-B levels present in solar radiation inhibits maize leaf
growth as a consequence of a decrease in cell production in the mer-
istem of the developing leaf [57]. This decrease in the meristem size in
maize leaves by UV-B correlates with a decrease in the concentration of
gibberellins regulated by GRF1 and possibly other transcription factors
of this family [57]. Moreover, a reduction in plant total leaf number
was observed in some crop species, such as maize [58].

As described above, the reduction in leaf area by UV-B can be a
consequence of either a decrease in cell division or in cell expansion, or
both. Decreases in stem elongation by UV-B have also been reported for
different species [59-62]. Recently, Roro et al. demonstrated that the
reduction in shoot elongation and leaf area in pea in response to a daily
UV-B exposure was associated with decreased levels of gibberellins in
apical stem tissue and young leaves. However, it is not clear whether
the inhibition of shoot elongation in UV-B exposed plants is a direct
result of decreased cell expansion, or if cell division is also affected.

Characterization of the Arabidopsis mutant uvi4 (UV-B-insensitive 4)
indicated that the leaf cells of this mutant undergo one extra round of
endoreduplication [63]. While the total leaf blade area of uvi4 mutants
was similar to that of wild type plants throughout leaf development; the
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cell area in the adaxial epidermis was larger than that of wild type
leaves, demonstrating that the uvi4 leaves have fewer but larger epi-
dermal cells. Interestingly, tetraploid uvi4 Arabidopsis leaves were
more resistant to UV-B than diploid leaves, suggesting that en-
doreduplication (and as a consequence leaves with larger cells) can
increase UV-B tolerance [63]. However, the link of endoreduplication
with cell and organ growth and its regulation by UV-B radiation is not
completely understood. The atypical E2F transcription factor E2Fe/
DEL1 is an important regulator of the endocycle. Interestingly, E2Fe/
DELL1 is also a transcriptional repressor of PHRI, a cyclobutane pyr-
imidine dimer photolyase in Arabidopsis [64]. After UV-B exposure,
e2fe mutants show higher DNA repair than wild type plants and these
mutants resume endoreduplication faster than control plants. These
results lead to the conclusion that DNA damage after UV-B exposure
regulates ploidy-dependent cell growth in Arabidopsis, probably in-
dependently of the UVR8 photoreceptor pathway. Despite this, UVR8
has also been previously implicated in the regulation of endopolyploidy
in response to UV-B [45]; thus, it is possible that several UV-B in-
dependent pathways may converge to a common endoreduplication
regulator under UV-B conditions. In fact, UV-B radiation has been
identified as a significant positive climatic predictor for high en-
dopolyploidy; and Arabidopsis accessions with increasing en-
dopolyploidy also show higher tolerance to UV-B radiation, suggesting
that endoreduplication may be a UV-B tolerance mechanism that exists
in natural populations [65].

2.2.3. Trichome development

One of the strategies that plants have developed to avoid UV-B ra-
diation damage is the ability to produce UV-B absorbing compounds,
such as flavonoids and other phenolics, which are mainly located in
superficial tissues, including the trichomes [66,67]. In fact, trichome
density of leaves exposed to UV-B was reported to be higher than those
of shaded leaves, and leaf hairs in the exposed region showed a con-
siderably increased UV-B absorbing capacity [68]. The regulation of the
density of leaf trichomes by UV-B is GLABRA3 (GL3)-dependent; a
higher trichome density correlates with lower sensitivity to UV-B,
suggesting a shielding role for trichomes in exposed leaves [43]. Si-
milarly, an increase in the production of epicuticular wax was observed
for maize plants exposed to UV-B, which is also believed to have a
protective function [58]. The mechanistic details for these responses are
still unknown.

2.3. UV-B radiation and inflorescence development

The correct timing of flowering is of outstanding importance, since
it must ultimately result in the successful dispersal of seeds. In order to
achieve the tight regulation of flowering, multiple pathways have
evolved to integrate several environmental and endogenous cues
[69,70]. Changes in flowering time after UV-B exposure have been
described in several species including Arabidopsis, maize, Phaseolus
vulgaris and Vigna radiate [43,71-73]. A delay in flowering time was
observed in all cases, but no molecular details on the mechanism be-
hind it are currently known. UV-B also induces a decrease in in-
florescence height and an increase in the number of flowering stems in
Arabidopsis [9]. There is also very limited knowledge regarding UV-B
influence on flower development, and a few reports studying the effect
of this radiation on fruit development describe mainly changes in sec-
ondary metabolites composition [74,75]. These changes are often in-
terpreted as a consequence of the plant reallocating resources when
growing under the influence of UV-B radiation. In many species, re-
source allocation toward reproductive parts occurs only after the plant
reaches a certain mass, size or age [76].

2.4. UV-B radiation and root development

Roots are very important for the success of land plants, and several
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reports have shown that Arabidopsis plants have a UV-B-sensing me-
chanism in roots that regulate morphogenesis and early seedling de-
velopment [77]. In Arabidopsis wild type seedlings, UV-B exposure
causes an inhibition of primary root elongation. However, the root UVB
sensitive 1 (rus1) mutant has a primary root that is hypersensitive to UV-
B [77]. Interestingly, the roots but not other organs perceive the UV-B
signal responsible for root growth inhibition, and this response seems to
be independent of all other known plant photoreceptors. Arabidopsis
has a second gene that modulates root growth inhibition by UV-B,
RUS2, and rus2 mutants seedlings show similar phenotypes as rusl
seedlings under UV-B exposure, suggesting that the two proteins work
in the same pathway [78]. It has been proposed that RUS1 and RUS2
physically interact in a root UV-B-sensing pathway regulating early
seedling morphogenesis and development in Arabidopsis.

On the other hand, high levels of UV-B radiation also induce the
expression of cell cycle regulatory and DNA damage genes in
Arabidopsis roots, along with inhibition of primary root elongation
[79]. These results suggest that in roots, UV-B-induced DNA damage
may result in the delay of the G1-to-S transition of the cell cycle, which
might be a protective mechanism to prevents cells with damaged DNA
from dividing [79].

3. Conclusions

Several photomorphogenic responses are elicited after UV-B ex-
posure in plants, which are probably an adaptation to allow them to
survive under a hostile ambient. As described in this review, some of
these adaptive growth changes are mediated by the UV-B specific UVR8
photoreceptor pathway; however, many morphological effects are ac-
tivated by DNA damage responses independently of the UVR8 photo-
receptor (Fig. 1). Despite this, it is clear that some, if not most, pho-
tomorphological changes that occur after UV-B exposure in plants, can
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be provoked by different UV-B response pathways depending on the
intensity and/or duration of the exposure. Data discussed here show
that, for example, hypocotyl growth inhibition can be a consequence of
the activation of either the UVR8 pathway (see for example references
[12,34]) or a direct response after DNA damage caused by UV-B ex-
posure [37,38], being the activation of either pathways clearly depen-
dent on the UV-B intensities/doses used in the different experiments.
This is also true for the regulation of leaf growth [41,42] and the reg-
ulation of the entrance to the endoreduplication pathway [45,63] by
UV-B. It seems that UV-B responses through the UVR8 pathway (acti-
vated by low UV-B levels) and after DNA damage, through the activa-
tion of the ATR, the MPK3 and 6 and RUS pathways in the roots
(triggered after exposure of high levels of UV-B) converge to general
regulators of plant growth to provoke reprogramming of the necessary
developmental processes that would allow plants to complete their life
cycle under adverse or changing environmental conditions.

Even though some reports indicate that there is a cross-talk between
UVR8-mediated responses and the circadian clock, the knowledge is
still very limited [25,80,81]. It has been proposed that UV-B light en-
trains the clock through transcriptional activation of clock genes
mediated by UVR8 and COP1 [25] and that the clock could modulate
the plant sensitivity to UV-B stress at different times of the day [80].
Since the circadian clock regulates multiple factors that affect plant
growth and development, this is an interesting field of research that
could shed light into the influence of this cross-talk in the develop-
mental programs affected by UV-B radiation.

Interestingly, some of the photomorfological changes induced by
UV-B exposure seem to be also regulated and mediated by hormones,
such as the auxin requirement in UV-B induced phototropism [40] and
downward leaf curling [41]; or the role of gibberellins in inhibition of
leaf growth [57]. Although a crosstalk between UV-B light and hor-
mone responses in plants exist and it has been recently reviewed by

Fig. 1. UV-B influence on developmental processes
in plants. The developmental processes discussed in
this review are represented inside green rectangles.
UVR8-dependent processes are indicated in black,
UVR8-independent processes are represented in red
and those with unknown dependency on this re-
ceptor are represented in blue color. Arrows indicate
induction and blocked arrows represent inhibition of
the developmental process. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Vanhaelewyn et al. [3], in the future it would be interesting to further
investigate the connection between the hormone regulated pathways,
the low UV-B, UVR8 photomorphogenic activated pathway, and the
high UV-B, DNA damage activated morphogenic pathways, and see if
there is a common UV-B signal transductor that converge to the same or
different elements in hormone pathways to regulate photomorphogenic
changes by this radiation.
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