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The roles of photoreceptors and their associated signaling mechanisms have been extensively studied in plant photo-
morphogenesis with a major focus on the photoresponses of the shoot system. Accumulating evidence indicates that
light also influences root growth and development through the light-induced release of signaling molecules that travel
from the shoot to the root. We explored whether aboveground light directly influences the root system of Arabidopsis
thaliana. Light was efficiently conducted through the stems to the roots, where photoactivated phytochrome B (phyB)
triggered expression of ELONGATED HYPOCOTYL 5 (HY5) and accumulation of HY5 protein, a transcription factor that
promotes root growth in response to light. Stimulation of HY5 in response to illumination of only the shoot was re-
duced when root tissues carried a loss-of-function mutation in PHYB, and HY5 mutant roots exhibited alterations in root
growth and gravitropism in response to shoot illumination. These findings demonstrate that the underground roots
directly sense stem-piped light to monitor the aboveground light environment during plant environmental adaptation.

INTRODUCTION
Light regulates virtually all aspects of plant growth and developmental
processes throughout the life cycle (I). Various photoreceptors perceive
a wide range of light wavelengths, such as ultraviolet (UV), blue (B), red
(R), and far-red (FR), to monitor the plant’s environment. The roles of
photoreceptors and their associated signaling mechanisms have been
extensively investigated mostly in the light-induced changes (photo-
morphogenesis) in the aerial (aboveground) structures (2, 3), but light
also influences growth and development of the underground root sys-
tem (4-6). For example, R and FR light-sensing phytochromes are pres-
ent in the roots and mediate primary root elongation, gravitropism, and
jasmonic acid responses (6, 7). Cryptochromes and phototropins, both
of which sense B light, regulate primary root growth and root phototro-
pism, respectively (8, 9). In addition, UV-B light is known to trigger root
photomorphogenesis (10, 11). These effects of light on root growth occur
when roots are directly exposed to light in an experimental setting.
Light signals perceived by the shoot also regulate root development
through the transfer of signaling molecules from the shoot to the root.
Activation of phytochrome A (phyA) and phyB stimulates the shoot-to-
root transport of the hormone auxin and promotes lateral root produc-
tion (12). In phytochrome-deficient mutants, lateral root development
is suppressed in both light- and dark-grown plants, showing that shoot
phytochromes are required for this developmental process. It has been
reported that phyB induces expression of ELONGATED HYPOCOTYL
5 (HY5) and promotes stabilization of the HY5 protein (2). The accu-
mulated HY5 protein moves from the shoots to the roots, where it acti-
vates a gene encoding nitrate transporter to enhance nitrate uptake (13),
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consistent with the notion that shoot-sensed light signals are transmitted
to the roots.

It has been suggested that the roots directly sense light under natural
soil conditions. Genes encoding photoreceptors are expressed in root
cells (12, 14) and can be activated by direct light stimulation (8-11).
Aboveground light might be conducted through the soil to the roots
(15, 16). However, light only penetrates a few millimeters into the soil,
and the penetration rate is highly variable, depending on soil com-
position and layering. Alternatively, light could be conducted through
plant tissues, such as the vascular system, to the roots (17, 18).

Here, we demonstrate that light was conducted from the shoots to
the roots of the model plant Arabidopsis thaliana through the stem and
that root phyB was directly activated by this stem-piped light. Stem-
piped light promoted the nuclear import of activated phyB in the roots
of soil-grown plants, and this promoted accumulation of HY5 in the
roots, triggering gravitropic responses. Our findings are consistent with
the hypothesis that the roots monitor the aboveground light environment
by directly sensing stem-piped light under natural conditions.

RESULTS

Shoot light influences gene expression in the roots

In an initial effort to understand the signaling link between light and
root growth, we used genome-wide gene expression profiling using
Arabidopsis plants under assay conditions that mimicked the natural
root growth environment, in which roots remain in the dark. Either
the shoots or the roots of dark-pretreated, wild-type Columbia (Col-0)
Arabidopsis plants were exposed to light, and the roots of the light-
treated plants were harvested for RNA sequencing analysis (fig. S1).
Compared to transcripts in the roots of dark-treated plants, 988 tran-
scripts differentially accumulated in the roots of root-illuminated plants
(801 increased and 187 decreased) and 690 transcripts were differentially
expressed in the roots of shoot-illuminated plants (606 increased and 84
decreased) (Fig. 1A and tables S1 and S2).

Among the differentially expressed genes, 198 genes were regulated
by both shoot-light and root-light conditions (Fig. 1B and table S3). Of
these, 166 transcripts increased in abundance and 29 decreased under both
conditions. The remaining three transcripts increased in abundance under

10f 8

9T0Z ‘T JBquBAoN Uo /6.0 Bewusous 19saxs//:dny WoJ) papeojumog


http://stke.sciencemag.org/

SCIENCE SIGNALING | RESEARCH ARTICLE

A ; B
Dark @ / Light
— Soil layer I~
_ Light ). Dark
690 o
988 Log,-10 0 10
c Abiotic stress

P o Cell wall

Light response ' organization

Photosynthesis
it Amino acid
oo .-/ metabolism
‘_O____O_’/ ‘\‘O;",O—.\A
Xanthophyll [ — | Flavonoid
metabolism 5.00E-2 5.00E-7 biosynthesis

Fig. 1. Shoot light influences gene expression in the roots. Transcriptomic analysis
of roots from dark-conditioned Col-0 plants in which either the shoots or the roots were
exposed to light for 1 day. Biological triplicates were averaged. (A) Venn diagram of
differentially expressed root genes. (B) Heat map of transcripts responsive to both light
treatments. Scale bar indicates fold changes (log, values). (C) GO analysis of differentially
expressed root genes under both shoot-light and root-light conditions. Colored nodes
in the network diagram represent significantly overrepresented GO terms (Benjamini-
Hochberg-corrected P < 0.01). Scale bar indicates P values.

shoot-light conditions but decreased under root-light conditions. These
data suggest that aboveground light plays a role in regulating root gene
expression, even when roots are not directly exposed to light. Gene On-
tology (GO) analysis revealed that the co-regulated root genes include
those involved in various metabolic pathways, abiotic stress responses,
and light responses (Fig. 1C). We were interested in the co-regulated
root genes that are involved in light responses, in particular the gene
encoding positive photomorphogenic regulator HY5, which plays a
central role in plant photomorphogenesis (19, 20), and its direct target
genes CHALCONE SYNTHASE (CHS) and PHOTOLYASE 1 (PHRI)
(table S4) (20, 21).

Root phyB is required for shoot light-mediated gene
regulation in roots

Photoreceptor genes are known to be expressed in the roots (12, 14).
Quantitative reverse transcription polymerase chain reaction (QRT-PCR)
assays revealed that the abundance of PHYA, PHYB, and cryptochrome
2 (CRY?2) transcripts in root tissues was comparable to that found in
shoot tissues (fig. S2). The induction of HY5 and its target genes in
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the root under shoot-light conditions was largely suppressed in phyB-
9 plants (Fig. 2A), indicating that phyB is primarily responsible for the
induction of these genes in the root under these conditions.

Light-induced activation of phyB promotes HY5 activity at both the
transcriptional and protein levels during shoot photomorphogenesis
(20, 22). Therefore, we asked whether the induction of HY5 in the root
under shoot-light conditions was mediated by shoot phyB or root phyB.
We performed micrografting experiments using Col-0 and phyB-9
plants and illuminated only the shoots of the grated plants. Grafting
phyB-9 mutant shoots onto Col-0 roots did not affect the expression
of HY5 and HY5 target genes in the root, whereas grafting Col-0 shoots
onto phyB-9 roots significantly suppressed the expression of HY5 and
HYS5 target genes in the root (Fig. 2B). These results indicate that root
phyB is important for shoot light-induced root gene expression. It has
been reported that shoot HY5 protein is moved to the roots, where it
induces its own transcription and modulates nitrogen uptake (13). It is
apparent that HY5 function in the roots is mediated by two distinct
pathways: one by shoot HY5 and the other by root phyB.

A constitutively active form of phyB containing a Tyr-to-Val substi-
tution at amino acid position 303 (hereafter phyB" " ") has been reported
to exhibit light-independent signaling activity in transgenic plants (23).
We performed grafting experiments with wild-type Ler plants and
phyB""? transgenic plants. Grafted plants were grown in the dark before
harvesting root samples. As expected, expression of HY5 and HY5
target genes was greater in grafted plants with phyB""” roots than in
those with phyB""® shoots (Fig. 2C). In addition, shoot light triggered
the nuclear import of phyB fused to green fluorescent protein (phyB-
GFP) in root cells (Fig. 2, D to F, and fig. S3). These observations indi-
cate that root phyB mediates the induction of genes in the root in response
to shoot light.

To examine whether the activation of root phyB occurs under phys-
iological light-dark cycling, we grew plants in the dark for 16 hours and
then exposed only the shoots to light. We found that the nuclear import
of phyB-GFP in the root initiated within 2 hours of exposure to light,
reaching a peak nuclear accumulation within 4 hours after illumination
(Fig. 3A). Similarly, the expression of genes downstream of HY5 was
rapidly induced within 4 hours under identical conditions (Fig. 3B),
consistent with the hypothesis that root phyB is activated by shoot light.
Meanwhile, the expression of HY5 was not affected by shoot light under
the assay conditions, suggesting that root HY5 protein is stabilized by
root phyB-perceived light signals but not originated from the shoots
during the early light response.

Root phyB mediates HY5 stabilization during

root development

It is well known that phyB-mediated light signals stabilize the HY5 pro-
tein during plant photomorphogenesis (22). We therefore investigated
whether root phyB contributes to the stabilization of HY5 in the roots of
plants expressing HY5 fused to GFP (HY5-GFP). In the roots under
shoot-light conditions, shoot light enhanced the stability of root HY5-
GFP (Fig. 4A). Western blot analysis revealed that the abundance of root
HYS5 increased under shoot-light conditions (Fig. 4B). However, the
abundance of HY5 did not increase in the phyB-9 mutant under identical
assay conditions, consistent with a role for phyB in the accumulation of
HYS5 in the root.

Shoot light activated root phyB to stabilize HY5 in root cells. HY5 is
known to be involved in primary and lateral root formation and root
gravitropism (24-26). A series of micrografting experiments between
Col-0 plants and hy5-221 plants revealed that primary root growth
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Fig. 2. Root phyB underlies the light-mediated induction of root genes. (A to C) gRT-PCR analysis of gene expression in roots. Gene expression was normalized using an internal
control (At3g13920) for each reaction. Measurements from three independent experiments were averaged. Error bars indicate SE. (A) Expression of HY5, CHS, and PHR1 in the roots of wild-type
Col-0 plants and photoreceptor mutants phyA-211, phyB-9, and cry2-1. Two-week-old plants were exposed to light conditions as illustrated on the left before gRT-PCR. Statistical significance
was determined by Student’s t test (*P < 0.01). (B) Expression of HY5, CHS, and PHR1 in the roots of grafted Col-0 and phyB-9 plants after exposure of shoots to light. Different letters represent a
significant difference (P < 0.05) determined by one-way analysis of variance (ANOVA) with post hoc Tukey test. (C) Expression of HY5, CHS, and PHR1 in the roots of grafted Lerand phyB™E (YVB)
plants grown in the dark for 3 days. Different letters represent a significant difference (P < 0.05) determined by one-way ANOVA with post hoc Tukey test. (D to F) Effects of shoot illumination
on the nuclear localization of root phyB. Dark-conditioned 35S:PHYB-GFP plants were either left in the dark (D) or exposed to light (E) for 1 day before fluorescence microscopy of root cells. DIC,
differential interference contrast. Insets are enlarged views of representative single cells. (F) Fluorescence intensities were measured across 10 single cells over the distance of ~16 um (43), as

16

indicated by arrows in insets. Fluorescence was dispersed in the shoot-dark roots (left panel) and clustered in the nuclear region in the shoot-light roots (right panel).

was impaired in grafted plants with hy5-221 roots (Fig. 4, C and D). In
addition, root gravitropism was also reduced in the grafted plants with
hy5-221 roots (Fig. 4E), whereas lateral root formation was not affected
by the hy5 mutation in the root under our assay conditions (fig. S4).
These observations indicate that stabilization of HY5 by shoot light-
activated phyB shapes root architecture.

We next analyzed the root morphology of hy5-221 plants grown under
shoot-light conditions, which mimicked the natural root growth en-
vironment. The mutant exhibited impaired root gravitropism (Fig. 4F).
However, primary root growth of the mutant was normal under iden-
tical assay conditions (fig. S5). These observations indicate that the root
phyB-HY5 module mediates shoot-sensed light signaling in root
architecture with a primary role in root gravitropism among the root phe-
notypes examined.

Stem-piped light activates root phyB

A remaining question was how shoot light activated root phyB and sta-
bilized HY5. We first investigated whether downstream mediators of
light-induced signaling activate root phyB and HY5. Indole-3-acetic
acid (an auxin), methyl jasmonic acid, and sucrose are among the mol-
ecules that are known to travel through plant tissues to mediate re-
sponses to light (12, 27, 28). Treating dark-grown plants with any of
these compounds did not influence the nuclear import of phyB and
the stability of HY5 in root cells (fig. S6), demonstrating that these
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mobile signals did not induce the photoactivation of phyB and HY5
in the root.

Another possibility was that shoot light was directly transduced
through the stems to the roots (17, 18). Using optical methods to inves-
tigate whether light is transduced through the plant body (Fig. 5A), we
used white light source in the B to near-infrared (B-nearIR) spectral
range (400 to 1000 nm) with a peak at 700 nm (fig. S7). We found that
light in the R to near-infrared (R-nearIR) spectral range (670 to 1000 nm)
was efficiently conducted through segments of tissue including both stem
and root tissues with a peak conductance at 750 nm (Fig. 5, B and C, and
fig. S7). Light in the green-to-red (G-R) light spectral range (500 to 670 nm)
was also conducted through the stem, although much less efficiently than
light of longer wavelengths. Light transmission assays using a source
emitting a different spectrum of light showed that light in a G-R spectral
range was efficiently transmitted through stem-root segments (fig. S8).
Measurements of the fluence rates of light transmitted through stem-
root segments with varying lengths revealed that the intensity of light
wavelengths in a spectral range of 450 to 700 nm was more rapidly re-
duced compared to light of longer wavelengths (fig. S9), which is likely
due to the absorption of B and R light by chlorophyll.

To determine whether activation of phyB in the roots of shoot-
illuminated plants could be the result of light penetrating the soil to
impinge on the roots, we completely blocked light transmission through
the soil layer by covering the soil surface with aluminum foil and
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Fig. 3. Root phyB is activated by shoot light under 24-hour diurnal rhythms. (A) Nuclear localization of root phyB
induced by shoot illumination. The shoots of dark-conditioned 355:PHYB-GFP plants were exposed to light for up to 8 hours before
fluorescence microscopy of root cells. Arrows indicate nuclei. (B) Fraction of root cells exhibiting nuclear phyB. Four measurements,
each with 15 to 25 root cells, were averaged and statistically analyzed. Different letters represent a significant difference (P < 0.05)
determined by one-way ANOVA with post hoc Tukey test. Error bars indicate SE. (C) Expression kinetics of HY5 and the HY5 target
genes CHS and PHRT in root cells. Col-0 plants were treated as described in (A), and root samples were harvested for total RNA
extraction at the indicated times. Expression of genes was examined by gRT-PCR, using an internal control (At3g73920) in each
reaction for normalization. Measurements from three independent experiments were averaged. Error bars indicate SE. Different
letters represent a significant difference (P < 0.05) determined by one-way ANOVA with post hoc Tukey test.

covering the foil with fine soil particles up to 3 mm in depth (fig. S10).
Root phyB-GFP was nuclearly localized in these plants, as observed in
light-grown plants (Fig. 5D). The abundance of HY5-GFP protein in
the root also increased in the soil-blocked plants (Fig. 5E) in response
to shoot illumination, excluding the possibility that stabilization of HY5
is dependent upon light that penetrates the soil. Consistent with the ac-
tivation of phyB and HY5 in the root by stem-piped light, the expression
of HY5 and HY5 target genes was increased in the soil-blocked plants,
which is similar to what we observed in light-grown plants (Fig. 5F).

To verify that the observed light responses of the roots are mediated
by stem-piped light, we removed the shoots of soil-grown plants and
then subjected the remaining roots to one of three different treatments:
We took the remaining roots out of the soil and exposed them to light,
left the remaining roots in the soil in the dark, or covered the soil surface
with an additional layer of fine soil particles to a depth of 3 mm and left
the covered roots in the light (fig. S11A). Whereas the nuclear import of
root phyB was stimulated when the amputated roots were exposed to
light, it was not stimulated in roots maintained in the dark or in roots
covered in soil after amputation of the shoot (fig. S11, B and D). Simi-
larly, HY5 stability in the soil-covered roots was not increased as ob-
served in dark-treated roots (fig. S11, C and E), indicating that there
was no leak of light during our assays.

Aboveground light regulates root gravitropism through
root phyB

Under low R-FR light conditions, the FR-absorbing form (Pfr) of
phyB is converted to the physiologically inactive R-absorbing form
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stem-root segments of 3.5, 2.5, and 1.5 cm
at 730 nm were about 5.5 x 10%, 1.7 x 10,
and 2.5 x 10° umol m ™2, respectively. To
irradiate generate total fluences similar
to these light conditions, we exposed the
roots to 15 umol m~> s™' FR-rich light
for 6 min, 3 hours, and 4 hours, which
corresponds to 5.4 x 10°, 1.62 x 10°, and
2.16 x 10° umol m™>. PhyB-GFP rapidly
translocated into nuclei after the FR-rich light treatment (Fig. 6A).
Whereas the nuclear import of phyB in roots of transgenic plants
expressing phyB-GFP was not evident 6 min after light treatments,
most phyB was detected in the nuclei after 3-hour light treatments.
Accumulation of HY5 protein was also initiated rapidly (<6 min) after
the FR-rich light exposure in Col-0 roots (Fig. 6B). In contrast, HY5 ac-
cumulation occurred more slowly in phyB-9 roots. These observations
indicate that stem-piped light with a relatively low R/FR ratio efficiently
activates phyB to induce HY5 accumulation in the roots.

DISCUSSION

It is widely documented that light influences a broad spectrum of root
growth and developmental processes, including primary root growth
and lateral root formation and patterning (4, 5), and root responses
to external stimuli, such as phototropic and gravitropic growth (5, 6).
Photoreceptors and light-signaling molecules, such as auxin, jasmonic
acid, and sucrose, have been proposed to play a role in the photoregu-
latory development of the root system (12, 27, 28). However, most pre-
vious studies have been conducted using plants grown on agar medium,
in which the roots are exposed to light during root growth assays. There-
fore, how aboveground light influences the underground root system un-
der natural conditions has not been explored.

Here, we used a plant culture system that mimics nature conditions,
in which the roots of photomorphogenic mutants and grafted plants
remain in the dark during root growth assays. Our data show that in
soil-grown Arabidopsis plants, aboveground light is efficiently transmitted
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were averaged and statistically analyzed (Student’s t test, *P < 0.01, **P < 0.05). (B) Effects of FR-rich light on the stability of
HY5 in the root. Roots of Col-0 and phyB-9 plants were exposed to FR-rich light for the indicated times before protein
extraction. Antibodies that recognize HY5 and a-tubulin (TUB) were used for Western blots. The hy5-221 mutant (hy5)
was used to verify that the detected bands represent HY5 protein. Blots are representative of three independent
experiments. (C) Schematic diagram of stem-piped light signaling during root gravitropism.

through the stems to the roots and that this stem-piped light affects root
architecture, and in root gravitropism in particular, through phyB-
mediated stabilization of HY5 in the root. When grown on agar, the
roots of a HY5-defective mutant exhibited alterations in primary root
growth and root gravitropism. In contrast, when grown in soil, root
gravitropism was perturbed, but primary root growth was normal in
the mutant. From these results, we infer that the activation of root phyB
and HY5 by stem-piped light primarily plays a role in root gravitropism.

Together with previous reports on the roles of various signaling mol-
ecules and photoreceptors that influence root architecture (4-6, 12, 27, 28),
our data suggest that multiple light-signaling pathways downstream of
different photoreceptors are involved in distinct aspects of root photo-
morphogenesis. It is also possible that the roots can directly sense above-
ground light that is transmitted through the surface soil layer (33). The
phyB-sensed light signals are most likely not mediated entirely by HY5,
because several other signaling molecules are known to mediate light sig-
naling downstream of multiple photomorphogenic processes (12, 27, 28).

HY?5 has been reported to be a mobile photomorphogenic regulator
that is transported from the shoots to the roots, where it induces the
expression of HY5 and NITRATE TRANSPORTER 2.1 to enhance nitrate
uptake (13). It is thus likely that shoot light affects physiological and de-
velopmental processes in the roots through at least two distinct routes:
one through the shoot-derived mobile HY5 and the other through the
phyB-mediated stabilization of HY5 in response to stem-piped light.
It will be interesting to examine whether these two light-signaling path-
ways modulate distinct sets of physiological and developmental pro-
cesses in the roots or regulate root processes in a coordinated manner.

We found that light in the FR-nearIR range was efficiently trans-
mitted through the stems and roots, consistent with previous reports that
examined light transmission through stem or root segments (17, 18). Using
sensitive light-detecting methods, we found that light in the G-R range is
also transmitted through the stem and root segments, which is in contrast
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o 07 to the previous reports, in which it was re-
206 oo ported that only FR light was transmitted
g 0.5 through stems and root segments (17, 18).
204 Despite its lower transmission efficiency
203 compared to that of FR light, light in this
202 G-R wavelength range would be sufficient
E 0-(1) to activate phyB and possibly other photo-
Omin6min 3h 4h receptors in the roots, given the extremely

high light sensitivity of these receptors

(34, 35). In support of this, it has been ob-

served that a small portion of phytochromes
exists in the Pfr form even under low R-FR
light conditions (29); this observation is
consistent with the notion that at least a
portion of root phyB is activated by stem-
piped light of a relatively low R/FR ratio.
The transmission of light in a broad wave-
length range is also consistent with the
notion that root architecture is modu-
lated by multiple photoreceptors and
light-signaling pathways.

Here, we demonstrated that stem-
piped light activates root-localized phyB
and its target HY5 to modulate the devel-
opment of the root system, particularly
root gravitropism (Fig. 6C). Sensing of
stem-piped light by root phyB is part of
the light adaptation mechanisms by which roots monitor fluctuations
in the aboveground environment to optimize their growth and devel-
opment under natural conditions. Although much more work is re-
quired to understand the molecular mechanisms underlying root
photomorphogenesis, our findings provide a basis from which to con-
tinue the discovery of signaling molecules and pathways underlying
root photomorphogenesis in plants.

MATERIALS AND METHODS

Plant materials and growth conditions

A. thaliana lines were in the Col-0 background, except for the phyB""”
transgenic plants that express constitutively active phyB" " ®, which were
in the Landsberg erecta (Ler) background (23). Sterilized Arabidopsis
seeds were cold-treated at 4°C for 4 days in complete darkness to syn-
chronize germination. Plants were grown on Murashige and Skoog
(MS) agar plates or in soil under long days (LDs; 16-hour light and
8-hour dark) at 22°C with white light illumination (120 pmol m2sh
provided by fluorescent FLR40D/A tubes (Osram).

The phyA-211, phyB-9, cry2-1, and hy5-221 mutants have been
described previously (36, 37). To generate 35S:PHYB-GFP and 35S:
HY5-GFP transgenic plants, a GFP-coding sequence was fused in-frame
to the 3’ ends of the phyB- or HY5-coding sequences, respectively, under
the control of the cauliflower mosaic virus 35S promoter. The expression
constructs were transformed into Col-0 plants by a modified floral dip
method (38).

Analysis of gene expression

Expression of genes was quantified by qRT-PCR. For total RNA isolation,
plant tissues were ground in liquid nitrogen. One milliliter of TRIzol
reagent (Invitrogen) was added to each sample, and the mixture was
centrifuged at 16,000¢ for 10 min at 4°C. Two hundred microliters of

6 of 8

9T0Z ‘T JBquBAoN Uo /6.0 Bewusous 19saxs//:dny WoJ) papeojumog


http://stke.sciencemag.org/

SCIENCE SIGNALING | RESEARCH ARTICLE

chloroform was added to the supernatants, followed by centrifugation
under the same conditions. The supernatant was transferred to a micro-
centrifuge tube containing 200 ul of isopropanol and 200 pl of high-salt
solution (0.8 M trisodium citrate and 1.2 M sodium chloride), and this
mixture was centrifuged at 16,000g for 10 min at 4°C. The RNA pellet
was washed twice with 75% ethanol and dried before it was suspended
in 50 pl of ribonuclease-free water.

qRT-PCRs were conducted according to guidelines that have been
proposed to guarantee reproducible and accurate measurements (39).
qRT-PCR runs were performed in 96-well blocks of the Applied Biosys-
tems 7500 Real-Time PCR System with the SYBR Green I master mix in
a volume of 20 pl. The two-step thermal cycling profile system we used
was 15 s at 95°C for denaturation and 1 min at 60 to 65°C, depending on
the calculated melting temperatures of PCR primers, for annealing and
polymerization. The primers used are listed in table S5. As an internal
control, primers specific for an elF4A gene (At3¢13920) was used in each
PCR for normalization. All qRT-PCRs were performed in biological tri-
plicates using total RNA samples extracted separately from three
independent plant materials that were grown under identical conditions
in the same experiment. The comparative AACt method was used to
evaluate relative quantities of each amplified product in the samples
(40). The threshold cycle (Cr) was automatically determined for each re-
action by the Applied Biosystems 7300 Real-Time PCR System (Thermo
Fisher Scientific) set with default parameters.

RNA sequencing

Plants were grown on MS-Phytagel medium in plastic culture boxes at
22°C under LDs for 2 weeks. They were grown in the dark for 2 days to
ensure complete phytochrome decay, and either the shoots or the roots
were exposed to light or left in the dark for one additional day. The roots
of the light-treated plants were harvested for total RNA extraction. Total
RNA was extracted, as described above. The RNA samples were then
subjected to RNA sequencing by ChunLab Inc. Genes with P value <
0.15 and fold change > 4 were regarded as differentially expressed
genes. GO analysis was performed using the Biological Networks Gene
Ontology tool (BINGO) with Benjamini-Hochberg-corrected P < 0.01.
The network diagram shows significantly overrepresented GO terms.

Micrografting

Seedlings were grown on MS agar plates for 4 days under short days
(8-hour light and 16-hour dark) at 22°C before grafting. Grafting was
performed, as described previously (41). Grafted plants were grown
on MS agar plates containing 0.5% sucrose for 1 week at 22°C under
LDs before appropriate assays.

Fluorescence imaging

The 35S:PHYB-GFP and 35S:HY5-GFP transgenic plants were grown
in soil for 2 to 5 weeks at 22°C under LDs. Root parts located about
4 cm below the soil surface were subjected to fluorescence imaging
using an LSM 710 confocal microscope (Carl Zeiss).

To examine the effects of growth hormones and sucrose on the sub-
cellular localization and relative accumulation of phyB-GFP and HY5-
GFP in root cells, 3-week-old plants were grown for 2 days in the dark
and transferred to liquid MS culture containing either 100 mM sucrose,
100 pM methyl jasmonic acid, or 100 uM indole-3-acetic acid in the
dark for 1 day before fluorescence imaging.

To investigate whether root phyB is activated under physiological
light-dark periods, plants were grown in the dark for 16 hours, and the
shoots were exposed to light before fluorescence imaging of the root cells.
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For FR-rich light illumination, the roots of 3-week-old plants grown
in soil were grown in the dark for 48 hours and exposed to FR-rich light
with an R/EFR ratio of 0.01 and a fluence rate of 15 pmol m™ s™*
provided by LED lamp (PARUS).

Immunoblot assays

Plants were grown in soil for 3 to 5 weeks. The root parts located about
4 cm below the soil surface were harvested for the extraction of total
proteins. The root samples were ground in liquid nitrogen and mixed
with protein extraction buffer [100 mM tris-Cl (pH 6.8), 4% SDS, 0.2%
bromophenol blue, 20% glycerol, and 200 mM B-mercaptoethanol].
The mixtures were incubated at 90°C for 10 min and then centrifuged
at 16,000¢ for 10 min. The supernatants were mixed with equal volumes
of 2x SDS-PAGE (polyacrylamide gel electrophoresis) loading buffer
and analyzed on 8% SDS-PAGE gel before transferring to polyvinylidene
difluoride membrane. Antibodies recognizing the HY5 and GFP pro-
teins (Santa Cruz Biotechnology) were used for the immunological de-
tection of HY5 and HY5-GFP proteins, respectively.

Histochemical staining

For B-glucuronidase (GUS) histochemical staining, a GUS coding sequence
was transcriptionally fused to the promoter sequences consisting of
about 2 kilo-base pairs upstream of the translational start sites of PHYA,
PHYB, and CRY2 genes. The constructs were transformed into Col-0
plants. Transgenic plants were grown on MS agar plates at 22°C for
2 weeks under LDs. They were then incubated in X-Gluc solution for
16 hours at 37°C in the dark (42).

Light transmission assay

Six-week-old Col-0 plants grown at 22°C under LDs were used for light
transmission assays. Light input was provided by fiber-coupled white
light source (Thorlabs). Water-absorbed stem or stem-root segments
were vertically oriented on coverslip. White light was applied into the
upper part of the stem or stem-root segments using fiber optic cannula
(Thorlabs). The stem-fiber junction was sealed with black paper tape to
block light leakage. To obtain transmission spectra, transmitted light
was measured with a confocal Raman spectrometer with a focal length
of 50 cm (Andor Technology) equipped with a 1.4-numerical aperture
100x objective lens (Olympus), which was connected to an electron-
multiplying charge-coupled device camera (Andor Technology). As a
negative control, the stem or stem-root segments were sealed with black
paper tape to block light transmission. To enhance the signal-to-noise
ratio, 1000 spectra were sampled during light irradiation and averaged.
Exposure time for each spectrum was 0.2 s.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/9/452/ra106/DC1

Fig. S1. Schematic diagram of plant sample preparation for RNA sequencing.

Fig. S2. Expression of photoreceptor genes in roots.

Fig. S3. Plant growth for fluorescence imaging of phyB and HY5 distribution in root tissues.
Fig. S4. Lateral root formation in grafted Col-0 and hy5-221 plants.

Fig. S5. Primary root growth in soil-grown hy5-221 mutants.

Fig. S6. Effects of growth hormones and sucrose on the nuclear import of phyB and HY5
stability in root cells.

Fig. S7. Normalized light transmission through stem and stem-root segments.

Fig. S8. Transmission of lights with different spectral compositions through stem-root segments.
Fig. S9. Fluence rates and spectral compositions of stem-piped light.

Fig. S10. Plant growth under soil light block conditions.

Fig. S11. Experimental evaluation of the soil cover treatments.

Fig. S12. Spectral composition of FR-rich light.
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Table S1. Differentially expressed genes in the roots of plants having shoots in the dark and
roots in the light.

Table S2. Differentially expressed genes in the roots of plants having shoots in the light and
roots in the dark.

Table S3. Differentially expressed genes under both root-light and shoot-light conditions.
Table S4. Root genes that are differentially co-regulated by shoot light and root light.

Table S5. Primers used in this study.

REFERENCES AND NOTES

1. Y. Jiao, O. S. Lau, X. W. Deng, Light-regulated transcriptional networks in higher plants.
Nat. Rev. Genet. 8, 217-230 (2007).

2. X. Xu, I. Paik, L. Zhu, E. Hug, llluminating progress in phytochrome-mediated light
signaling pathways. Trends Plant Sci. 20, 641-650 (2015).

3. X.-D. Ly, C-M. Zhou, P-B. Xu, Q. Luo, H-L. Lian, H.-Q. Yang, Red-light-dependent
interaction of phyB with SPA1 promotes COP1-SPA1 dissociation and
photomorphogenic development in Arabidopsis. Mol. Plant 8, 467-478 (2015).

4. ). Dyachok, L. Zhu, F. Liao, J. He, E. Hug, E. B. Blancaflor, SCAR mediates light-induced root
elongation in Arabidopsis through photoreceptors and proteasomes. Plant Cell 23,
3610-3626 (2011).

5. S.N. Warnasooriya, B. L. Montgomery, Spatial-specific regulation of root development by
phytochromes in Arabidopsis thaliana. Plant Signal. Behav. 6, 2047-2050 (2011).

6. M. J. Correll, J. Z. Kiss, The roles of phytochromes in elongation and gravitropism of roots.
Plant Cell Physiol. 46, 317-323 (2005).

7. S. E. Costigan, S. N. Warnasooriya, B. A. Humphries, B. L. Montgomery, Root-localized
phytochrome chromophore synthesis is required for photoregulation of root elongation
and impacts root sensitivity to jasmonic acid in Arabidopsis. Plant Physiol. 157,
1138-1150 (2011).

8. W. R. Briggs, J. M. Christie, Phototropins 1 and 2: Versatile plant blue-light receptors.
Trends Plant Sci. 7, 204-210 (2002).

9. R. C. Canamero, N. Bakrim, J.-P. Bouly, A. Garay, E. E. Dudkin, Y. Habricot, M. Ahmad,
Cryptochrome photoreceptors cry1 and cry2 antagonistically regulate primary root
elongation in Arabidopsis thaliana. Planta 224, 995-1003 (2006).

10. H. Tong, C. D. Leasure, X. Hou, G. Yuen, W. Briggs, Z.-H. He, Role of root UV-B sensing in
Arabidopsis early seedling development. Proc. Natl. Acad. Sci. U.S.A. 105, 21039-21044 (2008).

11. C.D. Leasure, H. Tong, G. Yuen, X. Hou, X. Sun, Z.-H. He, ROOT UV-B SENSITIVE2 acts with
ROOT UV-B SENSITIVET in a root ultraviolet B-sensing pathway. Plant Physiol. 150,
1902-1915 (2009).

12. F. J. Salisbury, A. Hall, C. S. Grierson, K. J. Halliday, Phytochrome coordinates Arabidopsis
shoot and root development. Plant J. 50, 429-438 (2007).

13. X.Chen, Q. Yao, X. Gao, C. Jiang, N. P. Harberd, X. Fu, Shoot-to-root mobile transcription factor
HY5 coordinates plant carbon and nitrogen acquisition. Curr. Biol. 26, 640-646 (2016).

14. R. A. Sharrock, T. Clack, Patterns of expression and normalized levels of the five
Arabidopsis phytochromes. Plant Physiol. 130, 442-456 (2002).

15. M. Tester, C. Morris, The penetration of light through soil. Plant Cell Environ. 10, 281-286 (1987).

16. D. F. Mandoli, G. A. Ford, L. J. Waldron, J. A. Nemson, W. R. Briggs, Some spectral
properties of several soil types: Implications for photomorphogenesis. Plant Cell Environ.
13, 287-294 (1990).

17. Q. Sun, K. Yoda, M. Suzuki, H. Suzuki, Vascular tissue in the stem and roots of woody
plants can conduct light. J. Exp. Bot. 54, 1627-1635 (2003).

18. Q. Sun, K. Yoda, H. Suzuki, Internal axial light conduction in the stems and roots of
herbaceous plants. J. Exp. Bot. 56, 191-203 (2005).

19. C.P.Cluis, C. F. Mouchel, C. S. Hardtke, The Arabidopsis transcription factor HY5 integrates
light and hormone signaling pathways. Plant J. 38, 332-347 (2004).

20. J.Lee, K. He, V. Stolc, H. Lee, P. Figueroa, Y. Gao, W. Tongprasit, H. Zhao, I. Lee, X. W. Deng,
Analysis of transcription factor HY5 genomic binding sites revealed its hierarchical role in
light regulation of development. Plant Cell 19, 731-749 (2007).

21. E. Castells, J. Molinier, S. Drevensek, P. Genschik, F. Barneche, C. Bowler, det1-7-induced
UV-C hyposensitivity through UVR3 and PHR1 photolyase gene over-expression. Plant
J. 63, 392-404 (2010).

22. M.T. Osterlund, C. S. Hardtke, N. Wei, X. W. Deng, Targeted destabilization of HY5 during
light-regulated development of Arabidopsis. Nature 405, 462-466 (2000).

23. A-R. Jeong, S.-S. Lee, Y.-J. Han, A.-Y. Shin, A. Baek, T. Ahn, M.-G. Kim, Y. S. Kim, K. W. Lee,
A. Nagatani, J.-I. Kim, New constitutively active phytochromes exhibit light-independent
signaling activity. Plant Physiol. 171, 2826-2840 (2016).

24. T. Oyama, Y. Shimura, K. Okada, The Arabidopsis HY5 gene encodes a bZIP protein that
regulates stimulus-induced development of root and hypocotyl. Genes Dev. 11,
2983-2995 (1997).

25. C.S. Hardtke, K. Gohda, M. T. Osterlund, T. Oyama, K. Okada, X. W. Deng, HY5 stability
and activity in Arabidopsis is regulated by phosphorylation in its COP1 binding
domain. EMBO J. 19, 4997-5006 (2000).

Lee et al., Sci. Signal. 9, ra106 (2016) 1 November 2016

26. L-H. Ang, S. Chattopadhyay, N. Wei, T. Oyama, K. Okada, A. Batschauer, X.-W. Deng,
Molecular interaction between COP1 and HY5 defines a regulatory switch for light
control of Arabidopsis development. Mol. Cell 1, 213-222 (1998).

27. S. Kircher, P. Schopfer, Photosynthetic sucrose acts as cotyledon-derived long-distance
signal to control root growth during early seedling development in Arabidopsis. Proc.
Natl. Acad. Sci. U.S.A. 109, 11217-11221 (2012).

28. A.Suzuki, L. Suriyagoda, T. Shigeyama, A. Tominaga, M. Sasaki, Y. Hiratsuka, A. Yoshinaga,
S. Arima, S. Agarie, T. Sakai, S. Inada, Y. Jikumaru, Y. Kamiya, T. Uchiumi, M. Abe,

M. Hashiguchi, R. Akashi, S. Sato, T. Kaneko, S. Tabata, A. M. Hirsch, Lotus japonicus nodulation
is photomorphogenetically controlled by sensing the red/far red (R/FR) ratio through
jasmonic acid (JA) signaling. Proc. Natl. Acad. Sci. U.S.A. 108, 16837-16842 (2011).

29. H. Smith, Light quality, photoperception, and plant strategy. Annu. Rev. Plant Physiol. 33,
481-518 (1982).

30. S. A. Rensing, D. J. Sheerin, A. Hiltbrunner, Phytochromes: More than meets the eye.
Trends Plant Sci. 21, 543-546 (2016).

31. X. Zheng, S. Wu, H. Zhai, P. Zhou, M. Song, L. Su, Y. Xi, Z. Li, Y. Cai, F. Meng, L. Yang,
H. Wang, J. Yang, Arabidopsis phytochrome B promotes SPA1 nuclear accumulation to
repress photomorphogenesis under far-red light. Plant Cell 25, 115-133 (2013).

32. J.J. Casal, R. A. Sanchez, J. F. Botto, Modes of action of phytochromes. J. Exp. Bot. 49,
127-138 (1998).

33. M. Mo, K. Yokawa, Y. Wan, F. Baluska, How and why do root apices sense light under the
soil surface? Front. Plant Sci. 6, 775 (2015).

34. E.Schéfer, C. Bowler, Phytochrome-mediated photoperception and signal transduction in
higher plants. EMBO Rep. 3, 1042-1048 (2002).

35. L. Taiz, E. Zeiger, Phytochrome and light control of plant development, in Plant Physiology
(Sinauer Associates, ed. 5, 2010), pp. 497-498.

36. E. Seo, H. Lee, J. Jeon, H. Park, J. Kim, Y.-S. Noh, . Lee, Crosstalk between cold response
and flowering in Arabidopsis is mediated through the flowering-time gene SOC71
and its upstream negative regulator FLC. Plant Cell 21, 3185-3197 (2009).

37. L.Ma, Y. Gao, L. Qu, Z. Chen, J. Li, H. Zhao, X. W. Deng, Genomic evidence for COP1 as a
repressor of light-regulated gene expression and development in Arabidopsis. Plant Cell
14, 2383-2398 (2002).

38. S. J. Clough, A. F. Bent, Floral dip: A simplified method for Agrobacterium-mediated
transformation of Arabidopsis thaliana. Plant J. 16, 735-743 (1998).

39. M. K. Udvardi, T. Czechowski, W.-R. Scheible, Eleven golden rules of quantitative RT-PCR.
Plant Cell 20, 1736-1737 (2008).

40. K. J. Livak, T. D. Schmittgen, Analysis of relative gene expression data using real-time
quantitative PCR and the 27 method. Methods 25, 402-408 (2001).

41. N. Marsch-Martinez, J. Franken, K. L. Gonzalez-Aguilera, S. de Folter, G. Angenent,

E. R. Alvarez-Buylla, An efficient flat-surface collar-free grafting method for Arabidopsis
thaliana seedlings. Plant Methods 9, 14 (2013).

42. J-H.Jung, S. Lee, J. Yun, M. Lee, C.-M. Park, The miR172 target TOE3 represses AGAMOUS
expression during Arabidopsis floral patterning. Plant Sci. 215-216, 29-38 (2014).

43. Y.Kim,J.Lim, M. Yeom, H.Kim, J.Kim, L. Wang, W.Y.Kim, D. E. Somers, H. G. Nam, ELF4 regulates
GIGANTEA chromatin access through subnuclear sequestration. Cell Rep. 3, 671-677 (2013).

Acknowledgments: We thank Y. J. Kim of the National Center for Inter-University Research
Facilities for assistance with the fluorescence imaging experiments. Funding: This work

was supported by the Human Frontier Science Program (RGP0002/2012). It was also supported
in part by the Leaping Research (NRF-2015R1A2A1A05001636) and Global Research Lab
(NRF-2012K1A1A2055546) Programs provided by the National Research Foundation of Korea
and the Next-Generation BioGreen 21 Program (Plant Molecular Breeding Center, grant

no. PJ0111532016) provided by the Rural Development Administration of Korea. Author
contributions: C-M.P. and |.T.B. conceived and designed the experiments with S.-G.K. C.-M.P.
prepared the manuscript with contributions from H.-J.L. and J.-H.H. J-HH. and H.-J.L.
performed phenotypic and biochemical assays. H.-K.C. and Z.H.K. performed light transmission
assays. Y.-J.H. and J.-1K. provided phyB"™"® plants and scientific discussion on biochemical
activity of phyB. Y.O. and V.F. provided scientific discussion on light responses of the roots.
K.S. TH. H-G.C, and K-H.O. provided scientific discussion on light transmission assays.
Competing interests: The authors declare that they have no competing interests.

Submitted 9 March 2016
Resubmitted 20 July 2016
Accepted 11 October 2016
Published 1 November 2016
10.1126/scisignal.aaf6530

Citation: H.-J. Lee, J.-H. Ha, S.-G. Kim, H.-K. Choi, Z. H. Kim, Y.-J. Han, J.-I. Kim, Y. Oh, V. Fragoso,
K. Shin, T. Hyeon, H.-G. Choi, K.-H. Oh, I. T. Baldwin, C.-M. Park, Stem-piped light activates
phytochrome B to trigger light responses in Arabidopsis thaliana roots. Sci. Signal. 9, ra106
(2016).

8 of 8

9T0Z ‘T JBquBAoN Uo /6.0 Bewusous 19saxs//:dny WoJ) papeojumog


http://stke.sciencemag.org/

o o 0 Stem-piped light activates phytochrome B to trigger light
Science Slgnallng responsesin Arabidopsisthalianaroots
AYAAAS Hyo-Jun Lee, Jun-Ho Ha, Sang-Gyu Kim, Han-Kyu Choi, Zee

Hwan Kim, Y un-Jeong Han, Jeong-1l Kim, Y oungjoo Oh, Variluska
Fragoso, Kwangsoo Shin, Taeghwan Hyeon, Hong-Gu Chai,
Kyung-Hwan Oh, lan T. Baldwin and Chung-Mo Park (November
1, 2016)

Science Sgnaling 9 (452), ral06. [doi: 10.1126/scisignal .aaf 6530]

The following resources related to this article are available online at http://stke.sciencemag.org.
Thisinformation is current as of November 1, 2016.

ArticleTools  Visit the online version of this article to access the personalization and
article tools:
http://stke.sciencemag.org/content/9/452/ral06

Supplemental  "Supplementary Materials'
Materials http://stke.sciencemag.org/content/suppl/2016/10/28/9.452.ra106.DC1

Related Content The editors suggest related resources on Science's sites:
http://stke.sciencemag.org/content/sigtrans/9/451/rs13.full
http://stke.sciencemag.org/content/si gtrans/9/435/rs5.full
http://stke.sciencemag.org/content/si gtrans/9/419/ec59.abstract
http://stke.sciencemag.org/content/sigtrans/5/221/ec117.abstract
http://stke.sciencemag.org/content/sigtrans/7/328/rab3.full
http://stke.sciencemag.org/content/sigtrans/5/217/ec96.abstract
http://science.sciencemag.org/content/sci/344/6188/1160.full
http://science.sciencemag.org/content/sci/332/6025/103.full

References  Thisarticle cites 42 articles, 20 of which you can access for free at:
http://stke.sciencemag.org/content/9/452/ral06#BI BL

Permissions  Obtain information about reproducing this article:
http://www.sciencemag.org/about/permissions.dtl

Science Sgnaling (ISSN 1937-9145) is published weekly, except the last December, by the
American Association for the Advancement of Science, 1200 New Y ork Avenue, NW, Washington,
DC 20005. Copyright 2016 by the American Association for the Advancement of Science; all rights
reserved.

9T0Z ‘T JBquBAoN Uo /6.0 Bewusous 19saxs//:dny WoJ) papeojumog


http://stke.sciencemag.org/content/9/452/ra106
http://stke.sciencemag.org/content/suppl/2016/10/28/9.452.ra106.DC1
http://stke.sciencemag.org/content/sigtrans/9/451/rs13.full
http://stke.sciencemag.org/content/sigtrans/9/435/rs5.full
http://stke.sciencemag.org/content/sigtrans/9/419/ec59.abstract
http://stke.sciencemag.org/content/sigtrans/5/221/ec117.abstract
http://stke.sciencemag.org/content/sigtrans/7/328/ra53.full
http://stke.sciencemag.org/content/sigtrans/5/217/ec96.abstract
http://science.sciencemag.org/content/sci/344/6188/1160.full
http://science.sciencemag.org/content/sci/332/6025/103.full
http://stke.sciencemag.org/content/9/452/ra106#BIBL
http://www.sciencemag.org/about/permissions.dtl
http://stke.sciencemag.org/

