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In the course of evolution, plants have developed mechanisms that orient their organs toward the incoming light. At the
seedling stage, positive phototropism is mainly regulated by phototropin photoreceptors in blue and UV wavelengths.
Contrasting with this, we report that UV RESISTANCE LOCUSS8 (UVRS8) serves as the predominant photoreceptor of UV-
B-induced phototropic responses in Arabidopsis (Arabidopsis thaliana) inflorescence stems. We examined the molecular
mechanisms underlying this response and our findings support the Blaauw theory (Blaauw, 1919), suggesting rapid
differential growth through unilateral photomorphogenic growth inhibition. UVR8-dependent UV-B light perception occurs
mainly in the epidermis and cortex, but deeper tissues such as endodermis can also contribute. Within stems, a spatial
difference of UVR8 signal causes a transcript and protein increase of transcription factors ELONGATED HYPOCOTYLS5 (HY5)
and its homolog HY5 HOMOLOG at the UV-B-exposed side. The irradiated side shows (1) strong activation of flavonoid
synthesis genes and flavonoid accumulation; (2) increased gibberellin (GA)2-oxidase expression, diminished GA1 levels, and
accumulation of the DELLA protein REPRESSOR OF GA1; and (3) increased expression of the auxin transport regulator
PINOID, contributing to diminished auxin signaling. Together, the data suggest a mechanism of phototropin-independent
inflorescence phototropism through multiple, locally UVR8-regulated hormone pathways.

INTRODUCTION stimulates photoprotective pigment biosynthesis, entrains the
circadian clock, increases UV-B tolerance and survival,
strengthens defense responses, and has arole in the regulation of
UV-B-induced phototropism in seedlings (Tilbrook et al., 2013;
Jenkins, 2017). When exposed to UV-B, UVR8 monomerizes inthe
cytoplasm and then accumulates in the nucleus, where UV-B is
further needed for its activity, hence inducing downstream sig-
naling (Kaiserli and Jenkins, 2007; Yin et al., 2016). Key players of
the UVR8-mediated signaling pathway have been discovered,
including the E3 ubiquitin ligase CONSTITUTIVE PHOTOMOR-
PHOGENIC1 (COP1) and its target transcription factors ELON-
GATED HYPOCOTYL5 (HY5) and HY5 HOMOLOG (HYH; Ulm
et al., 2004; Brown et al., 2005; Oravecz et al., 2006; Favory et al.,
2009; Binkert et al., 2014; Yin et al., 2016). The well-established
model for UVR8 signaling stipulates that UVR8 prevents in-

Light is among the most important environmental cues that steer
plant development from germination to senescence. Plants are
able to detect light quality, intensity, and direction with photo-
receptors, each triggering suitable biological responses to opti-
mize growth and survival (Chen et al., 2004). Arabidopsis
(Arabidopsis thaliana) has a battery of photoreceptors that to-
gether perceive nearly the whole spectral range from the UV-B to
the far-red light part of the solar spectrum (Galvdo and Fank-
hauser, 2015), including the only UV-B (280 to 315 nm)-specific
photoreceptor known to date, UV RESISTANCE LOCUSS8 (UVRS;
Rizzini et al., 2011). UVR8 action inhibits hypocotyl elongation,
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teraction of COP1 with HY5, causing diminished breakdown of the
latter, leading to the activation of HY5 targets, including HY5 itself
(Tilbrook et al., 2013; Jenkins, 2017). Recently, it was also shown
that UVR8 can enhance HY5 transcription by binding to WRKY
DNA BINDING PROTEIN36 (WRKY36), which prevents HY5
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UVR8-Mediated Inflorescence Phototropism
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Background: Many plants can bend and turn towards light; this process is called phototropism. Ultraviolet-B (UV-B)
radiation is a natural part of sunlight and, similarly to blue light, it has the capacity to cause bending of young
Arabidopsis seedlings towards the UV-B source. Earlier studies showed that this mechanism is controlled by
specialized, light-absorbing proteins, the so-called photoreceptors. In this case, seedling bending towards UV-B is
governed by phototropin photoreceptors, which can also detect blue light, together with the UV-B-specific UVR8
photoreceptor. These photoreceptors control processes that lead to differential accumulation of the plant hormone
auxin between the irradiated and shaded sides on the plant, resulting in longer cells at the shaded side. This causes
bending toward the light.

—-—:-—:_

Question: Although considerable knowledge was available on young seedlings, we did not know much about the
phototropism of inflorescence stems in the adult plants. We tested how stems perceive and respond to UV-B by
studying Arabidopsis plants that lack UVR8 (uvr8 mutant) using molecular biology and microscopy techniques.

Findings: We found that the UV-B induced bending of the stem in the adult plant is mediated by the UVR8
photoreceptor, surprisingly, without significant contribution from phototropins. We have established that UVRS8 is
more active at the illuminated side of the stem compared to the shaded side. This leads to differential signaling
between both stem sides resulting in the accumulation of different levels of key signaling proteins and hormones that
locally trigger elongation to a different level and thus bending. We also observed that the different layers of the stem
contribute to the bending differently, with the outer layers being dominant. We showed that besides auxin, other plant
hormones are also required for stem orientation. Taken together our work revealed the molecular basis of a
mechanism that causes flowers to orientate towards a UV-B source.

Next steps: We would like to further elaborate on the missing steps of the mechanism that we report in this paper. It
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is also worth examining the biological role of UV-B-induced reorientation of inflorescence stems by performing

outdoor experiments.

transcription without UV-B irradiation (Liang et al., 2018). Thus,
UV-B causes stabilization and transcriptional induction of HY5
(Ulm et al., 2004; Oravecz et al., 2006; Huang et al., 2013). Typical
target genes for HY5 include flavonoid biosynthesis genes, such
as CHALCONE SYNTHASE (CHS) and FLAVONOL SYNTHASE
(FLS), that are upregulated by UV-B light. As a consequence,
induction of flavonoid synthesis contributes to the protection of
macromolecules against UV-B (Jenkins et al., 2001; Hollosy,
2002; Stracke et al., 2010b; Feheret al., 2011; Binkert et al., 2014).

It is well established that UV-B radiation causes photomorpho-
genicresponses that are often hormone dependent. UVR8 signaling
is indeed tightly linked to several signaling pathways, including
hormonal cascades (reviewed in Vanhaelewyn et al., 2016a). Auxin
is a well-known growth hormone in plants, which triggers cell di-
vision and cell elongation and regulates development, and has been
suggestedto be underthe control of UVR8 in seedlings (Hayes etal.,
2014; Vandenbussche et al., 2014; Fierro et al., 2015). Auxin is not
the only growth hormone that is linked to UVR8. Gibberellins (GAs)
are known to be responsible for enhancing germination and flow-
ering. and besides these functions, they also promote growth by
deactivating growth inhibitor DELLA proteins (Hauvermale et al.,
2012). GA2-oxidases play an essential role in controlling the levels
of bioactive GA in Arabidopsis by inactivating GA by 2j-
hydroxylation. GA2-oxidases are HY5 target genes; thus, UV-B
diminishes GA levels and growth through its effects on GA2-
oxidases (Ulm et al., 2004; Weller et al., 2009; Hayes et al., 2014).

Positive phototropism is often described as the directional
growth of plants toward light, which allows plants to optimize the
position of their photosynthetic tissues in accordance with the
incoming light (Whippo and Hangarter, 2006; Preuten et al., 2013;
Vandenbussche et al., 2014). Moreover, in many species, pho-
totropism contributes to flower position and thus influences

pollination (Serrano et al., 2018) as well as seed number and weight
(Stanton and Galen, 1989). The directional growth associated with
phototropism is established through decreased growth at the irradi-
ated side and stimulated growth at the shaded side of the stem (Christie
and Murphy, 2013). The action spectrum of phototropism was re-
corded between 280 and 500 nm light, revealing the main contributions
of UV-A and blue light (Baskin and lino, 1987; Christie and Murphy,
2013). UV-A and blue light are perceived by phototropins (Briggs and
Christie, 2002), yet these photoreceptors are also able to absorb and
respond to UV irradiation of shorter wavelength, including UV-B (Guo
etal., 2005), resulting in positive phototropism in seedlings (Figure 1A).
However, in etiolated seedlings in the absence of active phototropins,
aUV-B—controlled positive phototropic response occurs that is entirely
dependent on UVR8 (Vandenbussche et al., 2014; Vanhaelewyn et al.,
2016b). The latter needs auxin efflux and functional PINOID (PID;
Vandenbussche et al., 2014) but is masked in the wild type by pho-
totropin action (Vanhaelewyn et al., 2016b).

Arabidopsis has two phototropins, namely PHOTOTROPIN 1
(PHOT1) and PHOT2, that are highly similar in structure, amino
acid sequence, and domain organization (Harada et al., 2003).
Phot1 phot2 seedlings show complete lack of phototropism in
blue light (Sakai et al., 2001). Beyond the seedling stage, both
phototropins regulate phototropismininflorescence stemsin blue
light (Christie, 2007; Kagawa et al., 2009). Examination of heli-
otropism has led to the suggestion of the involvement of plant
hormones in the orientation of sunflower buds (Atamian et al.,
2016) and an important role for correct auxin signaling (Sato et al.,
2015). These findings suggest some degree of conservation re-
garding auxin dependence of tropisms at various stages of
development.

Although the existence of a light gradient within tissues has been
shown previously (Seyfried and Fukshansky, 1983; Day et al., 1993),
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Figure 1. Model for Seedling and Inflorescence Stem Bending to Unilateral UV-B light Radiation.

(A) Current state of knowledge about UV-B-mediated phototropism. PHOTSs are able to absorb and respond to UV-B irradiation and act as the predominant
UV-B photoreceptor, resulting in positive phototropism in etiolated seedlings. However, in the absence of active PHOTSs, a UV-B-positive phototropic
response exists that is UVR8 and HY5/HYH dependent that, in turn, alike PHOTSs affects auxin signaling (Eisinger et al., 2003; Christie and Murphy, 2013;
Goyal et al., 2013; Briggs, 2014; Vandenbussche et al., 2014; Jenkins, 2017b).

(B) Different from seedlings, UVRS8 is the dominant UV-B photoreceptor in inflorescence stems. Unilateral exposure to UV-B leads to unilateral UVR8
activation, inducing a strong accumulation of HY5 and HYH transcript and protein. These transcription factors regulate auxin efflux, GA catabolism, and
flavonoid biosynthesis. Unilateral UVR8 activity therefore inhibits growth at the irradiated side, whereas the shaded side can still elongate and thus allows
bending toward the UV-B source. Arrows next to auxins, GAs, or flavonoids indicate up- or downregulation.

it is only fairly recently that the sites of blue light perception for
seedling phototropism have been documented, indicating that
PHOT1 expression in the endodermal, cortical, or epidermal cells is
sufficient to result in phototropism (Preuten et al., 2013). This
highlights the importance of examining tissue-specific sub-
processes regarding light signaling cascades. Recent work dem-
onstrates that multiple cell types contribute to UV-B signaling, thus
provoking UVR8-mediated inhibition of hypocotyl elongation in
seedlings (Bernula et al., 2017; Vanhaelewyn et al., 2019a).
Much ofthe datain relation with phototropism are obtained from
work on hypocotyls of seedlings (Figure 1A). Despite the recent
advances in understanding the molecular mechanisms behind the
bending of etiolated seedlings toward UV-B (Vandenbussche
et al., 2014; Vanhaelewyn et al., 2016b), no reports have been

published about a similar response in inflorescence stems. Here,
we investigated the mechanisms of phototropism in response to
UV-B radiation in inflorescence stems of adult Arabidopsis plants.
We find, that in contrast to hypocotyls, UVR8 has a prominent
role in the UV-B-mediated phototropism of Arabidopsis in-
florescences and UV-B, perceived through UVR8, modulates
hormone pathways in the irradiated side of the stem, resulting in
stem bending toward the UV-B source. By combining physio-
logical experiments performed on a set of Arabidopsis mutants
with molecular and microscopy techniques, we provide evidence
of the action of UV-B on phototropism of inflorescences. We
demonstrate that the irradiation with unilateral UV-B triggers
differential UVR8 signaling across the stem, with higher signaling
state in the epidermis, cortex, and endodermis of the irradiated



side of the stem. In addition, enhanced inhibition of GA bio-
synthesis and alteration of auxin transport pathways at the irra-
diated side lead to differential growth, resulting in bending toward
the UV-B source (Figure 1B).

RESULTS

UVR8-Dependent Bending of the Inflorescence Stem

To investigate UV-B responses in inflorescence stems, we ex-
posed plants in the dark to 1.3 pmol m~2 s~ of unilateral UV-B,
hereafter referred to as UV-B treatment, and recorded the stem’s
position every 15 min by time-lapse photography. Unilateral UV-B
treatment caused bending of the wild-type inflorescence stems
toward the light source (Figure 2A). The kinetics of the bending
indicates that this response starts within an hour after onset of UV-B
treatment and appears biphasic, especially visible in the Arabi-
dopsis ecotype Columbia (Col) background, with the first phase
being completed in ~3 h when plants temporarily move slightly

A Col uvr8-6
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away from the light source (Figure 2B). Apart from the absence of
a biphasic response (quick positive phototropic response, followed
by an interruption before bending further), phototropin double
mutants (phot1 phot2) show a similar phototropic response com-
pared with the wild-type (Col) plants. Uvr8 mutants display a se-
verely impaired response. When neither phototropins nor UVR8 is
functional (phot1 phot2 amiUVRS), plants are fully unresponsive to
UV-B treatment (Figures 2A and 2B). Hence, UVR8 is the pre-
dominant photoreceptor for the phototropic response induced by
UV-B light radiation in inflorescence stems.

Because little is known about how UVR8 might control pho-
totropism, we focused on the involvement of the key players of
UVR8 signaling (Figure 2C). HY5 and HYH are well established as
transcription factors downstream of UVR8 (Brown and Jenkins,
2008); therefore, we tested their involvement in the response. Hy5
and hyh single mutant plants show similar phototropic changes
compared with the wild type. By contrast, the double mutant hy5
hyh displays a severely reduced bending capacity and rate after
the first hour of unilateral UV-B irradiation. After the first hour of
bending toward the irradiation, there is a second phase that nearly
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Figure 2. Phototropic Response of Arabidopsis Inflorescence Stems under Unilateral UV-B Irradiation.

(A) Photographs of Arabidopsis inflorescence stems having a height of ~5 cm that were exposed to unilateral 1.3 pmol m~2 s~' 311 nm irradiation for 24 h
(UV-B treatment). This UV-B treatment was given to four different genotypes: the wild type (Col), lack-of-function UVR8 mutant uvr8-6, phototropin double
mutant phot1 phot2, and the triple mutant phot1 phot2 amiUVR8. The direction of the UV-B irradiation is indicated by white arrows.

(B) and (C) Kinetic analysis of the phototropic bending response of the inflorescence stems upon UV-B treatment. The bending angle was quantified every
15 min for 8 h. UVR8-deficient lines (uvr8-6 and uvr8-7), phototropin double mutant with or without UVR8 (phot1 phot2 and phot1 phot2 amiUVRS,
respectively), hy5 and hyh single and double (hy5 hyh) mutants, and a quadruple mutant (phot7 phot2 hy5 hyh) are compared with the corresponding wild

type (Col and Ws). Error bars indicate st (n = 8).
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completely reverses the positive phototropic responses that
occurred in the first hour. The phot1 phot2 hy5 hyh quadruple
mutant responds similarly to phot1 phot2 amiUVR8 (Figures 2B
and 2C), suggesting that phototropins do play arole in the bending
response but their effect is masked by UVR8 action in the wild
type. Moreover, the complete insensitivity to unidirectional UV-B
observed in phot1 phot2 amiUVR8 and phot1 phot2 hy5 hyh
suggests that there is an interplay between phototropins and
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UVR8 photoreceptor pathways, involving a third factor other than
HY5 and HYH.

Differential Transcript and Protein Levels of UVR8 Signaling
Components within Inflorescence Stems

To investigate the spatial characteristics of the mechanisms
underlying the UVR8-induced phototropic stem bending, we
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Figure 3. Spatial Expression Differences in Arabidopsis Inflorescence Stems Exposed to Unilateral UV-B.

(A) and (B) Gene expression analysis by RNA-seq of the bending zone after 1.5 h of 1.3 umol m~2 s~' 311 nm unilateral UV-B treatment of Col and uvr8-6
stems. UVR8-regulated genes were selected. Genes with a logFC value higher than 1 and/or lower than —1 with a p-value < 0.05 were selected for GO
analysis. The logFC values of the overrepresented genes of the response to UV-B category (A) and the flavonoid metabolic process (B) are shown. With
positive values, induced and negative values repressed in Col, compared with uvr8-6. Error bars indicate se (n = 3).

(C) and (D) HY5 (C) and HYH (D) expression in inflorescence stems exposed to 1.3 pmol m—2 s~ of unilateral irradiation (UV-B treatment) for 1.5 h (T1.5), or
nonexposed inflorescence stems (T0) was determined by RT-gPCR. The irradiated side (I) was dissected from the shaded side (S). Nonexposed plants were
dissected longitudinally in two halves without specific positioning (1 and 2), both for the wild type (Col) and uvr8-6 mutants. Error bars indicate st (n = 3).
(E) Quantification of fluorescent HY5-YFP signal in the inflorescence stem cortex of the wild-type (Ler) or uvr8-1 plants expressing the ProHY5:HY5-YFP
transgene after 3 h of unilateral 1.3 umol m~2 s=' UV-B treatment. Error bars are st (n = 6). The superscript lowercase letters (a, b) indicate statistically
significant difference in YFP intensities across the inflorescence stems at the 0.05 level (p-value = 0.003) based on independent samples Kruskal-Wallis test.

A.U., arbitrary units.



developed assays to follow UVR8 signal activity. Transcriptome
analysis of the bending zone after 1.5 h of UV-B treatment of the
wild type (Col) and uvr8-6 was conducted using an RNA se-
quencing (RNA-seq) approach. Among those genes that showed
UVR8-specific regulation, we selected genes with a Log fold
change (LogFC) value higher than 1 and/or lower than —1 with
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p-value < 0.05 for Gene Ontology (GO) analysis (results in
Supplemental Data Set 1). The top 20 overrepresented GO cat-
egories clearly indicate a response to UV-B and the production of
secondary metabolites such as flavonoids and suggest that
hormones are involved in UVR8-specific regulation (Figures 3A
and 3B; Supplemental Figure 1). The UV-B response GO category

B
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Figure 4. Spatial HY5 Protein Accumulation Differences in UV-B-Exposed Arabidopsis Inflorescence Stems.

(A) CLSM image of transverse (left) and longitudinal (right) section of a UV-B-treated inflorescence stem taken from a transgenic Col plant expressing the
ProHY5:HY5-CFP transgene. White arrows indicate the direction of UV-B irradiation; red arrowheads point at selected nuclei containing HY5-CFP signal,
observed in the epidermis (ep), cortex (co), endodermis (en), and pith (pi). HY5-CFP accumulation is mainly observed on the irradiated side of the stem. Bar =
100 pm.

(B) High-resolution CLSM images of transverse section of a UV-B-treated inflorescence stem as described in (A). The CFP channel, bright-field + red
channel for autofluorescence (BF + R), and the overlay are displayed from both the irradiated and shaded side. The red arrowheads point at selected nuclei
containing HY5-CFP signal. Bar = 10 um.

(C) Same as described in (A) but using the uvr8-6 mutant background.

(D) Col and uvr8-6 plants having inflorescence stems of 5-cm height were irradiated with unilateral 1.3 umolm=2s~1 of UV-Bfor1.5h (T1.5) or 6 h (T6) or were
not irradiated (T0). Inflorescence stems were dissected, and total protein extracts were isolated from the shaded (S) and the irradiated (I) stem sides.
Immunoblot analysis was used to determine the level of endogenous UVR8 (top), whereas hybridization using ACTIN-specific antibody was applied as
loading control (bottom).
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included 15 genes, including ELIP2, CHS, RUP1, HY5, and HYH
(Figure 3A).

Because HY5 and HYH are differentially induced in uvr8 mutants
compared with the wild type (Brown and Jenkins, 2008) and we
observed phenotypic abnormalities in these loss-of-function
mutants (Figure 2C), we examined the expression patterns of
these genes in response to unilateral UV-B light. RT-gPCR assays
performed on longitudinally separated stems revealed that uni-
lateral UV-B causes HY5 and HYH transcript accumulation on the
UV-B-irradiated side compared with the shaded side of the stem
and that these responses require functional UVR8 (Figures 3C and
3D). We also examined the accumulation of HY5 protein using
ProHY5:HY5-YFP- and ProHY5:HY5-CFP-expressing lines. We
observed strong nuclear accumulation of HY5-yellow fluorescent
protein (YFP) and HY5-cyan fluorescent protein (CFP) proteins
on the irradiated side in transverse stem sections in the wild type,
but not in uvr8 background lines (Figures 3E and 4A to 4C;
Supplemental Figure 2). Examining the transverse and longitu-
dinal sections using confocal laser scanning microscopy (CLSM;
Figures 4A to 4C), we found that HY5-CFP accumulates to a high
level in nuclei located in the epidermis, cortex, endodermis, and
pith on the irradiated side, but not on the shaded side, of the stem.
Similar observations were made using HY5-YFP and HYH-YFP
(Supplemental Figures 2 and 3). The observed HY5 and HYH
accumulation is dependent on the induced UVR8 activity on the
irradiated side (Figures 4A to 4C), given that unilateral UV-B ir-
radiation does not cause differential UVR8 protein accumulationin
the inflorescence stems (Figure 4D).

GO of our transcriptome analysis indicated a strong enrichment
of UVR8-dependent regulation of flavonoid synthesis genes,
many of which are under HY5 control (Figure 3B; Sibout et al.,
2006). We performed RT-gPCR analysis of CHS and FLS1 and
found obvious UVR8-dependent upregulation of these flavonoid

Col | p—

Col S m

Col | p—

Normalized gene expression}>
Col1}

uvr8-6 2 |
uvr8-6 S |

OCHS
mFLS1

biosynthesis genes on the irradiated side of the stem after 1.5 and
6 h of UV-B treatment (Figure 5A; Supplemental Data Set 1). In
support of these data, diphenylboric acid 2-aminoethyl ester
(DPBA) staining of flavonoids (Stracke et al., 2010a) revealed
UVR8-dependent flavonoid accumulation, especially in the epi-
dermis and cortex of the irradiated side of those stems that
contained functional UVR8 (Figure 5B). In agreement with the
transcriptome data, the uvr8 mutants globally accumulated less
flavonoid in their tissues compared with the wild type, while only
minor flavonoid accumulation was observed at the shaded side of
the Col, associated with accompanied minor HY5 accumulation
on that side (Figures 4A and 4B).

UVR8 Expression in Different Cell Types Contributes to
Inflorescence Stem Bending

The UVR8-induced bending of the inflorescence stem prompted
us to investigate to what extent particular cell types in different
radial positions within the stem can contribute to UV-B-directed
phototropism. To this end, the YFP-UVR8 chimeric protein was
expressed under the control of promoters active in different tis-
sues in the uvr8-6 mutant background. The endogenous UVR8
promoter drives expression of the fusion protein (ProUVR8:YFP-
UVRS) in the epidermis, stomata, cortex, endodermis, and pith
(Figures 6A and 6B). Immunoblot analysis showed that the ex-
pression level of YFP-UVRS8 in this line is slightly lower than that of
endogenous UVR8 observed in Col (Figure 6C), possibly ex-
plaining the somewhat diminished bending response compared
with the wild type (Figure 6D). Despite the lack of observable
difference of the YFP-UVRS8 level across the stem after UV-B ir-
radiation (Figure 4D), the fusion protein proves to functionally
complement the uvr8-6 mutation (Figure 6D). Interestingly, both
ProML1:YFP-UVRS, active in the epidermis, and ProC1:YFP-

@
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Irradiated

uvr8-6 S |
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Figure 5. Asymmetric Accumulation of Transcripts Encoding Flavonoid Biosynthesis Enzymes and Flavonols.

(A) RT-gPCR analysis of CHS and FLS1 gene expression in stems irradiated with unilateral 1.3 pumolm=2s~"10f 311 nm UV-B light for 1.5h (T1.5) or6 h (T6) or
without UV-B exposure (T0). Irradiated side (I) was dissected from the shaded side (S); stems of nonexposed plants were dissected without orientation in two
halves (1 and 2), both for the wild type (Col) and uvr8-6 mutants. Error bars are se (n = 3).

(B) Comparison of flavonol content of the irradiated side versus the shaded side of Arabidopsis inflorescence stems after UV-B treatment for 12 h.
Transverse sections were made and mounted in DPBA and were documented by epifluorescence microscopy. The quercetin derivatives are visible as
yellow/orange; red shows autofluorescence. Arrowheads indicate chosen cells in the epidermis (ep), cortex (co), endodermis (en), phloem (P), and pith (pi).

Bar = 100 pm.
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Figure 6. Stem Bending Phenotype of the uvr8 Mutant Can Be Complemented in YFP-UVR8 Expression in Different Cell Types.

(A) Longitudinal sections made from Arabidopsis inflorescence stems demonstrate the expression pattern of YFP-UVR8 expressed under the control of
different promoters in the uvr8-6 background. Col and uvr8-6 are presented as controls. The presented images are the overlay of the green and bright-field
channels obtained from CLSM. Green color indicates the YFP signal; red color shows autofluorescence. A few representative nuclei containing YFP-UVR8
are marked in the epidermis (ep), stomata (st), cortex (co), endodermis (en), phloem parenchyma (pp), phloem companion cells (pc), and pith (pi). Bar =
100 pm.

(B) Transverse sections of the same stems as depicted in (A). The marked nuclei in different tissues are named also as in (A).

(C) Immunoblot analysis of UVR8 and YFP-UVR8 expression levels in the inflorescence stems. (Top) Result of the membrane hybridization using the anti-
UVR8 antibody, with the green arrowhead indicating native UVR8 and the orange arrowhead indicating YFP-UVRS8. (Bottom) Result ofimmune staining using
anti-ACTIN antibody, demonstrating the equal total protein amounts in the lanes.

(D) Kinetic analysis of the bending response of Arabidopsis inflorescence stems exposed to unilateral UV-B treatment. Inflorescence stem reorientation was
quantified overtime. Error bars show s (n = 8). The fullnames of the transgenic lines throughout this figure are as follows: ProML1, ProML1:YFP-UVR8/uvr8-
6; ProC1, ProC1:YFP-UVR8/uvr8-6; ProCAB3, ProCAB3:YFP-UVR8/uvr8-6; ProSCR, ProSCR:YFP-UVR8/uvr8-6; ProUVR8, ProUVRS8:YFP-UVR8/uvr8-6;
ProSUC2, ProSUC2:YFP-UVR8/uvr8-6.
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UVRS, active in the cortex, endodermis, and pith (Figures 6A and
6B), complement the mutant to a similar extent (Figure 6D), al-
though the two sets of plants have different YFP-UVR8 expression
levels (Figure 6C). In addition, ProCAB3:YFP-UVRS, which is
active in the cortex, endodermis, phloem parenchyma, and pith
(Figures 6A and 6C), displays a phototropic curvature profile most
similar to that of the wild type (Figure 6D). Its YFP-UVR8 protein
expression levels are indeed similar to what is observed in the wild
type and higher than in the ProC1:YFP-UVRS line (Figure 6C). The
response of these lines indicates that both the epidermis and
deeper layers contribute to UV-B perception for phototropism.
Interestingly, when UVR8 is solely expressed in the endodermis
(ProSCR:YFP-UVRS8), bending was still restored, yet highly di-
minished and without a clear biphasic character (Figure 6D).
Assuming tight control of transgene expression, the data show
that the epidermis, cortex, and endodermis can all serve as UV-B
perception sites for stimulating an UVR8-mediated phototropic
bending response.

Evaluation of the flavonoid accumulation in ProUVR8:YFP-
UVR8 (Supplemental Figure 4) and the wild type (Figure 5B) also
designates the epidermis and cortex as main sites of flavonoid
accumulation. Interestingly, we see clear flavonoid accumulation
in the endodermis of the irradiated side of the ProSCR:YFP-UVR8
line (Supplemental Figure 4), indicating that flavonoids are in-
duced in the tissue and cell type where UVR8 is active. Moreover,
this, in addition to the HY5 expression as a marker for the UVR8
signal (Figures 3C, 4A and 4B), indicates that UV-B light reaches
those deeper endodermal cells. We also evaluated the response of
the ProSUC2:YFP-UVRS line that, apart from the expected ac-
cumulation of the fusion protein in phloem companion cells, also
expressed YFP-UVRS8 in the outer layers of the cortex, with patchy
expression inthe endodermis (Figures 6A and 6B). Both in terms of
flavonoid accumulation and phototropic bending, this line com-
plemented the mutant phenotype to some extent (Figure 6D;
Supplemental Figure 4).

GA Activity Gradients Are Associated with UV-B-Induced
Phototropic Responses

GA inactivation by GA2-oxidases has been suggested to be
a target for UVR8 signaling in seedlings (Hayes et al., 2014). We
investigated whether the elongation-controlling hormone GA is
involved in the inflorescence stem phototropic response. Our
transcriptome data (Supplemental Data Set 1) indicate a strong
UVR8-dependent induction of GA20X7 and GA20X8 transcripts
1.5 h after the onset of UV-B treatment. This observation was
strengthened by the measurement of the transcript levels by RT-
qPCR showing increased accumulation of GA20X7 and GA20X8
mRNAs on the UV-B-irradiated side of those stems, which
contained functional UVR8 (Figures 7A and 7B). Enhanced GA20X
may contribute to decreased GA levels. Therefore, we determined
the GA concentration in longitudinally split stems and observed
a reduced amount of bioactive GA1 on the irradiated side com-
pared with the shaded side of the bending region (Figure 7C;
Supplemental Figure 5B).

Additionally, the nuclear accumulation of the DELLA protein
REPRESSOR OF GA1-3 (RGA; Achard et al., 2007) was evaluated
in the transverse sections of stems expressing ProRGA:GFP-

RGA, as an indicator of GA signaling. We clearly detected green
fluorescent protein (GFP)-RGA presence in the cortex and endo-
dermis predominantly on the irradiated side (Figures 7D and 7E).
This can be caused by a combination of protein stabilization due to
GA catabolism by the GA20X1 and GA20X8 enzymes and direct
transcriptional activation of the gene by HY5 (Lee et al., 2007).

Subsequently, we tested whether the presence of GA is im-
portant for UV-B-induced phototropic bending in the wild-type
inflorescence stems. We made use of a split stem base assay in
which two sides of the inflorescence stem are treated with a dif-
ferent compound to allow for differential inactivation or activation
of the GA pathway within the stem under UV-B treatment
(Figure 7F). Basal application of the GA biosynthesis inhibitor
paclobutrazol (PAC) at both sides of the stem almost completely
impairs the bending ability of inflorescence stems toward UV-B,
suggesting that GAs are necessary for the response. Moreover,
when GAS3 is applied at both sides of the stem, the bending is
visible, but is less than when PAC is administered at the irradiated
side and GAS at the shaded side. Notably, an artificial GA gradient
alone in the absence of unidirectional UV-B, as obtained by ap-
plying PAC on one side and GA3 on the other side does not yield
bending. These data suggest that differential GA levels, with low
levels at the irradiated side, enhance UV-B-induced phototro-
pism, but without unilateral irradiation stimulus, is insufficient to
cause bending. Thus, an additional phototropism-associated
signal is required for differential growth.

Differential Auxin Signaling Is Required for Normal
UV-B-Induced Phototropic Responses

A wide range of differential growth responses are regulated by
auxin (Leyser, 2018). Therefore, we also investigated auxin’s in-
volvement in the UV-B-induced stem bending through the use of
the synthetic auxin response reporters ProDR5rev:GFP (Benkova
etal., 2003) and ProDR5rev:3xVenus-N7 (Friml et al., 2003). These
reporters revealed a decrease in auxin signaling on the irradiated
side of the stems (Figures 8A and 8B; Supplemental Table 1),
suggesting that auxin is involved in the phototropic response.
Next, we examined the involvement in inflorescence bending of
auxin signaling components that are essential for tropisms in
seedlings, using seedling tropism defective mutants. Analysis of
the dominant gain-of-function mutant msg2/iaa19 and the double
loss-of-function mutant arf7 arf19 revealed that the functions of
INDOLE-3-ACETIC ACID INDUCIBLE19 (IAA19), AUXIN RE-
SPONSE FACTOR7? (ARF7), and ARF19 are most likely dis-
pensable for UV-B-mediated inflorescence stem phototropism.
Only the dominant mutant of IJAA7 (AUXIN RESISTANT2, axr2-1)
was unresponsive, illustrating the necessity of auxin signaling for
the response, yet with possible redundancy among ARFs
(Supplemental Figure 6A).

Tropisms frequently rely on auxin transport. The apical meri-
stemis often regarded as an auxin source. Removing the meristem
by decapitation was not sufficient to prevent UV-B phototropism
from occurring. However, these plants had a response that lacks
a biphasic character (Supplemental Figure 6B). Furthermore, we
examined the role of auxin transport in the UV-B phototropic
response by auxin transporter mutant analysis and again revealed
elimination of the biphasic character of the response by lack of
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Figure 7. Differential GA Signal Is Involved in UV-B-Induced Phototropic Responses.

(A) and (B) GA20XT (A) and GA20X8 (B) expression was determined in stems that were exposed to 1.3 umol m—2 s~ of unilateral UV-B irradiation for 1.5 h
(T1.5) or nonexposed (T0). The irradiated side (I) was dissected from the shaded side (S), and nonexposed plants were dissected longitudinally without
specific direction in two halves (1 and 2), both for the wild type (Col) and uvr8-6 mutants. Error bars are se (n = 3).

(C) GA1 content measured in stems after 3 h of UV-B treatment as described in (A) and (B). Error bars are st (n = 4). The superscript lowercase letters (a, b)
indicate statistically significant difference in the GA1 content at the 0.1 level (p-value = 0.084) based on an independent samples Kruskal-Wallis test.
(D) Transverse section of stems from pRGA:GFP-RGA/Ler plants after 4 h of UV-B treatment was examined using CLSM. A few representative nuclei
containing GFP-RGA are marked with red arrowheads in the cortex (co) and endodermis (en); the GFP channel, bright-field + red channel for auto-
fluorescence (BF + R), and the overlay are displayed from both the irradiated and shaded side. Bar = 10 um.

(E) Quantification of the RGA-GFP signal obtained by CLSM in the stem endodermis of pPRGA:RGA-GFP/Ler plants irradiated by unilateral UV-B. Error bars
indicate se (n = 12). The superscript lowercase letters (a, b) indicate statistically significant difference in GFP intensities across the inflorescence stems at the
0.05 level (p-value = 0.001) based on an independent samples Mann-Whitney U test. A.U., arbitrary units.

(F) Angle of curvature of the wild-type (Col) inflorescence stems with a split stem base that had PAC or GA treatment on either side and were subsequently
irradiated with unilateral UV-B (UV-B) or kept in white light (control). The measurement of stem curvature was done at the beginning (T0) and after 1.5 h of
irradiation (T1.5). Error bars indicate se (n = 7). The asterisks indicate statistically significant difference in the angle of curvature of inflorescence stems at T1.5
versus TO at the 0.05 level (p-value < 0.001) based on a Mann-Whitney U test.

carrier-mediated auxin influxin aux7 lax1 lax2 lax3 mutants, but no indicating a role for auxin efflux (Supplemental Figure 6D). We
overall reduction in bending (Supplemental Figure 6C). However, therefore scanned our transcriptome data for potential HY5 targets
when the wild-type stems were pretreated with the auxin efflux relating to auxin efflux (Supplemental Data Set 1) and found that 1.5h
inhibitor 1-N-naphthylphthalamic acid (NPA), bending disappeared, of UV-B treatment triggers the UVR8-dependent upregulation of PID,
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Figure 8. Auxin Gradient Is Established for UV-B-Induced Phototropic Responses.

(A) CLSMimage of expressing ProDR5rev:GFP/Col after 4 h of unilateral 1.3 umol m~2s~ 1 UV-B (UV-B treatment). Green colorindicates GFP. Bar = 100 um.
(B) Quantification of ProDR5rev:3xVenus-N7 in the epidermis after 4 h of UV-B treatment based on CLSM. Error bars indicate st (n = 9). The superscript
lowercase letters (a, b) indicate statistically significant difference in Venus-N7-intensities across the inflorescence stems at the 0.1 level (p-value = 0.002)

based on independent samples Kruskal-Wallis test. A.U., arbitrary units.

(C) RT-gPCR experiment of the PID gene expression in stems that were exposed to unilateral UV-B treatment for 1.5 h (T1.5) or nonexposed (T0). The
irradiated side (I) was dissected from the shaded side (S), and nonexposed plants were dissected longitudinally without specific direction in two halves (1 and
2), both for the wild type (Col) and uvr8-6 mutants. Error bars are se (n = 3).
(D) CLSM image of ProPID:PID-YFP/Col after 4 h of unilateral UV-B treatment expressed in Col stem. YFP signal is observed in the membranes of the
epidermis (ep), cortex (co), endodermis (en), and pith (pi). Green color indicates the YFP signal; yellow and red show autofluorescence. Bar = 100 um.
(E) Kinetic analysis of the bending response of the UV-B-treated wild-type (Col) and pid-74 mutant inflorescence stems. Stem orientation was quantified

over time. Error bars indicate se (n = 12).

a stimulator of auxin efflux (Lee and Cho, 2006; Zourelidou et al.,
2014). As PID is a potential HY5 target (Lee et al., 2007), we
tested the PID transcript accumulation and found high levels
at the irradiated side in the wild type, but not in the uvr8 mu-
tant (Figure 8C). We observed a similar pattern in the UV-
B-induced PID-YFP accumulation in the plasma membranes
of inflorescence stem cells of ProPID:PID-YFP/Col plants
(Figure 8D). Moreover, the pid-14 mutant shows a significantly
reduced bending response to unilateral UV-B radiation, which is
similar to that of uvr8 plants (Figures 2B, 2C, and 8E). Together,
these data suggest an active role for PID downstream of UVR8
and HY5 in regulating UV-B-induced phototropism.

DISCUSSION

Different Molecular Mechanisms Involved in the
Phototropism of Seedlings and Inflorescence Stems

Phototropism in plants is required for optimization of photosyn-
thesis and also helps many species to increase pollination effi-
ciency and reproductive success (Serrano et al., 2018). For several
decades phototropic responses have been well documented,
especially concerning the influence of blue light photoreceptors
(Liscum and Briggs, 1995, 1996; Kagawa et al., 2001). Blue
light-induced phototropic responses are regulated by the action



of phototropins in stem-like organs such as the hypocotyls, pe-
tioles, and inflorescence stems (Kagawa et al., 2009).

Our previous study showed that phototropins, which previously
were considered to be active in blue light, are the predominant UV-
B photoreceptors responsible for phototropic movements of the
seedling hypocotyl (Figure 1A; Vandenbussche et al., 2014).
Because of practical ease of use, most of the phototropism-
related experiments have been performed on etiolated seed-
lings, including those using UV-Blight (Vanhaelewyn et al., 2016b).
In this study, we discovered that the data obtained from hypocotyl
studies cannot be fully extrapolated to the more complex plant
organs such as inflorescence stems. Also, the difference between
etiolated tissue and lack of PAR radiation in the seedling assays
versus green tissue and presence of PAR radiation in stems may
contribute to the differences in UV-B responses.

Animportant difference between the phototropism of seedlings
and inflorescence stems is the importance of HY5 in the response.
In seedlings, HY5 alone is required for UV-B-mediated photot-
ropism (Vandenbussche et al., 2014), whereas in inflorescence
stems, we found redundancy with HYH (Figure 2C). Both HY5 and
HYH share the differential distribution pattern, with high levels at
the irradiated side of stems and very low levels at the shaded side
of stems (Figures 1B, 3C to 3E, and 4A and 4B; Supplemental
Figures 2 and 3). The unilateral differential accumulation of
photomorphogenesis-promoting transcription factors such as
HY5 and HYH fits in the model proposed by Blaauw (1919), who
states that during phototropism differential growth is caused by
unilateral inhibition of growth, thereby explaining at least part of
the bending response observed here. Such expression differ-
ences are indicative of a signal gradient that is established within
the plant and may be caused by different light penetration and
could therefore be less pronounced in etiolated seedlings than in
inflorescence stems. We found that this gradient is visible at
different levels of the UVR8 signaling pathway, ranging from the
induction of HY5/HYH to the accompanied accumulation of fla-
vonoids, and itis in good agreement with previous findings (Sibout
etal.,2006). Moreover, since HY5 and HYH also work downstream
of photoreceptors that perceive wavelengths longer than UV-B
wavelength, similar mechanisms to drive phenotypic outputs may
be expected at other wavelengths. This will of course depend on
the optical properties of the tissues, and differential responses
may be less pronounced for UV-B light, which penetrates less
deeply into plant tissues compared with longer wavelengths
(Markstadter et al., 2001; Qi et al., 2003).

UV-B Signaling Occurs Locally

Our data suggest that unilateral 1.3 pmol m=2s~1 UV-Biirradiation
can reach the endodermis and pith of the stem, thus reaching
radial cell layers of different identity where the UVR8 signal leads
to flavonoid accumulation (Figure 5B). Moreover, the UVR8-
dependent flavonoid accumulation appears to be controlled in
a tissue-autonomous manner (Supplemental Figure 4). These
results indicate that flavonoid synthesis happens locally, where
UV-B light was perceived, and that the transport of flavonoids
between tissues, as described between the shoot and the root
(Buer et al., 2007), is not particularly important across the in-
florescence stems. Similar observations were recently reported
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about UV-B-induced flavonoid accumulation in the cotyledons
and hypocotyls of young seedlings (Bernula et al., 2017;
Vanhaelewyn et al., 2019a). When it comes to regulation of growth
upon perception of a specific signal, some cell layers can be more
important than others (Savaldi-Goldstein et al., 2007). Along with
this finding, it is worth noting the exceptional effectiveness of the
small amount of epidermal UVR8 (ProML1:YFP-UVRS) in driving
a considerable bending response (Figures 6C and 6D), indicating
the privileged role of the epidermis in UV-B sensing and signaling.
This is in good agreement with the UVR8-dependent photo-
morphogenic responses found in seedlings (Bernula et al., 2017;
Vanhaelewyn et al., 2019a). However, the best complementation
of the uvr8 mutation for bending was seen in those lines where
UVR8 was expressed at high levels in the cortex cells. Along with
this finding, we noted that both HY5 and HYH accumulate in the
epidermis and cortex cells upon UVRS8 activation (Figures 4A and
4B; Supplemental Figures 2 and 3); thus, it is tempting to link these
cell types with the bending response redundantly controlled by
these factors (Figure 2C). To fully complement the mutant phe-
notype, significant contributions of epidermal and endodermal
expression of UVRS are also necessary.

UV-B Signaling Connects to Auxin Transport Machinery

The decreased signal observed in ProDR5rev-based synthetic
auxin response reporters and the accumulation of PINOID auxin
efflux transporter (Lee and Cho, 2006; Zourelidou et al., 2014) at
theirradiated side of the stem and PINOID’s key role in the bending
itself, underline the role of auxin transport for tropic growth
(Figure 8). These results suggest the importance of the PID/WAG-
mediated repolarization of PIN proteins, which was already shown
to be essential for phototropic responses (Ding et al., 2011). In
hypocotyls, PIN3 polarity is aligned with the direction of the light
stimulus and probably directs the auxin flow toward the shaded
side, where auxin induces growth and thus a bending response of
the hypocotyls toward the light (Ding et al., 2011). Although PIN3
together with PIN7 appear as primary auxin transporters in
inflorescence stems (Bennett et al., 2016), their involvement in
UV-B-stimulated inflorescence phototropism remains to be seen.
Furthermore, another class of proteins comprising auxin efflux
regulators, the ABCB transporters, deserves particular attentionin
this phototropic response, since they are targets for flavonol
control (Bouchard et al., 2006; Bailly et al., 2008). Flavonoids were
shown to inhibit auxin transport in inflorescence stems, hypo-
cotyls, and roots and to influence tropisms (Brown et al., 2001;
Peer and Murphy, 2007; Lewis et al., 2011). For example,
asymmetric distribution of flavonoids modulates asymmetric
auxin transport and drives root gravitropism (Santelia et al., 2008)
and root phototropism (Silva-Navas et al., 2016). It is therefore
tempting to speculate that the unilateral accumulation of fla-
vonoids at the illuminated side of the inflorescence stems may
cause a unilateral block in auxin transport, thus further contrib-
uting to the bending response.

Mobile signals such as hormones are transported to the
responding cells from distant tissues to initiate phototropic growth
responses. The apical meristem is often referred to as an excellent
source of auxin; hence, it is not surprising that decapitated in-
florescence stems have slower kinetics of bending than intact
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stems, including the lack of a biphasic character of the response
(Supplemental Figure 6B). It is even more interesting that de-
capitated stems still bend well toward UV-B , suggesting that the
apex as auxin source in the short term is dispensable for in-
florescence phototropism, and the majority of the response may
be controlled in the bending stem tissue itself. The biphasic
character in the wild-type Col-0 in the presence of an intact
meristem and auxin transport machinery (Figure 8E; Supplemental
Figure 6) suggests pulsed auxin flow from the meristem into the
stem during the response, contributing to a quicker response. At
this point, we do not know whether this is an overlap with nutations
coinciding with stem growth (Britz and Galston, 1983). We also
noted the different bending characteristics of Col and Wassi-
lewskija (Ws) ecotypes, the latter of which shows no biphasic
curve. We speculate that this phenomenon is the result of dif-
ferences in auxin levels between the two ecotypes, which could be
caused by the phytochrome D deficiency of Ws (Aukerman et al.,
1997). Phytochromes have already been found to affect the ki-
netics of the inflorescence bending toward blue light (Kumar and
Kiss, 2006), but their contribution to phototropism in UV-B re-
quires further investigation.

Concerted Hormonal Action Leads to Stem Bending under
UV-B Irradiation

While auxins have been shown to operate mainly in the epidermis
oftheroot, the situation in the shoot is less clear, even though also
here the epidermis has been suggested as determining tissue for
auxin-driven growth (Procko et al., 2016). The latter was also
indirectly confirmed by recent work that maps the site of ethylene
action as a fine-tuner of auxin-induced growth to the epidermis of
bothrootandshoot (Vasevaetal.,2018). In contrast to auxins, GAs
are believed to exert their effect on growth in the endodermis
(Ubeda-Tomas et al., 2009; Shani et al., 2013). The UVR8-
dependent upregulation of the GA signal inhibiting DELLA pro-
teins at the irradiated side in endodermis and cortex (Figure 7D)
overlaps with this zone of activity and may therefore indicate
a direct control of growth by light. Both UVR8-regulated GA20X1
and GA20X8 are likely direct HY5 targets (Lee et al., 2007).
Therefore, HY5 (redundantly with HYH) may function on one hand
by inhibiting the GA signal through upregulation of GA2-oxidases
GA20X1 and GA20X8 (Figure 7; Supplemental Data Set 1) and on
the other hand by depleting intracellular auxin by increasing the
expression of PID (Figures 8C and 8D). In addition, HY5 is known to
promote the expression of negative regulators of auxin signaling,
which is consistent with HY5 acting as a signaling hub linking light
and hormone signaling (Cluis et al., 2004). The bending assays
also indicate that the less studied homolog of HY5, HYH, may
function similarly under UV-B (Figure 2C). Although both auxins
and GAs are established growth stimulators, only auxin appears to
limit the differential regulation of growth. The UVR8 control of
hormone-regulated phototropism thus appears to differ mecha-
nistically from that of the phototropins, which depend mainly on
lateral auxin distribution (Ding et al., 2011). Depending on the fate
of auxin upon leaving the cells at the irradiated side in a PID-
dependent manner, our data may also support the model of Went
(1926) and Cholodny (1927), stipulating that phototropic bending
is caused by the lateral distribution of the growth hormone auxin. If

this is the case, then both the Blaauw and the Cholodny-Went
models could be unified in the inflorescence stem. All of our data
are summarized in a model in Figure 1B.

Functional Aspects of Hypocotyl and Stem Bending

These observations indicate a stark contrast between the
UV-B-induced photomorphogenesis of inflorescence stems
(Figure 1B) and seedling hypocotyls (Vandenbussche et al., 2014).
Whereas the contribution of phototropins dominates the response
of the hypocotyl bending, their role in the stem bending of adult
plants is almost negligible and UVR8 primarily governs the re-
sponse to UV-B. From a mechanistic viewpoint, this response is
not controlled by changes in gene expression of the photo-
receptors, as the level of UVR8, PHOT1, and PHOTZ2 expression
remains rather constant during the plant’s life cycle (Supplemental
Figure 7; Schmid et al., 2005; Winter et al., 2007). Instead, changes
in the function of these proteins during the plant’s life cycle may be
ecologically significant. Thus, early in the plant’s life cycle, pho-
totropins direct etiolated seedlings in their search of light for
photosynthesis through phototropic curvature, leaf positioning,
leaf flattening, stomatal opening, and chloroplast relocation (Inoue
et al., 2010). Inflorescence stems, however, are parts of a usually
well-established photosynthetically active plant and have re-
production as an additional key function. UV-B radiation is a light
signal that can help plants to locate gaps in the canopy and in-
crease their exposure to sunlight (Mazza and Ballaré, 2015). In-
creased exposure is often discussed in the context of light capture
and photosynthesis but can also be important to maximize flower
visibility and to increase inflorescence temperature, which are
important factors in the context of plant-pollinator interactions
(Serrano et al., 2018). UV-B irradiation is also known to induce the
synthesis of floral volatiles to attract specific pollinators in some
species (Falara et al., 2013; Amarasinghe et al., 2015) and
flavonoid-derived pigments that are determinants of flower color
(Khoo et al., 2017; Serrano et al., 2018). Hence, if the phenomenon
of inflorescence phototropism that we have described in Arabi-
dopsis is common in other species, UV-B radiation could be an
important environmental factor regulating inflorescence de-
velopment and plant reproductive success in patchy canopies.

METHODS

Plant Materials, Molecular Cloning, and Generation in
Transgenic Plants

We used the following genotypes of Arabidopsis (Arabidopsis thaliana) in
the study: uvr8-6 (Favory et al., 2009), phot1-5 phot2-1 (Kinoshita et al.,
2001), phot1 phot2 amiUVR8 (Vandenbussche et al., 2014), auxlax1-
lax2lax3 (Bainbridge et al., 2008), nph4arf19 (Okushima et al., 2005), msg2-1
(Tatematsu et al., 2004), axr2-1 (Timpte et al., 1994), ProDR5rev:GFP/Col
(Benkova et al., 2003), ProDR5rev:3xVenus-N7/Col (Friml et al., 2003), and
pid-14 (Huang et al., 2010) were in Col-0 ecotype, whereas the hy5-KS50,
hyh, hy5 hyh (Holmet al., 2002), and uvr8-7 (Favory et al., 2009) mutants are
in Ws ecotype. Phot1 phot2 hy5 hyh was isolated from the F3 of a cross
between phot1 phot2 and hy5 hyh. The ProHY5:HY5-YFP/hy5 (in
Landsberg erecta [Ler] background; Oravecz et al., 2006), was a kind gift of
Roman Ulm, whereas ProHY5:HY5-YFP/uvr8-1 was obtained by crossing.
GFP in the ProHY5:HY5-GFP pPCV812 vector (Kirchenbauer et al., 2016)
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was exchanged to the CFP coding region (Smal-Sacl fragment), resultingin
the ProHY5:HY5-CFP pPCV812 binary vector, which was used to trans-
form Col and uvr8-6 lines. ProHY5:HY5-CFP pPCV812 was then used to
introduce the promoter and coding region of HYH (Hindlll-BamHI| and
BamHI-Smal fragment, respectively), resulting in the ProHYH:HYH-YFP
pPCVB binary vector, which we used to transform Col and uvr8-6 lines. The
ProML1:YFP-UVR8/uvr8-6, ProCAB3:YFP-UVR8/uvr8-6, ProSUC2:YFP-
UVRS8/uvr8-6, and ProUVR8:YFP-UVR8/uvr8-6 were described previously
by Bernula et al. (2017). The ProC1:YFP-UVR8 and ProSCR:YFP-UVR8
constructs were made in the following way: Gateway compatible primers
with attB sites adjoining the YFP-UVR8 fragment (Bernula et al., 2017) were
amplified in a Phusion High-Fidelity DNA Polymerase (Thermo Fisher
Scientific — Life Technologies) PCR reaction. BP reaction was performed
according to the standard Invitrogen protocol with a pDONR201 vector
(Thermo Fisher Scientific — Life Technologies). The C7 (AT1G09750) and
the SCR (AT3G54220) promoters were provided as pENTRP4-P1R-ProC1
(Preuten et al., 2013) and pENTRP4-P1R-ProSCR (Abbas et al., 2018)
vectors and were both a kind gift from Miguel Blazquez (Valencia, Spain).
LR reaction was performed according to the standard Invitrogen protocol.
Plants were transformed with the pH7m24GW-ProSCR:YFP-UVR8 and
PH7mM24GW-ProC1:YFP-UVRS8 binary vectors using the floral dip method
(Clough and Bent, 1998). We raised 15 to 20 independent transgenic lines
containing each construct and selected those that segregated regarding
the transgene as a single Mendelian trait. We studied at least three in-
dependent lines with similar results.

General Growth Conditions

For the bending assays, plants were initially sown on Jiffy peat pellets
(Intergrow NV), initially supplemented with 1:500 Wuxal Super N8-P8-K6
N,P,K (OptimAgro). Constant growth conditions of 22°C and 70% humidity
in 16-h-light/8-h-dark light cycles using 65 umol m=2 s~ of white light in
a white-walled Weiss WK21’ growth chamber (Weiss Technik) were
maintained during the vegetative and early flowering stage of the plants.

Kinetics of Bending

Four hours after dawn, plants having a primary inflorescence stem of 5 to
7 cmin height were transferred to a growth room with black walls providing
a constant temperature of 22°C. Inflorescence stems were exposed to
unilateral 311 nm UV-B from a TLO1 lamp (Philips) filtered through two
layers of cellulose acetate film (Jurgen Rachow) for UV-B treatment, to
remove all radiation below 295 nm, yielding 1.3 pumolm~—2s~1(0.5 Wm~2) of
UV-B light. Plants were photographed every 15 min by a webcam-based
time-lapse photography system with focal plane parallel with the incoming
unilateral UV-B (Vandenbussche et al., 2010; Vanhaelewyn et al., 2019b).
The obtained images were analyzed using the angle measurement tool of
Imaged (National Institutes of Health). The angle of curvature is defined as
the angle between the upper end of the inflorescence stem and the vertical
lower part and can thus be seen as deviation from the vertical, with 0° being
vertical, 90° being horizontal and directed toward the light source, and
—90° being horizontal and directed away from the light source.

Sectioning and Microscopy

After UV-B treatment, the inflorescence stems were stained with Calcofluor
Fluorescent Brightener 28 (Sigma-Aldrich) at the shaded side and left to dry
for at least 1 min, using a paint brush before sectioning the plant material.
Next, the bending region was excised from the inflorescence with a razor
blade and side branches and leaves were removed. Subsequently, a cy-
lindrical transparent support was filled with a liquid 7% low melting point
agarose solution (Sigma-Aldrich) and the plant material was quickly em-
bedded in the agarose, which solidifies in less than 10 min. The plant
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material was positioned vertically, permitting perpendicular positioning in
a vibrating microtome (HM560, Thermo Fisher Scientific — Life Technol-
ogies). Sections of 100 um were cut during all experiments. The sections
were analyzed using a confocal laser scanning microscope (EZC1, Nikon),
applying the same gain, laser, and pinhole settings (150 um, 1.2 aperture
size), resulting inimages containing no saturated pixels and allowing signal
comparison between samples. We determined the nuclear fluorescent
signal both on the irradiated and shaded sides of the stems, setting the
irradiated side of UV-B-treated plants as a reference for maximum signal.
GFP or YFP was detected using 488 nm excitation lightanda515to 530 nm
bandpass filter, and CFP was detected with 405 nm excitation light and
a 515 to 530 nm bandpass filter. Nuclear signal was quantified in the green
channel of at least 10 nuclei for each orientation, allowing to distinguish the
nuclear fluorescent signal from autofluorescence (red channel) at both the
irradiated and the shaded side of the stem taken from at least 10 individual
plants using CLSM Advanced Research analysis software (Nikon). All
calculations were done in Microsoft Excel.

RNA Sequencing

Col and uvr8-6 Arabidopsis inflorescence stems of 5 to 7 cmin height were
harvested, after 1.5 h of unilateral 1.3 pmol m~2s~1311 nm exposure. The
top and the bottom 1 cm of the stems and also the leaves were removed,
resulting in a 3-cm-long sample that was promptly frozen in liquid nitrogen.
Each sample contained three to four stems originating from different plants.
Triplicate sampling was performed, and each of three samples was treated
and harvested on different days. Plant tissues were homogenized by the
use of a ball mill (Retsch). RNA was extracted with the RNeasy Mini kit
according to the manufacturer’s instructions with on-column DNase
treatments (Qiagen). RNA-seq was performed on poly(A) tailed molecules
by VIB Nucleomics Core, with a NextSeq500 platform, using a TruSeq
library prep kit (Illumina). Artifact reads (all but three bases in the read equal
one base type), poly(A) reads (>90% of the bases equal A), low-quality
reads (>50% of the bases <Q25), and ambiguous reads (comprising N)
were removed. More than 4 million fragment reads per sample remained
after trimming and preprocessing. These fragments were aligned with the
Arabidopsis genome in The Arabidopsis Information Resource (TAIR
10.21). Reads from the alignment that are nonprimary mappings or have
amapping quality =20 were removed with Samtools 1.1 (Sourceforge.net).
Approximately 94% of the fragments could be mapped after filtering.
14,276 unique sequences were left out for which all samples have less than
1 counts per million (absent genes), leaving 19,326 genes. The GC-content
was fixed per sample with the EDASeq package from Bioconductor
(Bioconductor.org), allowing full quantile normalization on bins of GC-
content. Correction for sample-specific variation was also done with the
Bioconductor EDASeq package. Subsequently, a statistical analysis of
expression differences was performed on each gene. The resulting
p-values were corrected for multiple testing with Benjamini-Hochberg
adjustment to control the false discovery rate. Once p-values were
computed, all genes with a logFC above or below 1 or -1, respectively with
ap-value < 0.05 were selected. The Unique gene identifier (Gene ID), Gene
name, logFC (the log,-ratio as calculated by edgeR) and PValue (the
p-values of the likelihood ratio test, as calculated by edgeR) are indicated in
Supplemental Data Set 1. Negative logFC values have induced gene
expression in Col versus uvr8-6 and vice versa. GO was performed with
BiINGO (Maere et al., 2005).

RT-qPCR Split Stem Experiment

Arabidopsis inflorescence stems were treated and harvested as described
under “RNA Sequencing,” but the irradiated side and shaded side of the
inflorescence stems were separated longitudinally with a scalpel after the
UV-B treatment. Each sample consists of a pool of three stems that
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received the same light treatment and were promptly frozen in liquid ni-
trogen. RNA was prepared using Qiagen RNeasy Plant Mini kits (Qiagen),
and cDNA was synthesized using the cDNA Verso kit (Thermo Fisher
Scientific — Life Technologies) according to the manufacturer’s in-
structions. qRT-PCR was performed using the SyGreen (qPCRBIO) gPCR
kit. Reactions were performed in an iCycler thermal cycler and an iQ5
optical system (Bio-Rad) as optical module for multicolor signal detection.
Data were analyzed with QBase software (Biogazelle; Hellemans et al.,
2007), where expression values were normalized with reference genes
At4G34270, AT4G26410, AT1G18070, and AT1G69960. The relative ex-
pression levelis automatically calculated in Qbase +. Primer sequences are
indicated in Supplemental Table 2.

In Situ Flavonoids DPBA Staining

Arabidopsis inflorescence stems were exposed to 1.3 umolm—2s~' of 311
nm unilateral UV-B for 12 h. Transverse sections were made using
a double-bladed platina-coated razor blade. The sections were mounted
on microscope slides in DPBA staining solution consisting of an aqueous
solution of 0.25% (w/v) DPBA and 0.00375% (v/v) Triton X-100 (Stracke
et al., 2010a). After 5 min of staining, the samples were analyzed and
photographs were taken using a Rebel camera (Canon) mounted on
aAxiovert 200M inverted microscope (Zeiss). Excitation light was provided
using a tungsten light source supplied with a 365 nm filter. Emission was
detected using a 420 nm long pass filter (Zeiss filterset 02).

Plant Protein Isolation and Immunoblot Analysis

Parts similar to the 5-cm-high inflorescence stems used for RNA isolation
were collected and snap-frozen in liquid nitrogen. The samples were
ground using 5-mm glass balls in aMixer Mill (MM301, Retsch). The
subsequent total protein isolation and immunoblot analysis procedures
were described previously by Bauer et al. (2004). The applied anti-UVR8
antibody was also used as described previously by Heijde and Ulm (2013).
The signal was detected using Immobilon Western Chemiluminescent HRP
Substrate (Millipore) according to the manufacturer’s instructions. Anti-
ACTIN antibody (catalog no. A048, batch no. 054M4805V, Sigma-Aldrich)
was used in a dilution of 1:10,000 to check the equal amount of proteins
between the different lanes.

GA Measurements

Samples (~20 mg fresh weight) were MagNaLysed (Roche) and extracted
overnight in acidified methanol, pH 4 (80:20, methanol:5 mM formic acid).
As internal tracers, d2-GA,, d2-GA,, d2-GAg, d2-GA,, d2-GA, 5, d2-GA,,
d2-GA,,, and d2-GA,q (20 pmol each, Olchemim Lth) were added. After
purification on a C18 cartridge (500 mg, Varian), samples were derivatized
with  N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (Sigma-Aldrich;
1 mg/sample, at pH 4, 1 h, 37°C under continuous shaking, Eppendorf
thermomixer) and analyzed by ultra-performance liquid chromatography-
tandem mass spectrometry (ACQUITY, TQD, Waters) using an ACQUITY
BEH C18 column (2.1 X 50 mm, 1.7 mm, Waters).

Pharmacological Treatments

Four hours after dawn, the Col wild-type 5- to 10-cm stems were cut from
their rosette and subsequently put in 1.5-mL microcentrifuge tubes con-
taining tap water and the respective biochemical or solvent, so that ap-
proximately the basal 1 cm was submerged. For split stem base assays, the
stem was sectioned in two equal halves from the base to 1.5-cm height.
Each half was submerged to 1 cm from the base into microcentrifuge tubes
containing the respective solution (200 uM PAC, 100 uM GA;, and 100 uM
NPA). Subsequently, stems were exposed to unilateral 1.3 umol m=2s~1

UV-B or kept in control conditions (5 umol m~2 s~ uniform abaxial white
light) for 1.5 h. Bending of the stems was followed using time lapse
photography and subsequent image analysis in Imaged. NPA was pur-
chased from Greyhound and PAC and GA; were from Sigma-Aldrich.

Statistical Analysis

Statistical analyses were performed with SPSS 25.0 (IBM SPSS). Data
analyses included bivariate nonparametric tests (i.e., independent samples
Kruskal-Wallis test and Mann-Whitney U test), with the output detailed in
Supplemental Data Set 2.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers NM_125781.4 (UVR8), NM_126218.3
(RGA), NM_129019.5 (PID), AB005456.1 (HY5), AF453477.1 (HYH),
AJ132435.1 (GA20X1), NM_118239.3 (GA20X8).

Supplemental Data

Supplemental Figure 1. Top 20 overrepresented biological process
GO categories of UVR8-regulated genes in Arabidopsis inflorescence
stems. Supports Figures 3A and 3B.

Supplemental Figure 2. HY5-YFP accumulates on the irradiated side
of UV-B-exposed Arabidopsis inflorescence stems. Supports Figures
4A and 4B.

Supplemental Figure 3. UVR8-dependent HYH induction. Supports
Figure 3D.

Supplemental Figure 4. Flavonol accumulation in the inflorescence
stems of plants expressing YFP-UVRS in different cell types. Supports
Figures 5 and 6B.

Supplemental Figure 5. Gibberellin accumulation in UV-B-exposed
inflorescence stems. Supports Figure 7C.

Supplemental Figure 6. Particular auxin signaling and transport
components are important for Arabidopsis inflorescence stem bend-
ing. Supports Figure 8.

Supplemental Figure 7. Expression levels of UVR8, PHOT1 and
PHOT2 at two stages of plant development under continuous light
conditions.

Supplemental Table 1. Comparison of the fluorescence intensity ratio
of the shaded vs irradiated side of UV-B-exposed inflorescence
stems.

Supplemental Table 2. Oligonucleotides used in the study.

Supplemental Data Set 1. RNaseq transcriptome data set of the
bending zone after 1.5 h of UV-B treatment of the wild type (Col) and
uvr8-6.

Supplemental Data Set 2. Output of the statistical analysis from
Figures 3E, 7C, 7E, 7F, and 8B.
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