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Plants sense and respond to light via multiple photoreceptors including phytochrome. The decreased ratio of red to far-red light
that occurs under a canopy triggers shade-avoidance responses, which allow plants to compete with neighboring plants. The
leaf acts as a photoperceptive organ in this response. In this study, we investigated how the shade stimulus is spatially processed
within the cotyledon. We performed transcriptome analysis on microtissue samples collected from vascular and nonvascular
regions of Arabidopsis (Arabidopsis thaliana) cotyledons. In addition, we mechanically isolated and analyzed the vascular tissue.
More genes were up-regulated by the shade stimulus in vascular tissues than in mesophyll and epidermal tissues. The genes
up-regulated in the vasculature were functionally divergent and included many auxin-responsive genes, suggesting that vari-
ous physiological /developmental processes might be controlled by shade stimulus in the vasculature. We then investigated the
spatial regulation of these genes in the vascular tissues. A small vascular region within a cotyledon was irradiated with far-red
light, and the response was compared with that when the whole seedling was irradiated with far-red light. Most of the auxin-
responsive genes were not fully induced by the local irradiation, suggesting that perception of the shade stimulus requires that
a wider area be exposed to far-red light or that a certain position in the mesophyll and epidermis of the cotyledon be irradiated.
This result was consistent with a previous report that auxin synthesis genes are up-regulated in the periphery of the cotyledon.
Hence, auxin acts as an important intraorgan signaling factor that controls the vascular shade response within the cotyledon.

Plants under a canopy compete with neighboring
plants for light by triggering various physiological re-
sponses, collectively known as shade-avoidance syn-
drome. For example, shade inhibits germination and
promotes hypocotyl elongation, petiole elongation,
hyponasty, and flowering (for review, see Franklin,
2008; Casal, 2013; Pierik and de Wit, 2014).

In the shade, plants are exposed to a relatively low red
(R) to far-red (FR) light ratio because of the selective ab-
sorption of R light by plants in the upper canopy (Casal,
2013). Plants have a variety of photoreceptors with
distinct spectral natures. Among them, phytochrome,
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which absorbs R (660 nm) and FR (730 nm) light,
perceives the change in the R:FR ratio. Phytochrome
photoconverts between the two forms, Pr and Pfr, and
reaches the photoequilibrium state between these two
forms. Thereby, the level of Pfr, which is biologically
active, is reduced under low R:FR conditions to trigger
the shade-avoidance response (Casal, 2013).

Among members of the phytochrome family, phy-
tochrome B (phyB) is the major suppressor of the
shade-avoidance response under high R:FR conditions.
In addition, phyD and phyE contribute to the response
(Franklin and Quail, 2010). The activated phytochromes
bind to PHYTOCHROME INTERACTING FACTOR
(PIF), which belongs to the basic helix-loop-helix tran-
scription factor family and phosphorylate PIFs under
high R:FR (Leivar and Quail, 2011). Conversely, phyB
is converted back to the inactive Pr form under low
R:FR, which leads to the accumulation of PIF proteins
and the up-regulation of genes required for the shade
response.

A variety of plant hormones have been proposed to
be involved in the shade-avoidance response, includ-
ing auxin (Tao et al., 2008), gibberellins (Beall et al.,
1996), brassinosteroids (Kozuka et al., 2010), ethylene
(Pierik et al., 2004), and jasmonate (Moreno et al., 2009),
among others. Auxin is synthesized in two steps in the
shade: TRP AMINOTRANSFERASE OF ARABIDOPSIS1
(TAA1; AT1G70560) first converts Trp to indole-3-
pyruvicacid (Tao et al., 2008), and YUCCA (YUC) trans-
forms indole-3-pyruvic acid into IAA, the major auxin
(Mashiguchi et al., 2011; Won et al., 2011). The shade
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stimulus promotes the expression of YUC genes, in-
cluding YUC2 (AT4G13260), YUC5 (AT5G43890), YUCS
(AT4G28720), and YUC9 (AT1G04180), which leads to
hypocotyl and petiole elongation (Miiller-Moulé et al.,
2016). PIF4 (AT2G43010), PIFS (AT3G59060) (Hornitschek
et al., 2012), and PIF7 (AT5G61270) (Li et al., 2012) are
responsible for the shade-induced YUC expression.
Thereby, the level of auxin is increased by the shade
stimulus. In addition to YUCs, the expression of PIN-
FORMED (PIN) genes, which encode auxin efflux car-
riers, are also increased at a low R:FR (Devlin et al.,
2003), probably to promote hypocotyl elongation
(Keuskamp et al., 2010; Kohnen et al., 2016).

The transcriptome responses to the shade stimulus
have been studied in different organs or parts of an
organ. The responses of the leaf blade and petiole of
Arabidopsis (Arabidopsis thaliana) rosette leaves to the
shade were compared by DNA microarray analysis
(Kozuka et al., 2010). More recently, the shade respons-
es were compared between the cotyledons and shoot
apex (Nito et al., 2015), and between cotyledons and
the hypocotyl (Kohnen et al., 2016) by RNA sequencing
(RNA-seq) analysis. Consistent with the well-accepted
view that auxin biosynthesis is increased in response
to the shade stimulus (Fletcher and Zalik, 1964; Casal,
2013), many auxin-responsive genes are up-regulated
in different organs in somewhat different manners.
However, the physiological consequence of auxin ac-
cumulation can vary depending on the organ (de Wit
etal., 2015).

Spotlight irradiation has been adopted to investigate
interorgan communication in the shade-avoidance re-
sponse. For example, irradiation of cotyledons affects
stem elongation in cucumber (Cucumis sativus; Black
and Shuttleworth, 1974), whereas photoperception by
the leaf and stem are both effective in mustard (Casal
and Smith, 1988). Likewise, signals are transferred
from the shoot to the root (Correll and Kiss, 2005; Van
Gelderen et al., 2018). Furthermore, spotlight irradia-
tion of cotyledons has been shown to induce hypocotyl
elongation and the expression of many auxin-respon-
sive genes in the hypocotyl (Tanaka et al., 2002; Procko
et al.,, 2014; Nito et al., 2015). Similarly, local irradiation
of the rosette leaf blade promotes petiole elongation
(Kozuka et al., 2010), whereas leaf tip irradiation trig-
gers leaf hyponasty (Michaud et al., 2017; Pantazopou-
lou et al., 2017).

Taken together, the shade stimulus is considered to
increase local auxin production in photoperceptive
organs, such as cotyledons and leaf blades, by up-
regulating the auxin biosynthesis genes, YUCs. The newly
produced auxin is then basipetally transported to the
hypocotyl and petiole to induce elongation growth
locally. However, there appear to be other layers of
regulation. For example, local production of auxin in
the hypocotyl itself also contributes to the hypocotyl
elongation response (Kohnen et al., 2016). In addition,
auxin metabolism in the target site plays a role in the
regulation of elongation growth (Zheng et al., 2016).
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Hence, the shade stimulus appears to affect auxin in
various ways in different parts of the plant.

Organs consist of multiple tissues. For instance,
Endo et al. (2014) indicated that ~77% of leaf mRNA
is derived from mesophyll cells. Hence, analysis of
the whole cotyledon mainly reflects the mesophyll re-
sponse but not the other minor tissues such as the vas-
culature and epidermis. One approach to circumvent
this problem is to isolate the tissue. The vasculature of
Arabidopsis cotyledons has been isolated to demon-
strate that FT (AT1G65480) is up-regulated in this
tissue in response to the shade stimulus (Endo et al.,
2005). More recently, the epidermal peel was used to
examine the coregulation of auxin and brassinosteroid
by the shade stimulus in Brassica hypocotyl (Procko
et al., 2016).

Another approach to investigate intertissue commu-
nication is to locally express a certain component of
light signal transduction, such as phytochrome itself,
and observe the physiological consequence. Rousseaux
et al. (1997) overexpressed phyA in different tissues to
analyze leaf senescence and stem elongation responses
to FR. Likewise, tissue-specific phyB-GFP-expressing
lines have been used to determine the photopercep-
tive sites for the regulation of hypocotyl elongation,
flowering, and stomatal development (Endo et al.,
2005; Casson and Hetherington, 2014). In the hypoco-
tyl gravitropism experiment, a variety of cell-specific
phyB-expressing lines were generated to show that
epidermal phyB promotes PIF degradation in the en-
dodermis (Kim et al., 2016). Procko et al. (2016) gener-
ated cell-specific auxin-blocking lines to demonstrate
the importance of auxin metabolism in the epidermis.

Despite the above efforts, it remains unclear how
the shade signal is spatially processed within a cer-
tain organ such as the cotyledon. In this study, we first
compared the transcriptome responses to the shade
stimulus in vascular and nonvascular regions of the
cotyledon and found that more genes, including many
auxin-responsive genes, were up-regulated in the vas-
culature relative to the mesophyll and epidermis. We
then examined the autonomy of the vascular response
by spotlight irradiation. The results suggested that
perception of the shade stimulus and auxin production
in a wider area of the cotyledon was required for the
vascular response.

RESULTS

Isolation of Micro Samples from Arabidopsis Cotyledons

To investigate the spatial regulation of the gene
expression responses to the shade stimulus within
cotyledons, micro samples were prepared from two
distinct regions of cotyledons of 4-d-old Arabidopsis
seedlings using a needle-based device (Kajiyama et al.,
2015; Nito et al., 2015; Fig. 1). The MN (mesophyll-
enriched, prepared with a needle) sample of ~100 pm in
diameter was excised from a nonvascular region in the
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cotyledon. The VN (vasculature-inclusive, prepared
with a needle) sample was prepared in a similar man-
ner from the central and more basal vascular region.
Unfortunately the MN and VN samples were isolated
from different locations in the cotyledon. Hence, a gene
expressed in VN but not in MN might be expressed in
mesophyll and/or epidermis in a specific position of
the cotyledon rather than in the vasculature. However,
the vasculature patterns varied between cotyledons
and the mesophyll-enriched and vasculature-enriched
tissue pieces could only be prepared from these loca-
tions at a reasonable success rate. To partially circum-
vent this problem, the vasculature was mechanically
isolated (VS; vasculature, prepared by sonication) by
ultrasonication from enzyme-treated cotyledons (Endo
et al., 2005). Microscopy observation revealed that MN
pieces mainly consisted of mesophyll and epidermis,
whereas VN additionally contained vascular tissues. It
was also confirmed that the mesophyll and epidermis
were efficiently removed from VS.

The expression levels of a housekeeping gene were
then examined in those micro samples. In this work,
the end-of-day FR (EOD-FR) treatment was employed
to induce the shade-avoidance response (Kasperbauer,
1971; Lopez-Juez et al., 1990). The 4-d-old seedlings
were treated with or without EOD-FR of 50,000 pmol
m? at the end of the fourth day of growth. The seed-
lings were further incubated for 2 h in darkness before
the micro sample preparation. The cDNA sample was
then synthesized from four micro pieces combined
in a tube and subjected to reverse transcription-
quantitative PCR (RT-qPCR) analysis after two rounds
of amplification (Kajiyama et al., 2015). The expres-
sion levels of highly homologous housekeeping genes,
TUBULIN BETA CHAIN2 (TUB2; AT5G62690) and TUB3
(AT5G62700) (Czechowski et al., 2005), were collectively
assessed (TUB2/3 hereafter) with a common primer
set. The TUB2/3 levels per unit cDNA varied to some
extent and were higher in the order of VS, VN, and MN
(Supplemental Fig. S1).

Expression of Tissue Marker and Shade-Responsive
Genes in the Micro Samples

We examined the expression of tissue marker genes
in the micro samples (Fig. 1). For this purpose, we
employed TUB2/3 as an internal standard to estimate
the total mRNA levels in the samples. However, the
RT-gPCR and RNA-seq analysis (Supplemental Fig. S1)
revealed that TUB2/3 expression per unit cDNA var-
ied depending on the sample type (see below). Hence,
we corrected the TUB2/3 values accordingly when they
were used as internal controls (see “Materials and
Methods” for details).

The expression of a mesophyll marker gene, LIGHT
HARVESTING CHLOROPHYLL A/B BINDING PRO-
TEIN (LHCB1.2; AT1G29910; Susek et al., 1993), per
unit cDNA was much higher in MN and VN than in
VS regardless of the light condition (Fig. 1). The high-
er expression in MN and VN was consistent with the
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microscopy observation that both MN and VN con-
tained mesophyll as a major component. Since the
LHCB1.2 level was very similar between MN and VN,
the mesophyll was suggested to be a major tissue even
in VN. By contrast, LHCB1.2 was lower in VS, which
is consistent with the observation that mesophyll was
removed from VS (Fig. 1). However, VS might be con-
taminated with photosynthetic cells, although they
were not clearly observed microscopically (Fig. 1) be-
cause LHCB1.2 expression was detected in VS to some
extent.

The vascular marker gene, SUC-PROTON SYM-
PORTER2 (SUC2; AT1G22710), which is specifically
expressed in phloem companion cells (Ivashikina et al.,
2003), was expressed most highly in VS regardless of
the light conditions (Fig. 1), which was not surprising
because VS consisted almost entirely of vasculature
whereas a large portion of VN was occupied by non-
vascular tissues such as mesophyll and epidermis.
Second, the expression was significantly higher in VN
than in MN, indicating that the vasculature was indeed
excluded from MN (Fig. 1). Unlike SUC2, another vas-
cular marker, SULFATE TRANSPORTER2;1 (SULTR2;1;
AT5G10180), which is expressed in both xylem paren-
chyma and phloem cells in leaves (Takahashi et al.,
2000), was expressed equally in VN and VS despite the
much higher proportion of vasculature in VS (Fig. 1).
Hence, a substantial part of the xylem parenchyma
might have been removed from VS probably during
the ultrasonication treatment.

We then examined the expression of some of the
known shade-responsive genes, such as ARABIDOPSIS
THALIANA HOMEOBOX PROTEIN2 (ATHB2;
AT4G16780), LONG HYPOCOTYL IN FAR-RED (HFRI;
AT1G02340), and INDOLE-3-ACETIC ACID INDUC-
IBLE19 (IAA19; AT3G15540; Steindler et al., 1999; Devlin
et al., 2003; Sessa et al., 2005) in the micro samples
(Fig. 1). ATHB2 and HFR1 are transcription factors
whose expression is directly regulated by PIFs (Hor-
nitschek et al., 2012) to represent the primary action of
phytochrome. The auxin-responsive IAA19 gene was
chosen as a representative of the downstream response
(Iglesias et al., 2017). The expression levels of ATHB2
and HFR1 were substantially increased by EOD-FR, es-
pecially in MN and VN. Since these patterns were very
similar to that of LHCB1.2 (Fig. 1), ATHB2 and HFR1
appeared to be preferentially induced in the meso-
phyll (and/or epidermis) rather than the vasculature.
By contrast, JAA19 expression was increased only in
VN and VS by EOD-FR (Fig. 1). The pattern resembled
that of SULTR2;1, indicating that JAA19 responded in
vascular tissues (most likely in xylem parenchyma).

Initial Characterization of the RNA-Seq Data

To compare the transcriptome responses to EOD-
FR in different tissues, MN, VN, and VS samples were
prepared from cotyledons of 4-d-old seedlings for the
RNA-seq analysis. For this purpose, six micro pieces
were combined in a tube for cDNA synthesis. The sam-

849


http://www.plantphysiol.org/cgi/content/full/pp.17.01259/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01259/DC1

Kim et al.

Figure 1. Micro samples isolated from Arabidopsis
cotyledons. A, Photographs of MN, VN, and VS mi-
cro samples collected from 4-d-old Arabidopsis cot-
yledons. MN and VN pieces of ~100 pm in diameter
(upper panel) were excised from the distal nonvascular
and basal vascular regions of the cotyledon, respec-
tively, with a needle-based device (lower panels). A
hole much larger than the tissue piece was left be-
cause of the thickness of the needle cylinder wall. The
arrow indicates the vasculature contained in VN. VS
was isolated from whole cotyledons by enzyme treat-
ment and ultrasonication. Bars = 50 and 200 pm in
the upper and lower panels, respectively. B, Tissue
marker gene expression measured by RT-qPCR in MN,
VN, and VS. The 4-d-old seedlings were treated with
(gray bar) or without (white bar) EOD-FR. LHBC1.2,
SULTR2;1, and SUC2 are mesophyll, phloem and xy-
lem parenchyma, and phloem companion cell mark-
ers, respectively. TUB2/TUB3 was used to standardize
the results (for details, see “Materials and Methods”).
Four microsample pieces were combined in a tube
and subjected to cDNA synthesis (n > 4, mean =+ sp).
Asterisks indicate significant differences for Student’s
t test (**, P < 0.005; *, P < 0.05; ns, nonsignificant).
Different letters denote significant differences between
the FR-treated samples (P < 0.05, Student’s t test). The
expression levels are shown in arbitrary units setting
the highest value as 1. C, Gene expression responses
of typical shade-responsive genes, ATHB2, HFR1, and
IAAT19, to EOD-FR. Experimental conditions and sym-
bols are as described for B.

ples were prepared in duplicate from seedlings treated
with or without EOD-FR. After cDNA synthesis, the
samples were subjected to two rounds of amplification
(Kajiyama et al., 2015). The sample quality was checked
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using a Bioanalyzer to confirm the proper size distribu-
tion. We then confirmed that the tissue marker genes
were expressed properly in those samples (Supple-
mental Fig. S2). Finally, those samples were subjected
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A o(-FR) @(+FR)TUB2 ACT2 Figure 2. Expression of housekeeping and tissue mark-
ns ns ns ns * ns er genes measured by RNA-seq in microsamples. The
1000 - 1500 - seedlings were light-treated as described for Figure 1
a and subjected to RNA-seq analysis. The RPM values
= c B E3 b are shown. White bar, without EOD-FR; gray bar,
o b 1000 - with EOD-FR. The inset in C is a magnified view of
x T SUC2 expression in MN and VN. Six microsample
500 + a 1 pieces were combined to synthesize the cDNA (n =
500 A ¢ 2, mean = sp). Asterisks indicate significant differenc-
es for Student’s t test (*, P < 0.05; ns, nonsignificant).
Different letters denote significant differences between
0 T T 0 T " the FR-treated samples (P < 0.05, Student’s t test). A,
MN VN VS MN VN VS Housekeeping genes; B, mesophyll marker genes; C,
vasculature marker genes; D, epidermis marker genes.
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to an RNA-seq analysis and yielded 5.92 x 10° reads, of
which 73% on average were mapped (4.36 x 10°).

We first compared the read per million (RPM) values
for representative housekeeping genes such as TUB2,
TUB3, ACT2 (AT3G18780), and UBCY (AT4G27960;
Hong et al., 2010) in the 12 samples (Fig. 2; Supple-
mental Fig. S3A). As expected, the expression was not
affected by EOD-FR. However, the levels varied de-
pending on the sample type. The mean RPM values for
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TUB2, TUB3, and UBCY were higher in the order of VS,
VN, and MN, which was consistent with the RT-qPCR
results for TUB2/3 (Supplemental Fig. S1). In contrast,
ACT2 was higher in MN and VN than in VS. Hence,
none of the tested housekeeping genes exhibited con-
stant expression levels across all sample types.

We then checked the tissue marker gene expression
(Fig. 2, B-D; Supplemental Fig. S3, B-D). The mesophyll
marker genes LHCBI1.2. and RBCSIA (AT1G67090)
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were expressed at higher levels in MN and VN than in
VS, as demonstrated by the RT-qPCR analysis (Fig. 1).
However, the expression of LHCB2.3 (AT3G27690) was
equally low in VN and VS, indicating that mesophyll
tissues in MN and VN might have different character-
istics, probably due to their positions in the cotyledon
(Fig. 1).

Phloem marker genes, such as SUC2, SEORI
(AT3G01680), and APL (AT1G79430) (Kondo et al.,
2016; Yamaguchi et al., 2017), were expressed at much
higher levels in VS and almost not at all in MN (Fig.
2; Supplemental Fig. S3D). Similarly, the xylem mark-
ers IRX3 (AT5G17420) and XCP1 (AT4G35350) were
expressed most highly in VS (Supplemental Fig. S3C).
Hence, the vasculature was highly concentrated in VS
and efficiently excluded from MN. Strikingly, SULTR2;1
was equally expressed in VN and VS (Fig. 2), as shown
by RT-qPCR (Fig. 1). We also checked the expression of
the epidermis marker genes ATML1 (AT4G21750) and
FDH (AT2G26250; Sessions et al., 1999; Takada et al.,
2013), which were expressed at similar levels in MN
and VN but not in VS (Fig. 2). Hence, the epidermis
was equally included in MN and VN.

RNA-Seq Analysis of Shade-Signaling Genes

We checked the RPM values for the components of
shade signal transduction (Casal, 2013) in the different
sample types (Supplemental Fig. S4). Of five phyto-
chrome genes, PHYA (AT1G09570), PHYB (AT2G18790),
PHYC (AT5G35840), and PHYE (AT4G18130) were de-
tected, whereas the expression of PHYD (AT4G16250)
was very low in all the samples (<5). Basically, they
were expressed ubiquitously in all the sample types.
Hence, both the mesophyll/epidermis and vascular
cells were suggested to be able to respond to the shade
stimulus. As previously reported (Devlin et al., 2003),
the expression levels of PHYA and PHYB were some-
what increased by FR treatment, at least in MN and
VN. However, the expression of cryptochrome genes,
CRY1 (AT4G08920) and CRY?2 (AT1G04400), was more
stable and not affected by EOD-FR.

Four PIF genes involved in shade avoidance, PIF3
(AT1G09530), PIF4, PIF5, and PIF7, were expressed in
all sample types (Supplemental Fig. S4B). The COP1
(AT2G32950) and HY5 (AT5G11260) genes were also
expressed ubiquitously (Supplemental Fig. S4D). None
of those genes clearly responded to EOD-FR, although
HY5 might be down-regulated to some extent in MN.
In conclusion, major shade signaling components of
shade signal transduction were expressed at similar
levels in all sample types.

Selection of Light-Responsive Genes

To investigate the transcriptome response to EOD-
FR (Supplemental Table S1), we selected genes that ex-
hibited robust responses to EOD-FR. As a prefiltration
step, we selected protein-coding genes that exhibited
average RPM values >5 in at least one sample type
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(17,368 genes in total). We then chose genes that exhib-
ited responses to EOD-FR in at least one sample type.
The experiment was conducted in two light conditions
(xFR) and on three samples (MN, VN, and VS; Supple-
mental Fig. S2). We selected genes with maximum ex-
pression among the three FR-treated conditions (+FR/
MN, +FR/VN, and +FR/VS) that were more than 3
times higher than that in the three non-FR-treated con-
ditions (-FR/MN, -FR/VN, and -FR/VS; Supplemen-
tal Fig. S5) to exclude genes that responded to EOD-FR
in a certain sample type but were constitutively ex-
pressed at higher levels in other sample types. Among
them, 241 genes that exhibited statistically significant
responses (P < 0.1) were defined as up-regulated genes
(Supplemental Table S2). In a similar manner, 209
down-regulated genes (1/3 > +FR/-FR, P < 0.1) were
selected (Supplemental Table S3).

We performed a Gene Ontology (GO) enrichment
analysis using the g:profiler website (http://biit.cs.ut.
ee/gprofiler/; Reimand et al., 2016) to characterize the
above 241 up-regulated gene sets (Supplemental Ta-
ble S4). The enriched GO terms of lower orders (more
specific) included “shade avoidance (GO:0009641),”
“response to auxin (GO:0009733),” “cellular response
to auxin stimulus (GO:0071365),” “auxin-activated
signaling pathway (GO:0009734),” and “transcription
factor activity, sequence-specific DNA binding
(GO:0003700).” These terms were consistent with the
general view that auxin plays an important role in the
shade-avoidance response (Casal, 2013). Less charac-
terized are the genes that are down-regulated by the
shade stimulus. No GO term enrichment was observed
for the 209 down-regulated gene set. As reported pre-
viously (Nito et al., 2015), down-regulation was ex-
pected to be more difficult to identify.

Clustering Analysis of Light-Responsive Genes

We performed cluster analysis of the above 241 up-
regulated genes with Gene Cluster 3.0 (de Hoon et al.,
2004). The genes were classified into six groups ac-
cording to the response patterns in the different sam-
ple types (Fig. 3; Supplemental Table S2). Group 1 (VS)
genes (129 genes) were up-regulated mainly in VS.
This was the largest group accounting for 54% of the
total up-regulated genes. Group 2 (MN) and Group 3
(VN) genes were preferentially expressed in MN and
VN, respectively. They were the second largest, and
each of them accounted for ~15% of the up-regulated
genes. The other three groups, Groups 4 (MN and VN),
5 (VN and VS), and 6 (whole), were more minor and
accounted for approximately the remaining 15% of the
genes in total.

To characterize each group, we performed GO en-
richment analysis (Reimand et al., 2016). Among the
six groups, only Groups 1 (VS), 3 (VN), and 4 (MN,
VN) exhibited enrichment (Supplemental Table 54).
Terms related to auxin were enriched in Group 1 (VS)
and 3 (VN), whereas Group 4 (MN and VN) was en-
riched with the term “response to far-red light (GO:
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Figure 3. Cluster analysis of the up-regulated genes. The 241 up-reg-
ulated genes were clustered using Cluster 3.0 software into six groups
according to the response patterns in the different sample types. For
this analysis, the average expression levels of +FR/MN, +FR/VN, +FR/
VS, and —-FR (data from all three tissue types were combined) were
calculated and normalized by setting the highest value to 1. Brighter
red indicates higher expression.

0010218).” We combined the vascular groups, Groups
1 (VS) and 5 (VN and VS), and subjected the combined
group to GO term enrichment analysis and confirmed
the enrichment of auxin-related GO terms (Supple-
mental Table S4). Group 3 (VN) was not included in
the vascular group because the Group 3 genes could be
expressed in the mesophyll/epidermis in a specific po-
sition of the cotyledon rather than in the vasculature.
We also examined the classification of known shade-
responsive genes in the above analysis (Supplemental
Table S5). The 53 genes were reported in at least three
out of five literatures as genes up-regulated by shade
(Nito et al., 2015). They were up-regulated in different
types of samples such as whole seedlings and rosette
leaf blades. Among those 53 core shade-responsive
genes, 22 were found in the present up-regulated gene
set. Of these, 16 genes (72%) were classified into Group
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2 (MN) or 4 (MN and VN), indicating that previously
known shade-responsive genes tended to be expressed
in the mesophyll/epidermis. This tendency was con-
firmed by a similar analysis with 98 core up-regulated
genes reported by Sellaro et al. (2017). Among 11 over-
lapping genes, nine belonged to the mesophyll/epi-
dermis group consisting of Groups 2 (MN), 4 (MN and
VN), and 6 (whole), whereas only one belonged to the
vascular group (Groups 1 and 5). Consistent with this
view, the GO term “shade avoidance (GO: 0009641)”
was enriched in the mesophyll/epidermis group (Sup-
plemental Table S4).

Although no particular GO term was enriched
in the 209 down-regulated genes, we attempted to
classify them by cluster analysis (Supplemental Fig.
S6). Among them, 143 genes (68% of down-regulated
genes) were preferentially expressed and down-
regulated by EOD-FR in VS. We also observed several
other groups with different response patterns. However,
no GO term was enriched in any of those groups.
Hence, the significance of the down-regulated genes
remained unclear.

Confirmation of the RNA-Seq Results by RT-qPCR

To evaluate the reliability of the RNA-seq analysis,
22 genes were selected from each group and examined
by RT-qPCR. Those genes included nine core shade-
responsive genes, five auxin-related genes that showed
strong responses to the shade (>10-fold), five abscisic
acid-related genes, and three cell wall-related genes.
Samples were freshly prepared (1 = 3 or 4) in addition
to the original RNA-seq samples (1 = 2). Proper expres-
sion levels of TUB2/3 and tissue marker genes were
confirmed after the first and second round of cDNA
amplification, respectively. Among the 22 genes selected
from the 241 up-regulated genes (Supplemental Table
S2), 17 genes exhibited a significant light response
(P <0.05; Fig. 4; Supplemental Fig. S7). Three genes ap-
parently responded to EOD-FR, although the response
was not statistically significant; the deviations were
too large in several conditions to draw any conclusion
for the remaining two genes.

The tissue-specific response patterns were generally
reproducible (Fig. 4; Supplemental Fig. S7). Five genes
representing Group 1 (VS), including three auxin-
responsive genes (Goda et al., 2008), LAX2 (AT2G21050),
IAA30 (AT3G62100), and IAAT (AT4G14560), were in-
duced most strongly in VS, excluding IAAI. The re-
sponse of PIN1 (AT1G73590) in particular was observed
almost exclusively in VS. Genes representing Groups
3 (VN) and 5 (VN and VS) were also confirmed to be
up-regulated preferentially in the respective sample
types, including KDR (AT1G26945; Group 3), RD29A
(AT5G52310; Group 3), NCED3 (AT3G14440; Group 5),
and TAA19 (Group 5). Likewise, the pattern was also
reproduced for the genes mainly induced in the meso-
phyll/epidermis, including ACS8 (AT4G37770; Group
2), XTH15 (AT4G14130; Group 2), ATHB2 (Group 4),
HFR1 (Group 4), IAA29 (AT4G32280; Group 4), GH3.3
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Figure 4. Confirmation of the RNA-seq results by RT-qPCR. Representative genes were selected from each of the six groups
shown in Figure 3 and examined by RT-qPCR. The samples included the original samples for RNA-seq (n = 2) and freshly pre-
pared samples (n = 3 or 4). The seedlings were light-treated as described in Figure 1. TUB2/TUB3 was used to standardize the
results (mean = sp). Asterisks indicate significant differences for Student’s ¢ test (**, P < 0.005; *, P < 0.05; ns, nonsignificant).
Different letters denote significant differences between the FR-treated samples (P < 0.05, Student’s t test). White bar, without
EOD-FR; gray bar, with EOD-FR. The insets are magnified views of the expression in MN and VN, or VN and VS. RNA-seq
results (Supplemental Table S2) with (solid line) and without EOD-FR (broken line) are shown for comparison. The expression

levels are shown in arbitrary units setting the highest value to 1.

(AT2G23170; Group 4), HAT2 (AT5G47370; Group 6),
and JAA2 (AT3G23030; Group 6).

Expression Patterns of Auxin-Related Genes in the RNA-
Seq Data

Through the GO term enrichment analysis, we found
that there were many auxin-related genes among the
up-regulated genes (Supplemental Table S4). Hence,
we expanded our analysis and checked the expression
levels of all genes reported as auxin-related (Iglesias et
al., 2017) in the RNA-seq data (Supplemental Fig. S8).
About half of the auxin synthesis genes were upregu-
lated by shade in the different sample types, whereas

854

the other half were down-regulated. Some genes, such
as YUC8 and YUCY, increased in MN, while YUC3
(AT1G04610) and YUC4 (AT5G11320) increased in VN
and VS, respectively. Some of the auxin metabolism
genes, including GH3s, were up-regulated mainly in
VN, whereas the others did not show clear shade re-
sponses. These GH3 genes were known to conjugate
excess IAA with several amino acids by homeostasis
(Staswick et al., 2005). With respect to the auxin trans-
port genes, up-regulated, down-regulated, and non-
regulated genes were observed almost equally.

We also checked the expression of TRANSPORT
INHIBITOR RESPONSE1/AUXIN SIGNALING F-BOX
(TIR1/AFB) genes, AUXIN RESPONSE FACTOR (ARF)
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genes, AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA)
genes, and SMALL AUXIN UP RNA (SAUR) genes
separately. TIR1/AFBs are components of the ubiq-
uitin E3 ligase, which binds to auxin and promotes
degradation of IAAs (Parry et al., 2009; Calderén Vil-
lalobos et al., 2012). IA As suppress the auxin response
by inhibiting ARFs, which promote the expression of
auxin-responsive genes (Chapman and Estelle, 2009).
SAURs were originally identified as auxin-inducible
small RNAs (McClure and Guilfoyle, 1987). The sub-
family SAUR19-24 was reported to promote cell ex-
pansion by preventing inactivation of the plasma
membrane proton pump (Spartz et al., 2014).

Most of the TIR1/AFB and ARF genes did not re-
spond to shade. Interestingly, many ARF genes were
expressed mainly in VS. About half of the JAA genes,
including IAA19 and [AA29, were up-regulated by
shade mainly in VN or VS. However, about one-third
of the IAAs were down-regulated, albeit less promi-
nently. In the case of SAURs, almost an equal num-
ber of up-regulated and down-regulated genes were
found. It was noteworthy that up-regulation of SAURs
was observed more in VN and VS than in MN. In sum-
mary, both up- and down-regulations were observed
in auxin-related genes. Consistent with the GO term
enrichment analysis (Supplemental Table S4), the
up-regulation was observed more in VN and VS than
in MN.

RT-qPCR Analysis of YUC Gene Expression

The RNA-seq analysis demonstrated that the sites
of auxin synthesis and responses did not necessarily
match (Supplemental Fig. S8). To gain further insights
into this phenomenon, we reexamined the expression
of auxin-synthesis YUC genes in the different sample
types by RT-qPCR (Supplemental Fig. 59). As reported
previously (Miiller-Moulé et al., 2016), YUC8 and YUC9
were induced by the shade stimulus. They responded
preferentially in MN as suggested by the RNA-seq
analysis. Since the expression in VN was much lower
than that in MN, the position within the cotyledon
might be important for their expression. This result is
consistent with the reports that the GUS reporter gene
expression is uniformly observed in the periphery of
the rosette leaf (Chen et al., 2016; Miiller-Moulé et al.,
2016).

In addition, we examined YUC2, YUC3, Y UC4,
and YUC)S expression because YUC2, YUC3, and
YUC5 have been reported to be up-regulated by
shade (Tao et al., 2008; Li et al., 2012; Nito et al., 2015;
Goyal et al., 2016; Kohnen et al., 2016; Miiller-Moulé
et al., 2016), while YUC4 responded to shade in this
RNA-seq analysis (Supplemental Fig. S8). However,
no clear shade response was observed by the RT-qP-
CR analysis (Supplemental Fig. S9). In summary, the
mesophyll/epidermis appeared to be a major site of
shade-induced auxin biosynthesis in this study, al-
though the auxin response was more prominent in
the vasculature.
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Spotlight Treatment of the Cotyledon

As described above, the sites of auxin synthesis and
responses did not appear to match. To gain insights
into this phenomenon, we conducted spotlight irra-
diation experiments, which were successfully applied
in a previous work to analyze interorgan communica-
tions between cotyledons and the shoot apex (Nito et
al., 2015). First, we confirmed that phytochrome was
converted from Pfr to Pr by FR spotlight irradiation
only in the irradiated area (Supplemental Fig. S10). For
this purpose, we used the Bpro transgenic plant, which
expresses a phyB-GFP protein under the control of its
own promoter (Endo et al., 2005). The phyB-GFP forms
speckles in the nucleus upon photoactivation (Kircher
et al., 2002; Nagatani, 2004), whereas the speckles dis-
appear upon activation by EOD-FR (Nito et al., 2015)

The right side of the cotyledon of 4-d-old Bpro seed-
lings grown under white light was treated with an FR
spotlight guided through an acrylic fiber with a diam-
eter of 250 pm. As a control, the whole seedling was
irradiated with FR. After 30 to 40 min of incubation in
the dark, the seedlings were subjected to microscopy
observation. We confirmed that phyB-GFP speckles
disappeared only in the irradiated area but not in the
nonirradiated area on the other side (Supplemental
Fig. 510). The rate of nuclei with speckles within the
nonirradiated area was 78.6%, but it dropped to 3.3%
in the irradiated area.

The Response of Auxin-Responsive Genes to Spotlight
Irradiation

To examine how auxin-responsive genes respond to
local FR irradiation, the vascular region in the cotyle-
don was treated with an FR spotlight, and the VN micro
sample was collected from the irradiated area (Fig. 5).
As a control, the whole seedling was irradiated. In this
experiment, we examined six typical auxin-responsive
genes, IAA1, IAA30, IAA29, GH3.3, IAA19, and IAA2
(Supplemental Table S2). Four genes were induced
more efficiently in VN by whole-seedling irradiation
and only weakly by local spotlight irradiation (Fig. 5).
In the case of IAA1 and GH3.3, the experimental error
was too large to draw a clear conclusion. By contrast,
ATHB?2 and HFR1, with auxin-independent responses
(Li et al., 2012; Nito et al., 2015), were fully induced
even by local irradiation (Fig. 5). Hence, the shade re-
sponses of the auxin-responsive genes in the vascular
region were controlled by the global perception of the
shade stimulus rather than the local perception.

To further confirm the involvement of auxin in the
above responses, we conducted the same experiment
in the faal mutant, which is deficient for the shade-
induced increase in auxin biosynthesis (Tao et al., 2008),
and the respective wild type, Col-0. All four auxin-
responsive genes were induced only by whole-seedling
irradiation in the wild type (Fig. 6). The responses
were greatly reduced in the faal mutant, indicating that
their responses were auxin dependent. In addition, the
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Figure 5. Gene expression responses to spotlight EOD-FR irradiation
in the wild type (accession Landsberg erecta). A, Diagram explain-
ing the spotlight and whole-seedling irradiation of a cotyledon. The
VN micro sample was excised from the irradiated area for RT-qPCR
analysis. B and C, Gene expression responses to the whole-seedling
(gray bar) or spotlight (black bar) EOD-FR irradiation in VN. Seedlings
not treated with EOD-FR were used as controls (white bar). The seed-
lings were light-treated as described for Figure 1, except that two micro
sample pieces were combined in a tube for cDNA synthesis. TUB2/
TUB3 was used to standardize the results. The expression levels are
shown in arbitrary units setting the highest value to 1 (n = 4, mean +
sp). Different letters denote significant differences between the sam-
ples (P < 0.05, Student’s ¢ test).

ATHB?2 and HFR1 responses were confirmed to be aux-
in independent (Fig. 6). We also confirmed that expres-
sion of the tissue marker genes was not affected by the
light treatment (Supplemental Fig. S11).

The above observation implied that auxin transport
might be involved in the regulation of auxin-responsive
genes by shade. Hence, we examined the effects of an
auxin transport inhibitor, 1-N-naphthylphtalamic acid
(NPA; Teale and Palme, 2018), on the local induction
of the auxin-responsive genes. First, we confirmed that
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NPA inhibited the promotion of hypocotyl elongation
by shade (Supplemental Fig. S512A). In this experiment,
NPA solution was added to the medium solidified
with agar 24 h before the EOD-FR treatment. We then
examined the responses of IJAA19 and IAA29 to EOD-
FR in the presence of NPA, but no inhibitory effect was
observed (Supplemental Fig. S12B). To exclude the
possibility that NPA did not penetrate into the cotyle-
don by the above method, we vacuum-infiltrated the
NPA solution into detached cotyledons and exposed
them to EOD-FR (Supplemental Fig. S12C). However,
the result was the same. Hence, the NPA-sensitive aux-
in transport mechanism might not be required for the
response.
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Figure 6. Gene expression responses to EOD-FR in the taal mutant
and respective wild type (accession Col-0). The cDNA samples were
prepared and analyzed as described for Figure 5, except that four
micro sample pieces were combined in a tube for cDNA synthesis.
The bar colors are as described for Figure 5. TUB2/TUB3 was used to
standardize the results. The expression levels are shown in arbitrary
units setting the highest value to 1 (n = 3, mean =+ sp). Different letters
denote significant differences between the samples (P < 0.05, Student’s
t test). A, Auxin-responsive genes; B, AtHB2 and HFR].

Plant Physiol. Vol. 177, 2018


http://www.plantphysiol.org/cgi/content/full/pp.17.01259/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01259/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01259/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01259/DC1

Comparison of the Shade Responses in Different
Positions within the Cotyledon

The extent of the response for some genes might be
determined by the tissue type and also by the position
in the cotyledon (see the sections “Initial Characteri-
zation of the RNA-Seq Data,” “Clustering Analysis of
Light-Responsive Genes,” and “RT-qPCR Analysis of
YUC Gene Expression”). Hence, we examined how the
responses differed depending on the position. Whole
seedlings were treated with EOD-FR and the micro
samples containing vasculature tissues were prepared
from the tip, middle, and basal parts of the cotyledon
(Fig. 7). The MN samples were included as a control.
To confirm the sample quality, two tissue marker genes
were first examined. The mesophyll marker gene
(LHCB1.2) was evenly detected along the proximal-
distal axis, whereas the xylem parenchyma marker gene
(sultr2;1) increased toward the basal position (Fig. 7).

Then, we determined the expression levels of several
shade-responsive genes in these samples. The expres-
sion of IAA30 (Group 1; VS) and IAA19 (Group 5; VN
and VS) increased toward the base (Fig. 7). This gradi-
ent matched with that of xylem parenchyma marker
expression. Hence, these genes might be specifically
expressed in the vasculature. It is noteworthy here that
this pattern is almost opposite to that of YUC8 and
YUC9 (Chen et al., 2016; Miiller-Moulé et al., 2016; Sup-
plemental Fig. S8). In contrast to the above two genes,
IAA2 (Group 6; whole) and IAA29 (Group 4; MN and
VN) were expressed more evenly. Hence, the expres-
sion patterns of the auxin response genes differed de-
pending on the gene. Two autonomous genes, AtHB2
and HFR1 (Fig. 5), were induced at similar levels in all
samples (Fig. 7), indicating that at least some of the pri-
mary responses are equally induced regardless of the
position in the cotyledon.

DISCUSSION

Preparation and Initial Characterization of Micro Samples

In this study, the method used to prepare cDNA
samples for the RNA-seq analysis from microtissue
pieces (Kajiyama et al., 2015) was successfully adopted
to compare the gene expression responses in vascular
and nonvascular regions in cotyledons. The results of
the mesophyll marker gene expression analysis (Figs.
1 and 2; Supplemental Fig. S3B) indicated that meso-
phyll/epidermis mRNA constituted a major part of the
total mRNA in MN and VN. Likewise, the vasculature
marker analysis demonstrated that the vasculature
was highly concentrated in VS, which was included as
one component of VN and was completely excluded
from MN.

Multiple tissue marker genes provided consistent
results (Figs. 1 and 2; Supplemental Fig. S3). However,
certain markers exhibited exceptional patterns. The
vascular marker SULTR2;1 was expressed at similar
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levels in VN and VS, although the vasculature was
highly concentrated in VS compared with VN. This
discrepancy was probably because xylem parenchyma,
which is one of the sites of SULTR2;1 expression
(Takahashi et al., 2000), was partially excluded in VS.
Unlike the other mesophyll markers, the expression of
LHCB2.3 was low in VN compared with MN, which
may suggest that mesophyll cells in more distal parts
of the cotyledon (MN) might differ in some features
from those in more basal parts (VS).

It might be more direct to analyze the isolated tis-
sues to investigate the tissue-specific gene expression.
However, tissue isolation takes longer and may dam-
age the tissue. Indeed, a xylem parenchyma domain
expressing SULTR2;1 appeared to be damaged and
partially excluded from VS during isolation (Figs. 1
and 2). The needle-based method can provide more
intact tissues within a short time, although the resul-
tant samples usually consist of multiple tissues. In this
work, these two methods were employed to comple-
ment each other.

Transcriptome Responses to the Shade Stimulus in
Different Tissues

Transcriptome responses to the shade stimulus have
been studied first at the whole-seedling level (Devlin
et al., 2003; Salter et al., 2003) and more recently in
different organs (Kozuka et al., 2010; Nito et al., 2015;
Kohnen et al., 2016; Pantazopoulou et al., 2017). Meta-
analysis on available transcriptome data has been
reported recently (Sellaro et al., 2017). Thereby, the im-
portance of interorgan communication in the response
has been demonstrated. Taking advantage of the novel
method to analyze microtissue pieces (Nito et al., 2015),
we expanded the scope to intraorgan communications
within cotyledons in this study.

The up-regulated genes that were identified included
reasonable numbers of known shade-responsive
genes. Among the 53 major shade-induced genes (Nito
et al., 2015), 22 were found in this list, which was not
surprising because MN and VN contained large pro-
portions of mesophyll/epidermis that should have been
a major component of previous samples such as whole
seedlings. In the previous work, more shade-induced
genes were found in the shoot apex, including the vas-
culature, than in cotyledons (106 versus 31 genes; Nito
et al., 2015). Likewise, 57.3% of the 241 up-regulated
genes were preferentially responsive in the vascula-
ture (Groups 1 and 5; Supplemental Table 52). Hence,
the vasculature might be a major site of the shade
response.

The above result is intriguing because the vascula-
ture plays a critical role in long-distance signaling
(Notaguchi and Okamoto, 2015). In addition, various
types of genes that were presumed to be involved in
biological processes, such as vascular development, cell
wall synthesis/maintenance, and abiotic stress responses,
were found in the vascular group (Groups 1 and 5).
For example, SODIUM HYDROGEN EXCHANGER4
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Figure 7. Gene expression responses along the proximal-distal axis in
the cotyledon. A, Diagram explaining the location of microsampling.
The micro samples containing vasculature tissue were excised with
the needle-based device for the RT-qPCR analysis. B to D, Relative ex-
pression of tissue marker genes (B), nonautonomous genes (C), and au-
tonomous genes (D). The cDNA samples were prepared and analyzed
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(NHX4; AT3G06370; Group 1; VS) encodes a Na*/K*
antiporter. It is noteworthy that the vacuole NHX fam-
ily, of which NHX4 is a member, affects cell expansion
(Claussen et al., 1997; Bassil et al., 2011; McCubbin
et al., 2014). Another example is FLP1 (Group 1; VS).
Overexpression of FPF1, a close homolog of FLPI,
causes a constitutive shade-avoidance response (Wang
et al., 2014). EXPANSIN A4 (EXPA4; Group 1; VS) en-
codes an a-expansin, which mediates acid-induced
wall loosening (Cosgrove, 2015). Nevertheless, its ex-
pression is apparently not affected by auxin (Goda
et al., 2008). In summary, the possibility arises that var-
ious physiological processes are controlled by shade in
the vasculature.

It is noteworthy that phytochromes and PIFs were
expressed approximately equally in all the sample
types (Supplemental Fig. S4). Hence, we checked how
PIF target genes responded in different sample types.
For this purpose, we defined 264 core PIF target genes
(Supplemental Table S6) that were reported to be
PIF-binding genes in the literature (Hornitschek et al.,
2012; Oh et al., 2012; Zhang et al., 2013; Pfeiffer et al.,
2014). Interestingly, 12 core PIF target genes, includ-
ing HFR1, ATHB2, GA20X6, IAA29, and CKX5, were
found in the mesophyll group (Groups 2 and 4; 57
genes in total; Supplemental Table S2). Only five core
PIF target genes were identified among the 138 vascu-
lar genes (Groups 1 and 5). Hence, the primary shade
responses appeared to be more prominent in the me-
sophyll/epidermis than in the vasculature. This is not
surprising because the vasculature should be shaded
by the surrounding green tissue, which would make
the vasculature not suitable for shade detection.

As discussed above, the responses observed in the
vasculature might not be directly regulated by phyto-
chrome. Indeed, the vascular response appeared to be
regulated at least in part by auxin synthesized in the
surrounding tissues (see below). However, the genes
that were up-regulated in the vasculature may not all
be auxin dependent (Supplemental Table S2). Typical
examples are FLP1 and EXPA4 (AT2G39700; Fig. 4),
which are excluded from the list of auxin-responsive
genes (Goda et al., 2008) and not associated with the
GO term “response to auxin (GO:0009733).” Since the
vasculature consists of functionally divergent tissues,
such as phloem, companion cells, and xylem parenchy-
ma, the response could be regulated in various ways
according to the subtissue types. This feature should
be explored in future studies.

as for Figure 1, except that six micro sample pieces were combined
in a tube for cDNA synthesis. White bar, without EOD-FR; gray bar,
with EOD-FR. TUB2/TUB3 was used to standardize the results. The
expression levels are shown in arbitrary units setting the highest value
to 1 (n = 3, mean = sb). Asterisks indicate significant differences for
Student’s t test (**, P < 0.005; *, P < 0.05; ns, nonsignificant). Different
letters denote significant differences between the FR-treated samples
(P < 0.05, Student’s t test).
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Involvement of Auxin in the Shade-Avoidance Responses
in the Cotyledon

As many as 20 genes related to auxin were found in
the up-regulated genes (Supplemental Table S2). They
were enriched in the vascular groups, Groups 1 (VS)
and 5 (VNVS), indicating that the auxin-related shade
response was enhanced in the vasculature. It should
be noted here that some well-known shade-respon-
sive genes were among them, such as IAA1 (Group
1) and IAA19 (Group 5). This finding was not surpris-
ing because whole-seedling or organ samples contain
vasculature, albeit at low ratios. It is noteworthy that
not all auxin-responsive genes were preferentially up-
regulated in the vasculature. Genes such as IAA29
(Group 4) and GH3.3 (Group 4) were up-regulated
preferentially in the mesophyll/epidermis (Supple-
mental Fig. 57).

Increased expression of YUC genes, such as YUC2,
YUC5, YUCS, and YUCY, in the shade has been pro-
posed to be responsible for the up-regulation of aux-
in-responsive genes in response to shade stimulus (Li
et al.,, 2012). The shade response was confirmed for
YUCS and YUCY in this study (Supplemental Fig. S9).
Importantly, their expression was most prominent in
MN, much weaker in VN, and not detectable in VS,
indicating that they were expressed in a specific part of
the mesophyll/epidermis. It is intriguing that GUS re-
porter expression driven by the YUCS and YUCY pro-
moters is induced more strongly in the leaf margin in
slightly older Arabidopsis plants (Miiller-Moulé et al.,
2016). More recently, photoperception by the rosette
leaf tip has been shown to promote leaf hyponasty
through the action of auxin (Michaud et al., 2017;
Pantazopoulou et al., 2017). Hence, auxin might be
synthesized more actively in the distal and/or marginal
ends of the cotyledon.

Nonautonomous Regulation of Auxin-Responsive Genes

In contrast to YUC expression, the auxin responses
were observed more prominently in the vascular re-
gion (Supplemental Table S4; Supplemental Fig. S8).
Furthermore, some of the IAA responses increased
toward the base of the cotyledon (Fig. 7), which was
opposite to the expression patterns of YUCS8 and YUC9
(Supplemental Fig. S9). Hence, the site of auxin syn-
thesis and responses did not to match in the cotyledon.
Consistent with this view, the local irradiation of the
VN region was ineffective to induce the expression of
TAA30, IAA29, IAA19, and IAA2 (Figs. 5 and 6). This
result implies that YUC genes should be up-regulat-
ed globally or at least in a specific area of the cotyle-
don to elicit the response. We speculate that the auxin
synthesized in the mesophyll/epidermis is transport-
ed and accumulated in the vasculature, especially at
the basal end of the cotyledon. This view is consistent
with current knowledge that auxin is loaded into the
vasculature from surrounding cells in young leaves
for long-distance transport (Marchant et al., 2002;
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Notaguchi and Okamoto, 2015). However, it remains
possible that not only auxin levels but also the sensi-
tivity to auxin might be altered in the vasculature to
up-regulate the expression of auxin-responsive genes.
To answer the question ultimately, we would need to
measure the auxin levels in different parts of the coty-
ledon, which is very difficult at present.

The previous studies have shown that auxin trans-
port is an important element of auxin response to
shade (Keuskamp et al., 2010; Michaud et al., 2017;
Pantazopoulou et al., 2017). PIN proteins are auxin ef-
flux carriers that facilitate auxin transport (Blilou et al.,
2005; Wisniewska et al., 2006). The pin3pin4pin7 loss-of-
function mutant fails to promote hypocotyl elongation
in response to shade (Kohnen et al., 2016). Interesting-
ly, PIN3 and PIN7 expression increases in response to
shade at the whole-seedling level (Devlin et al., 2003).
Hence, polar auxin transport was envisaged to be in-
volved in the shade response within the cotyledon. To
examine this possibility, a well-known auxin transport
inhibitor, NPA (Teale and Palme, 2018), was employed.
However, NPA did not affect the responses of IAA19
and [AA29 in VN despite the fact that it inhibited hy-
pocotyl elongation (Supplemental Fig. S12). A similar
result that induction of SAUR22 in cotyledons and the
hypocotyl remains robust in the pin3pin4pin7 mutant
has been reported previously (Kohnen et al., 2016).
Hence, auxin movement by an NPA-insensitive mech-
anism might contribute to the response.

CONCLUSION

As mentioned previously, auxin links spatially sepa-
rated organs, such as the leaf and hypocotyl, in shade
responses (Tanaka et al., 2002; Procko et al., 2014;
Kohnen et al., 2016). This analysis extends this view
regarding the role of auxin in intraorgan communica-
tion. The shade stimulus promotes auxin synthesis in
the photoperceptive mesophyll/epidermis. The syn-
thesized auxin is then accumulated in the vasculature,
probably through the action of some auxin carriers
in the cotyledon. The vasculature then facilitates the
long-distance transport of auxin to target organs such
as the hypocotyl. Phytochromes are envisaged to reg-
ulate or modify various aspects of auxin throughout
this process.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Most experiments were performed with Arabidopsis (Arabidopsis thaliana)
accession Landsberg erecta. The Bpro-7 transgenic plant, in which the phyB-
GFP fusion protein was expressed under the control of the PHYB authentic
promoter (Endo et al., 2005), was used for nuclear phyB speckle observation.
In addition, the taal/sav3 mutant (Tao et al., 2008) and its background accession
Columbia (Col-0) were used for the spotlight experiments. Seeds were sown
on Murashige and Skoog medium (pH 5.5-6.5) solidified with 0.8% (w/v) agar
and supplemented with 0.5% (w/v) sugar and 0.2% vitamin B5. Seeds were
incubated at 4°C in the dark for 2 d to induce germination. Seedlings were
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grown for 4 d at 23°C in the chamber under short-day cycles (8 h light/16 h
dark) before the EOD-FR treatment. A fluorescent lamp FL20SS EX-N/18 TT
(Mitsubishi) supplied the white light (120 pmol m=2s").

Light Treatments

EOD-FR was supplied at the end of the fourth day of the growth period to
induce the shade-avoidance response (Kasperbauer, 1971; Lopez-Juez et al.,
1990). Whole seedlings were treated with FR (2 min, 427 pumol m2s™') using an
FR light-emitting diode panel ISL-150x150-FR (CCS) except for the spotlight
experiment. For the spotlight experiments, the cotyledon was treated with a
spotlight of 1,370 umol m~2 s~ for 4 s. The spotlight was from an FR light-emit-
ting diode bulb VSF74IN1 (Alpha-one), on top of which was attached an
acrylic fiber with a diameter of 250 um (Nito et al., 2015). As controls, whole
seedlings were treated with a bare FR light-emitting diode bulb (1,000 umol
m™?s™, 5s). The light intensity was measured with a quantum sensor LI-250A
(LI-COR). The FR-treated seedling was incubated in the dark for 2 h before
sample collection unless otherwise stated.

Micro Sample Collection and Observation

Micro samples were excised from different parts of Arabidopsis cotyledons
with a needle-based device (Nito et al., 2015). The vasculature was isolated
from Arabidopsis cotyledons using a previous method (Endo et al., 2014) with
modifications. For this purpose, 20 cotyledons were cut and placed in a 1.5-
mL tube containing 300 pL enzyme solution (0.75% Cellulase Onozuka R-10
[Yakult], 0.25% Macerozyme R-10 [Yakult], 0.4 M mannitol, 5 mm MES-KOH,
pH 5.6, and 8 mm CaCl,). The cotyledons were then ultrasonicated for 45 s to
remove mesophyll and epidermal tissues. The bare vasculature was collected
with tweezers.

For bright-field microscopy observation, a BX51 microscope (Olympus)
equipped with a CCD camera DP30BW (Olympus) was used. The DP manager
imaging software (Olympus) was used to take the pictures. For observation of
phyB-GFP, a confocal microscope FV1000-D (Olympus) and FV10-ASW soft-
ware (Olympus) were used. The phyB-GFP fluorescence was observed 30 to 40
min after the FR treatment. The z axis sections (3-um intervals) were stacked to
encompass the epidermis and the top layer of the mesophyll.

c¢DNA Synthesis

c¢DNA was synthesized and amplified as previously described (Nito et al.,
2015). The micro sample pieces were frozen in 0.5 uL RLC lysis buffer (Qiagen)
and homogenized with a pestle. After reverse transcription, cONA was am-
plified by PCR and purified twice with AMPure XP beads (Beckman Coulter).
After the second-round PCR amplification, cDNA was purified using the Wiz-
ard SV gel and PCR cleanup system (Promega). The cDNA concentration was
measured using the Qubit dsDNA HS assay kit (Life Technologies) and Qubit
2.0 Fluorometer (Life Technologies).

RNA-Seq Analysis

The RNA-seq library was prepared with 1 ng cDNA using the KAPA Hy-
perPlus Kit (KAPA Biosystems) following the manufacturer’s instructions.
The quality was checked using a Bioanalyzer (Agilent Technologies). The li-
brary was sequenced using a HiSeq 2500 sequencer (single end, 50 bp; Illumina).
Sequenced reads were preprocessed, mapped, and quantified according to a
previously described pipeline (Kamitani et al., 2016) with the following modi-
fications. Gene models in TAIR10 were used as reference sequences.

RT-qPCR Analysis

The RT-gPCR analysis was performed using the Faststart Essential DNA
Green Master (Roche) and LightCycler 96 system (Roche). A 1-ng aliquot of
the amplified cDNA (1 mg/mL) was mixed with 6.2 uL PCR-grade water, 7.5
pL Faststart Essential DNA Green Master 2x concentrated, 0.3 pL primer (FW-
RV), and 1 pL cDNA and subjected to the RT-qPCR reaction. The PCR condi-
tions were as follows: 95°C for 10 min, 45 cycles of 95°C for 20 s, 55°C for 10
s, and 72°C for 10 s, and finally 95°C for 10 s, 65°C for 60 s, and 97°C for 1 s
for melting.

As an internal standard, the expression levels of the TUB2/TUB3 genes,
which were collectively detected with a primer set common to these genes,
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were determined. Since the relative TUB2/TUB3 expression levels per 1 ng of
cDNA were 1, 1.75, and 2.18 in MN, VN, and VS, respectively, on the basis
of the RT-qPCR analysis (Supplemental Fig. S1), the TUB2/TUB3 values were
corrected based on these ratios as an internal control. The primer sequences
are shown in Supplemental Table S7.

NPA Treatment

For the hypocotyl elongation and gene expression assays, NPA solution at
25 um (<0.1% DMSO in water) was applied onto the agar plate 24 h before the
EOD-FR treatment. Alternatively, the 25 um NPA solution was vacuum-infil-
trated into the detached cotyledons 1 h before the EOD-FR treatment. Vacuum
infiltration was performed by soaking cotyledons in the NPA solution in a
microtube and repeatedly evacuating the tube using a syringe attached on
top of it.

Accession Numbers

The RNA-seq sequence data are available in the DDBJ Sequenced Read Ar-
chive under accession number DRA006771.

Supplemental Data
The following supplemental materials are available.

Supplemental Figure S1. Relative TUB2/TUB3 expression levels in differ-
ent sample types.

Supplemental Figure S2. Marker gene expression in cDNA samples sub-

jected to RNA-seq analysis.

Supplemental Figure S3. Expression of additional housekeeping and tis-
sue marker genes measured by RNA-seq.

Supplemental Figure S4. Phytochrome and light-signaling gene expres-
sion measured by RNA-seq.

Supplemental Figure S5. A diagram explaining how the light-responsive

genes were selected.
Supplemental Figure S6. Cluster analysis of down-regulated genes.
Supplemental Figure S7. Additional RT-qPCR confirmation results.
Supplemental Figure S8. Cluster analysis of auxin-related genes.
Supplemental Figure S9. Expression of auxin biosynthesis genes.

Supplemental Figure S10. Evaluation of spotlight irradiation with a
phyB-GFP-expressing line.

Supplemental Figure S11. Tissue marker gene expression in VN micro

samples collected from cotyledons treated with a spotlight.

Supplemental Figure S12. Effects of NPA on the hypocotyl and gene ex-

pression responses.
Supplemental Table S1. RPM values for all genes analyzed in this study.
Supplemental Table S2. List of the 241 up-regulated genes.
Supplemental Table S3. List of the 209 down-regulated genes.
Supplemental Table S4. List of GO terms enriched in the gene groups.
Supplemental Table S5. Responses of 53 core shade-responsive genes
Supplemental Table S6. List of PIF1, PIF3, PIF4, and PIF5 target genes.
Supplemental Table S7. List of primers used in this study.
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