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ABSTRACT

Secondary cell walls (SCWs) in stem cells provide mechanical strength and structural support for growth.
SCW thickening varies under different light conditions. Our previous study revealed that blue light enhances
SCW thickening through the redundant function of MYC2 and MYC4 directed by CRYPTOCHROME1 (CRY1)
signaling in fiber cells of the Arabidopsis inflorescence stem. In this study, we find that the Arabidopsis
PHYTOCHROME B mutant phyB displays thinner SCWs in stem fibers, but thicker SCWs are deposited in
the PHYTOCHROME INTERACTING FACTOR (PIF) quadruple mutant pif1pif3pif4pif5 (pifq). The shaded light
condition with a low ratio of red to far-red light inhibits stem SCW thickening. PIF4 interacts with MYC2 and
MYC4 to affect their localization in nuclei, and this interaction results in inhibition of the MYCs’ transactivation
activity on the NST1 promoter. Genetic evidence shows that regulation of SCW thickening by PIFs is depen-
dent on MYC2/MYC4 function. Together, the results of this study reveal a PHYB-PIF4-MYC2/MYC4 module
that inhibits SCW thickening in fiber cells of the Arabidopsis stem.
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INTRODUCTION

In higher plants, all cells are encased in a primary cell wall laid down
during cell elongation that is flexible (to allow growth) yet pos-

being a sign of SCW thickening. Expression of SCW biosynthesis
genes is controlled by a hierarchy of transcriptional regulatory
networks. SND1/NST1 and VND6/VND?7 are key regulators at the
top tier of the regulatory network that specifically control SCW

sesses sufficient tensile strength to withstand the turgor pressure
that drives growth. The primary cell wall defines the shape of a plant
cell and is important for communication between plants and their
environments (Doblin et al., 2010). Some types of specialized
cells, such as fiber and vessel cells in stem xylem, deposit a rigid
secondary cell wall (SCW) inside the primary cell wall after cell
elongation has ceased, which provides plants with the
mechanical strength to withstand enormous compressive forces
and the capacity to transport water to aerial organs (Zhong and
Ye, 2015). The main components of lignified SCWs include
cellulose, hemicelluloses, and lignin, with deposition of lignin

formation in fiber and vessel cells, respectively, in Arabidopsis
(Kubo et al., 2005; Zhong et al., 2006; Mitsuda et al., 2007;
Yamaguchi et al., 2010; Zhu and Li, 2021).

In addition to developmental signals, various external environ-
mental cues, including light, water, and temperature, affect SCW
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formation (Le Gall et al., 2015). Light induces a range of effects
on plant cell wall formation (Le Gall et al., 2015). For example,
when grown under blue light, Arabidopsis produces an
inflorescence stem that is mechanically strengthened due to
thickening of the SCWs of fiber cells. The blue light signal has
been shown to induce MYC2/MYC4 expression, which activates
NST1 expression by binding to its promoter, leading to an
enhancement of SCW thickening (Zhang et al., 2018a). However,
under shaded light conditions with a lower ratio of red to far-red
(R:FR) light, plants exhibit an increase in cell elongation and a sub-
sequent reduction in SCW thickening (Sasidharan et al., 2008,
2010; Casal, 2012; Wu et al., 2017). The molecular mechanism
underlying this reduction in SCW thickening caused by shaded
light conditions is not well defined. The R:FR photoreceptor,
PHYTOCHROME B (PHYB), exists in two forms that are reversibly
interconvertible through perception of red and far-red light (Quail,
1991). The Pr form of PHYB absorbs red light and rapidly reverts
to the Pfr form, which absorbs far-red light to return to the Pr
form (Franklin, 2008). In response to the R:FR ratio signal,
interconversion of the PHYB Pr-Pfr forms activates downstream
molecular pathways to regulate induction of seed germination,
seedling de-etiolation, shade avoidance, and floral initiation
(Somers et al., 1991; Poppe and Schafer, 1997; Franklin and
Quiail, 2010; Strasser et al., 2010).

Red light activates PHYB to interact with PHYTOCHROME IN-
TERACTING FACTORs (PIFs; mainly a quartet of members:
PIF1, PIF3, PIF4, and PIF5), leading to their degradation (Bauer
et al., 2004; Monte et al., 2004; Al-Sady et al., 2006; Shen et al.,
2007; Lorrain et al., 2008), whereas far-red light inactivates
PHYB and stabilizes PIFs, inducing stem elongation and other
morphogenesis processes (Hornitschek et al., 2012; Leivar
et al., 2012).

The transcription factor (TF) MYC2 is considered to be a tran-
scriptional regulatory hub that interconnects a variety of bio-
logical processes (Kazan and Manners, 2013). MYC2
interacts with different TFs to integrate the crosstalk among
different signaling pathways, including jasmonate (JA)-
mediated pathogen defenses and abscisic acid (ABA),
ethylene, gibberellic acid (GA), and light signals (Chen et al.,
2012; Hong et al., 2012; Song et al., 2014). The blue light
signal upregulates expression of MYC2/MYC4, which then
activates NST7-mediated SCW thickening by directly binding
to the NST1 promoter (Zhang et al., 2018a). Here, we show
that the low R:FR ratio under shaded light conditions inhibits
SCW thickening in Arabidopsis inflorescence stems.
Our analyses indicate that R:FR light is perceived by PHYB
to alter the status of PIF4, which acts as a direct regulator of
MYC2/MYC4 to modulate SCW thickening. This study reveals
a molecular pathway that controls SCW thickening in response
to the R:FR light ratio.

RESULTS

Light R:FR ratio affects SCW thickening in the
inflorescence stem of Arabidopsis

As our previous study showed that a blue light signal enhances
SCW thickening in Arabidopsis inflorescence stems (Zhang
et al.,, 2018a), we were interested in further examining

Shade inhibits secondary cell wall thickening

the effect of light with a lower R:FR ratio, which imitates
shaded light conditions, on SCW thickening during
inflorescence stem growth. First, wild-type (WT) plants
were grown to bolting in normal white light (WL) conditions.
When the inflorescence stem started to grow, plants were
transferred to light conditions with different R:FR ratios to
monitor the growth of the inflorescence stem. The inflores-
cence stem grew faster (Figures 1A and 1B) and had a
significantly lower tensile strength (Figure 1C) under WL
supplemented with far-red light compared with WL. This result
indicated that a low R:FR ratio affected both inflorescence
stem growth and mechanical strength. Anatomical analyses
of stem structure revealed that the SCW thickness in fiber cells
was significantly decreased, but vessel cell SCW thickness
showed little difference (Figures 1D and 1E). Expression of
SCW thickening marker genes (NST1, SND1, 4CL1, and
IRX8) (Lee et al., 1997; Zhong et al., 2006; Mitsuda et al.,
2007; Hao et al., 2014) was downregulated under low R:FR
conditions (Supplemental Figure 1). Contents of lignin and
crystalline cellulose, typical SCW components, were
significantly lower under low R:FR conditions (Figures 1F and
1G). These data suggest that the additional far-red light pro-
motes stem elongation and inhibits SCW thickening in stem
fiber cells.

PHYB and PIFs are involved in regulating cell elongation
and SCW thickening in the Arabidopsis inflorescence
stem

Red/far-red light is perceived by the photoreceptor PHYB, which
induces a series of responses through PIF proteins (Reed et al.,
1993; Pham et al., 2018). To dissect the genetic basis of the R:FR
effect on SCW thickening, we analyzed the inflorescence stem
growth of phyB and quadruple pif1pif3pif4pif5 (pifqg) mutants.
phyB mutants displayed a lodging phenotype and grew
longer inflorescence stems than the WT, whereas pifqg mutants
showed erect growth with shorter inflorescence stems compared
with the WT (Figures 2A and 2B and Supplemental
Figure 2A). Stem elongation growth was determined by
measuring the distance between two markers on the
inflorescence stem during its growth. Elongation growth was
increased in phyB but decreased in pifg mutant plants
(Figure 2C). Mechanical properties of the inflorescence stem,
measured as tensile strength, were also significantly affected:
phyB inflorescence stems had decreased tensile strength,
whereas the tensile strength of pifqg mutant inflorescence stems
was increased (Figure 2G). To analyze the cell length and
cell wall structure of the inflorescence stem, stems were
disintegrated to measure the length of xylem fibers, which
are the predominant cell type in mature inflorescence stems. The
fiber cells of phyB plants were longer, whereas those of pifq
plants were shorter, relative to those in the WT (Figure 2D and
Supplemental Figure 2B).

Cross sections of the stem showed a difference in the cell wall
thickness of interfascicular fiber cells (Figures 2E and 2F and
Supplemental Figure 2C). Compared with that in the WT, cell
wall thickness in the interfascicular fiber cells was decreased in
phyB but increased in pifq, whereas thickness of the vessel
cells was unaltered (Figures 2E and 2F). Furthermore, both
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Figure 1. Shaded light inhibits SCW thickening in the inflorescence stem.

(A) Growth of Arabidopsis inflorescence stems in white-light (WL) and WL + far-red conditions. FR, far red. Scale bar, 5 cm.

(B) Elongation of inflorescence stems in WL and WL + far-red conditions during growth. n = 9, mean + SD.

(C) Tensile strength of inflorescence stems; the WT stem tensile strength was set to 1. Student’s t-test (**P < 0.01) was used for statistical analysis, n =18,

mean + SD.

(D) Cross sections of the inflorescence stem grown under different light conditions (WL and WL + far red) visualized under a light microscope (after
toluidine blue staining; left panels) and a transmission electron microscope (right panels). If, interfascicular fiber cell; V, vessel cell. Left: scale bar, 20 pm;

right: scale bar, 5 um.

(E) Measurements of SCW thickness in the interfascicular fiber cells in (D). There were three biological replicates, and more than 10 cells were measured
per biological replicate. Student’s t-test (**P < 0.01) was used for statistical analysis, mean + SD.
(F) Lignin content in inflorescence stems of plants grown in different R:FR conditions. Student’s t-test (*P < 0.05) was used for statistical analyses, n =3,

mean + SD.

(G) Crystalline cellulose content in inflorescence stems of plants grown in different R:FR conditions. Student’s t-test (‘P < 0.05) was used for statistical

analyses, n = 3, mean + SD.

lignin and crystalline cellulose contents were decreased in phyB
but increased in pifq (Figures 2H and 2I, respectively).

In parallel with the knockout mutant analyses, Arabidopsis plants
overexpressing PHYB (PHYB-OE) and PIF4 (PIF4-OE) were also
generated and their inflorescence stem properties analyzed.
PHYB-OE transgenics had shorter and stronger (increased tensile
strength) inflorescence stems, whereas those of PIF4-OE plants
were thinner and weaker (Supplemental Figure 3 and Figure 3C).
Examination of stem cross sections indicated that PHYB
overexpression resulted in thicker cell walls of interfascicular
fiber cells, whereas PIF4 overexpression led to thinner fiber cell
walls relative to the WT (Figures 3A and 3B). Lignin and
crystalline cellulose contents were increased in the PHYB-OE
inflorescence stems but decreased in PIF4-OE stems (Figures 3D
and 3E). By contrast, the cell wall thickness of vessel cells was
largely unaffected in PHYB-OE plants but was decreased in
PIF4-OE plants (Figures 3A and 3B). Transcriptional analyses of
SCW thickening genes (NST1, SND1, 4CL1, and IRX8)
demonstrated that their expression was upregulated in PHYB-OE
plants but suppressed in PIF4-OE plants (Figure 3F). These
results indicate that SCW thickening is positively regulated by

PHYB but negatively regulated by PIFs in interfascicular fibers of
inflorescence stems.

The PHYB-PIFs signal module links to MYC2 for SCW
thickening

As shown above, SCW thickening is genetically regulated by PHYB
and PIFs and also conditionally modified by light R:FR ratio. Next,
we examined the effect of red light on SCW thickening. phyB and
pifqg mutants were grown under red light (high R:FR). The inflores-
cence stem of phyB mutant plants showed a significant decrease
in stem tensile strength; SCW thickening was severely affected
in fiber cells but was essentially unchanged in vessel cells
(Figures 4A-4C). Conversely, the pifq mutants displayed
increased stem tensile strength, accumulated much thicker
SCWs in interfascicular fiber cells, and had a modest increase in
vessel cells, compared with those in WT plants (Figures 4A-4C).
Lignin content was decreased in the phyB mutant but increased
in the pifg mutant (Figure 4D). Consistent with these findings, the
expression of SCW thickening genes (NST1, SND1, 4CL1, and
IRX8) was downregulated in the phyB mutant but upregulated in
the pifq mutant (Figure 4E). These data suggest that high R:FR

Plant Communications 3, 100416, November 14 2022 © 2022 The Author(s). 3
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Figure 2. PHYB and PIFs regulate SCW thickening in fiber cells.

(A) Plants were grown in WL at 8 weeks of age. Scale bar, 5 cm.

(B) Measurements of plant height in (A). Student’s t-test (*“P < 0.01) was used for statistical analyses, n = 20, mean + SD.

(C) Inflorescence stem elongation. The stem was marked with two points at the basal region, and the distance between the two points was measured
every day during growth. Student’s t-test (*P < 0.05) was used for statistical analyses, n = 3, mean + SD.

(D) Fiber cell length measured in disaggregated fiber cells. Data were collected from three biological replicates, and more than 200 cells were measured
per biological replicate. Student’s t-test (**P < 0.01) was used for statistical analysis, mean + SD.

(E) Transmission electron micrographs of inflorescence stem cross sections. If, interfascicular fiber cell; V, vessel cell. Scale bar, 5 um.

(F) Measurements of SCW thickness in the interfascicular fiber cells and vessel cells in (E). Data were collected from three biological replicates, and more
than five cells were measured per biological replicate. Student’s t-test (P < 0.01) was used for statistical analysis, mean + SD.

(G) Tensile strength measurements of the inflorescence stem; the WT stem tensile strength was set to 1. Student’s t-test (**P < 0.01) was used for
statistical analysis, n = 16, mean + SD.

(H) Lignin content in inflorescence stems. Student’s t-test (*“P < 0.01, *P < 0.05) was used for statistical analyses, n = 3, mean + SD.
(I) Crystalline cellulose content in inflorescence stems. Student’s t-test (*“P < 0.01, *P < 0.05) was used for statistical analyses, n = 3, mean + SD.

facilitates SCW thickening through PHYB-enhanced SCW gene Also, PIF4 promoter-B-glucuronidase (GUS) analysis indicated its

expression, whereas PIFs inhibit this process. Analysis of gene expression in interfascicular fiber cells (Supplemental Figure 4B).
expression showed that PHYB and PIF quadruple members are

both expressed in inflorescence stems, and among them, PIF4 Next, we dissected the molecular pathway that connects the
and PIF5 had the highest abundance (Supplemental Figure 4A). PHYB-PIFs signal to SCW thickening. Five-week-old WT plants

4 Plant Communications 3, 100416, November 14 2022 © 2022 The Author(s).
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Figure 3. SCW phenotypes of PHYB-OE and PIF4-OE plants.

(A) Transmission electron micrographs of inflorescence stem cross sections of plants grown in WL. If, interfascicular fiber cell; V, vessel cells. Scale bar,

5 um.

(B) Measurements of SCW thickness of cells in (A). Data were collected from three biological replicates, and more than 10 cells were measured per
biological replicate. Student’s t-test (**P < 0.01) was used for statistical analysis, mean + SD.
(C) Tensile strength of inflorescence stems; the WT stem tensile strength was set to 1. Student’s t-test (**P < 0.01) was used for statistical analysis, n =15,

mean = SD.

(D) Lignin content in inflorescence stems. Student’s t-test (*P < 0.05) was used for statistical analyses, n = 3, mean + SD.

(E) Cellulose content in inflorescence stems. Student’s t-test (P < 0.01, *P < 0.05) was used for statistical analyses, n = 3, mean + SD.

(F) Expression of SCW regulatory (NST7 and SND1) and biosynthesis-related (4CL7 and IRX8) genes in different genotypes grown under WL. Three
biological replicates were performed. Student’s t-test (**P < 0.01, *P < 0.05) was used for statistical analysis, mean + SD.

at the stage of inflorescence stem elongation were moved from
normal light to the dark for 24 h in order to shut down light-induced
gene expression, then transferred to red-light (high R:FR) condi-
tions for 2 h. Stem samples were collected for RNA sequencing
(see Supplemental Figure 5A). Compared with 24 h of darkness,
a group of 2203 differentially expressed genes (DEGs) were
detected after red-light treatment, among which two-thirds were
upregulated and one-third were downregulated (Supplemental
Table 1; Supplemental Figure 4B). The regulated genes included
red-light-responsive photopigment genes (PSY, PORC, GUN5)
and target genes of PIFs (PIL1, ATHB2, BBX28) (Zhang et al.,
2013; Toledo-Ortiz et al., 2014), indicative of the red-light signaling
effectiveness. Expression of cell expansion genes (XTH22, XTH27,
XTH30, EXPAT) was inhibited, but SCW-thickening-related regula-
tory genes, including NST7 and MYC2, were upregulated in
response to red light (Supplemental Figure 5C) (Matsui et al.,
2005; Claisse et al., 2007; Mitsuda et al., 2007; Goh et al., 2012;
Zhang et al., 2018a). Interestingly, expression of VND6/VND?7,

which control vessel SCW thickening, was not induced by red
light (Supplemental Table 1) (Kubo et al., 2005). The red-light induc-
tion of NST1, MYC2, and other key genes for SCW thickening was
further confirmed by RT-gPCR analysis (Supplemental Figure 6).
Conversely, after exposure to far-red light conditions, MYC2 and
NST1 expression was inhibited in WT plants; however, this inhibi-
tion was reduced in phyB and pifg mutants (Supplemental
Figure 7). These results suggest that expression of MYC2 is
induced by red light, inhibited by far-red light, and regulated
through PHYB and PIFs.

PIF4 affects MYC2 stability and inhibits its
transcriptional activity

MYC2 and MYC4 are known to redundantly regulate SCW
thickening through their binding to the NST7 promoter (Zhang
et al., 2018a). We therefore analyzed how PIFs affect MYC2
transcriptional activity on the NST7 promoter. PIF4, PIF5, and

Plant Communications 3, 100416, November 14 2022 © 2022 The Author(s). 5
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Figure 4. Red-light signaling regulates SCW thickening, dependent on PHYB and PIFs.

(A) The inflorescence stems of phyB and pifq mutants were grown under red light (high R:FR) and anatomically analyzed. Transmission electron mi-
crographs of the inflorescence stem cross sections are shown. If, interfascicular fiber cell; V, vessel. Scale bar, 5 um.

(B) Statistics of SCW thickness in (A). Data were collected from three biological replicates, and more than 10 cells were measured per biological replicate.

Student’s t-test (**P < 0.01) was used for statistical analysis, mean + SD.

(C) Tensile strength of the inflorescence stem; the WT stem tensile strength was set to 1. Student’s t-test (**P < 0.01) was used for statistical analysis,

n =20, mean + SD.

(D) Lignin content in the inflorescence stem. Student’s t-test (**P < 0.01, *P < 0.05) was used for statistical analyses, n = 3, mean + SD.
(E) Expression of SCW regulatory (NST7) and biosynthesis-related (CESA4, 4CL1, and IRX8) genes was measured by gRT-PCR analysis. Analysis was
performed on three biological replicates. Student’s t-test (**P < 0.01) was used for statistical analysis, mean + SD.

MYC2 were expressed using a dual-luciferase (LUC) reporter assay
in Arabidopsis protoplasts. MYC2, but not PIF4 or PIF5, was able to
activate the NST1 promoter (Figures 5A and 5B). When MYC2 was
co-expressed with either PIF4 or PIF5, MYC2 activity on the NST7
promoter was reduced (Figure 5B), suggesting that MYC2
transcriptional activity is repressed by either PIF4 or PIF5.

Although previous studies have reported interactions between
PIFs and MYC2 (Zhang et al., 2018b; Zhao et al., 2021), we
carried out pulldown and yeast two-hybrid assays for verification
in our study. PIF4 was able to pull down MYC2 (Supplemental
Figure 8A), and its N terminus may mediate its interaction with
MYC2 and MYC4 (Supplemental Figures 8B and 8C).

Then, the subcellular localization of MYC2 and MYC4 along
with PIF4 was examined. Tobacco leaf cells were used to express
MYC2/MYC4-YFP and PIF4-CFP proteins and then exposed to
dark conditions. When they were expressed separately, PIF4
and MYC2/MYC4 proteins were localized in the nucleus, visible
in the shape of distinct dots. However, when PIF4 was co-
expressed with either MYC2 or MYC4, the nuclear localization

of PIF4 was unchanged, whereas MYC2 and MYC4 became
diffused in the nucleus (Figure 5B). These results suggest that
PIF4 affects MYC2/MYC4 nuclear localization and/or stability.

Next, MYC2 protein stability was tested in planta. MYC2-YFP
was expressed in WT and pifq mutant plants. Immunoblot anal-
ysis showed that MYC2 abundance was reduced in the trans-
genic plants under both dark and far-red light conditions, and
MYC2 was more stable in the pifg mutant than in the WT back-
ground (Figures 6A and 6B). The MYC2-YFP fluorescence signal
was also observed in root tip cells. After dark treatment, the signal
density was substantially decreased in the WT background,
but this decrease was mitigated in the pifg mutant background
(Figure 6C). These results suggest that PIFs affect MYC2
protein stability in planta.

MYC2/MYC4 act downstream of PHYB and PIFs in a
genetic pathway to regulate stem SCW thickening

Next, myc2myc4 double mutants were crossed with pifqg and
phyB mutants to test whether MYC2/MYC4 act in the same

6 Plant Communications 3, 100416, November 14 2022 © 2022 The Author(s).
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Figure 5. PIF4 represses MYC2 transcrip-
tional activity.

(A) Schematic representation of the NST7
promoter-driven dual-LUC reporter gene and
three effector gene constructs. 35S promoter,
NST1 promoter (—1 to —3711 bp from ATG), Re-
nilla luciferase (REN), and firefly luciferase (LUC)
are indicated in reporter constructs. In effector
constructs, PIF4, PIF5, and MYC2 are driven by
the 35S promoter.

(B) PIF4/PIF5 inhibit MYC2 activation of the NST1
promoter. Arabidopsis protoplasts were trans-
fected with the reporter constructs in combination
with different effector constructs. After trans-
fection, the protoplasts were kept in the dark for
16 h. Relative luminescence was normalized to
that of protoplasts transformed with the reporter
and empty effector (GFP). Tukey’s honestly sig-
nificant difference (HSD) test (*“P < 0.01) was used
for statistical analysis, n = 3, mean + SD.

(C) Subcellular localization of PIF4 and MYC2/
MYC4. Constructs of PIF4-CFP, MYC2-YFP, and
MYC4-YFP were transferred to tobacco leaves,
separately or together, by agroinfiltration. The to-
bacco leaves were then kept in the dark for 12 h
before fluorescence observation. Scale bar, 5 um.

PIF4-CFP/

DISCUSSION

Cell elongation and SCW thickening
in the Arabidopsis inflorescence stem
are coordinately regulated under
shaded light

MYC4-YFP
- Light plays a key role in growth and
development throughout the entire plant
life cycle. Plants grow longer inflorescences
with weaker stem strength and thinner SCWs under shaded con-
ditions (Kozuka et al., 2010; Casal, 2012; Wu et al., 2017). In the
stem, SCW thickening in xylem cells is regulated
by developmental signals as well as environmental conditions
such as light (Didi et al., 2015; Zhang et al., 2018a; Huang
et al.,, 2018; Hori et al., 2020); however, the mechanisms by
which shaded conditions modulate SCW thickening and
mechanical properties are not well defined.

A characteristic feature of shaded light conditions is the decreased
R:FR light ratio (Hersch et al., 2014). Using the Arabidopsis
inflorescence stem as a model, we examined the effect of R:FR
ratio on SCW thickening of interfascicular fibers and vessel cells,
the major cell types with SCWs in the inflorescence stem. A
low R:FR light ratio induced rapid elongation of the inflorescence
stem, resulting in a lodging phenotype, consistent with
the reported effect of shaded light on stem growth (Casal, 2012)
and indicating that a low R:FR light ratio can be used as an
experimental proxy to simulate shaded light conditions.
Anatomical analyses revealed that shaded light resulted in plants
with thinner SCWSs in stem fiber cells and weaker mechanical
strength of the inflorescence stem. Expression of SCW
regulatory and biosynthesis-related genes was downregulated.
Many plants respond to low R:FR light with the shade
avoidance syndrome (SAS), displaying a series of well-described
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Figure 6. PIF4 affects MYC2 stability in the
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pifg/MYC2-YFP

Dark 30h

10 days and then exposed to far-red light. MYC2
and ACTIN were immunoblotted. Normalized
MYC2 abundance relative to ACTIN is shown as
MYC2/ACTIN.

(C) Transgenic plants (WT/MYC2-YFP and pifq/
MYC2-YFP) were grown in WL conditions for
4 days and then treated with/without darkness for
30 h. YFP fluorescence was observed in the root
tip, and the relative change in signal intensity was
quantified. Scale bar, 50 um.

WT/MYC2-YFP

morphological changes such as enhanced elongation of the hypo-
cotyl, internode, and petiole (Liu et al., 2021). This study indicates
that SCW thickening and cell elongation in the stem are tightly
coordinated and regulated by shaded light conditions.

PHYB-PIFs signaling module mediates regulation of
SCW thickening in fiber cells of the Arabidopsis
inflorescence stem

In Arabidopsis inflorescence stems, SCW formation in the fiber
and vessel cells is initiated under the control of the master TF
switches NST1/SND1 (Zhong et al., 2006; Mitsuda et al., 2007)
and VND6/VND7 (Kubo et al., 2005; Yamaguchi et al., 2010),
respectively. NST1/SND1 and VND6/VND7 regulate several
downstream genes to control SCW thickening (Taylor-Teeples
etal., 2015) through highly cell-type-specific spatio-temporal regu-
lation modulated by distinct regulatory signals (Zhong et al., 2006,
2008; Zhu and Li, 2021). To examine how shade affects SCW
thickening, inflorescence stems were exposed to low R:FR light
after the plants had grown to bolting. Low R:FR light resulted in
thinner SCWs in interfascicular fiber cells of the inflorescence
stems, whereas the vessel SCWs were largely unaffected.

Shaded light inactivates PHYB and subsequently diminishes its
action on the degradation of PIFs, leading to regulation of down-
stream genes to modulate plant growth and development (Lorrain
et al., 2008; Jia et al., 2020). Whether PHYB and PIFs are directly
involved in the regulation of SCW thickening by shaded light is
unresolved. Here, we examined the effect of PHYB and PIFs on
cell wall formation in the Arabidopsis inflorescence stem.
Monitoring of inflorescence stem growth indicated that the phyB
and pifg mutants have contrasting phenotypes of
SCW thickening and mechanical strength properties in the
inflorescence stem. Dissection of cell wall properties in the
inflorescence stem also indicated that the phyB and pifq

pifgIMYC2-YFP

mutations affect SCW thickening primarily
in the fiber cells but have little effect on the
vessel cells. Interestingly, the blue light
signal dramatically affects SCW thickening
in fiber cells with little effect on vessel cells (Zhang et al., 2018a).
It appears that light-regulated SCW thickening occurs mainly in
fibers rather than vessel cells. Nevertheless, the evidence here
indicates that the process of SCW thickening is positively
regulated by PHYB and negatively regulated by PIFs.

Shaded light inhibits SCW thickening through PIF4
inactivation of MYC2 activity

The CRY1 signaling of blue light induces MYC2 and MYC4 expres-
sion and subsequently activates the NST7-directed transcriptional
network to enhance SCW thickening in the inflorescence stem
(Zhang et al.,, 2018a). In this study, experimental evidence
demonstrates the involvement of the PHYB-PIFs signaling module
in regulation of SCW thickening. Naturally, the question of how the
two light signals are joined in the SCW thickening regulatory
pathway should be addressed. Our results showed that PIFs are
able to interact with MYC2 and MYC4, supporting the interaction
reported in other studies (Zhang et al., 2018b; Zhao et al., 2021).
PIF4, MYC2, and MYC4 proteins were observed as distinct dots
in the nucleus when they were expressed individually, similar to
observations reported previously (Withers et al., 2012; Luo et al.,
2014). However, when PIF4 was co-expressed with MYC2
or MYC4, PIF4 localization in the nucleus showed no change, but
the dotted localization of MYC2 and MYC4 became diffused
inthe nucleus. That s, interaction of PIF4 with MYC2/MYC4 altered
the localization status of the latter in the nucleus. On the other hand,
MYC2 in plants is destabilized under far-red light and dark condi-
tions in the WT but is more stable in the pifqg mutant. It is
likely that the PHYB-PIFs signaling module affects MYC2 protein
stability. MYC2 and MYC4 are known to bind directly to the
NST1 promoter to enhance SCW thickening (Zhang et al.,
2018a). Evidence in this study revealed that the interaction of
PIF4 with MYC2 resulted in inhibition of MYC2 activity on NST1
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(A) Mutant plants (phyB, pifq, myc2myc4, phyBmyc2myc4, pifgmyc2myc4) were grown in WL until 4 weeks of age. Scale bar, 5 cm.

(B) Inflorescence stem length in various mutants. Tukey’s HSD test (**P < 0.01) was used for statistical analysis, n > 10, mean + SD.

(C) Transmission electron micrographs of stem cross sections showing interfascicular fiber cells. Scale bar, 5 pm.

(D) Statistics of SCW thickness in interfascicular fiber cells in (C). Data were collected from three biological replicates, and more than 10 cells were
measured per biological replicate. Tukey’s HSD test (**P < 0.01) was used for statistical analysis, mean + SD.

(E and F) Expression of the key SCW regulatory (NST7) and biosynthesis-related (4CL7 and /RX8) genes in mutant plants. Analysis was performed on
three biological replicates. Student’s t-test (**P < 0.01, *P < 0.05) was used for statistical analysis, mean + SD.

(G) WL enhances SCW thickening in fiber cells of the inflorescence stem. Under WL (high R:FR), PHYB is activated to its Pfr form, which enters the nucleus
to inhibit PIF activity, and MYC2 is available to bind to the NST7 promoter to activate the NST7-directed SCW thickening process. In the shade (low R:FR),
PHYB reverts to its inactive Pr form. PHYB cannot enter the nucleus, and PIF proteins interact with MYC2, displacing its binding to the NST7 promoter.
Thus, the NST17-directed SCW thickening process is suppressed.

transcription. Thus, CRY7 signaling and PHYB-PIFs signaling
join at MYC2, probably together with MYC4, as previous and

on NSTT1 transcription, possibly through interaction with PIF4 to
affect MYC2/MYC4 stability; however, more details of the mecha-

present genetic evidence indicates that MYC2 and MYC4
are redundantly involved in light-regulated SCW thickening of
the Arabidopsis inflorescence stem (Zhang et al., 2018a). MYC2
is considered to be a transcriptional regulatory hub that
interconnects a variety of biological processes in growth and
environmental responses (Yadav et al., 2005; Chen et al., 2012;
Kazan and Manners, 2013; Song et al., 2014). Our study reveals
that this transcriptional regulatory hub acts to connect light
signaling with the transcriptional regulatory networks for SCW
thickening. PHYB-PIFs signaling modifies MYC2/MYC4 activity

nism by which PIF4 regulates MYC2/MYC4 activity in SCW thick-
ening remain to be elucidated.

To summarize the findings of this study, we propose a model for
the shaded light inhibition of SCW thickening (Figure 7G). Under
normal light conditions (high R:FR ratio), PHYB undergoes a
light-dependent conformational change and translocation to the
nucleus to promote phosphorylation and degradation of PIFs
(Chen et al., 2005), thus resulting in MYC2/MYC4 stabilization
and NSTT1 transcriptional activation to enhance SCW thickening.
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Upon perception of shaded light (low R:FR ratio), PHYB
undergoes reversion from Pfr to its inactivated Pr form and re-
turns to its cytoplasmic location (Franklin, 2008), allowing
accumulation of PIFs in the nucleus where they interact with
MYC2/MYC4. Such interaction inhibits MYC2/MYC4 activity on
NST1 transcription, leading to the suppression of SCW thick-
ening (Figure 7G). These findings reveal a mechanism by which
shaded light inhibits SCW thickening.

This study shows that regulation of SCW thickening is coordi-
nated with cell elongation in stem growth, and such coordination
is accurately regulated by light signaling modules. The finding has
important implications for our understanding of plant growth and
development and suggests a pathway by which to begin modi-
fying the mechanical SCW properties that are crucial to both
forestry (wood and wood product properties) and agricultural in-
dustries (crop improvement, for example, through the prevention
of lodging).

MATERIALS AND METHODS

Plant materials and growth conditions

The Arabidopsis WT ecotype used in this study is in the Columbia-0 (Col-0)
background. The phyB, pifq, PIF4-OE, PHYB-OE, and myc2myc4 plants
were generated as described previously (Wang et al., 2010; Jia et al.,
2014; Ma et al., 2016; Zhang et al., 2018a). The phyBmyc2myc4 and
pifgmyc2myc4 mutant plants were generated by crossing myc2myc4
with either phyB or pifq and were genotyped using primers listed in
Supplemental Table 2. To generate WT/35S:MYC2-YFP and pifq/358S:
MYC2-YFP plants, the MYC2 coding sequence was cloned into the
pHB-X-YFP vector and transferred to either WT or pifq Arabidopsis by
the floral dip method with Agrobacterium tumefaciens strain GV3101
(Clough and Bent, 1998). Plants were grown in a phytotron with a light
(fluorescent lamp, 80 pE/s-m?)/dark cycle of 16 h/8 h at 22°C. For light
treatment of inflorescence stem growth, plants were grown under WL
until bolting and then transferred to various light conditions. A red-light
condition was achieved with a light-emitting diode (LED) light incubator
(Percival E-30LED; red-light wavelength = 670 nm, 30 pE/s-m?). WL
(high R:FR) was provided by a WL LED with an R:FR ratio of 13 (Qiding
Technology, 67 E/s-m?). WL + far-red (low R:FR) treatment was achieved
using supplemental far-red LEDs (Qiding Technology, far-red light wave-
length = 720-750 nm, 47 uE/s-m?) to a R:FR ratio of 0.066. Far-red light
was provided by far-red LEDs (Qiding Technology, 47 uE/s-m?). All light
parameters were measured with an ILT1400 Radiometer Photometer
and an Ocean Optics HR2000+CG spectrophotometer.

Stem section analysis

Arabidopsis inflorescence stems grew to about 11 cmin length. One centi-
meter of the inflorescence stem was sampled 0.5 cm from the base and
used for analysis.

Paraffin sections were prepared as previously described (Zhang et al.,
2018a). The stem sample was cut into a 5-mm segment and fixed in
formalin-aceto-alcohol (FAA) solution under vacuum, stored at 4°C over-
night, dehydrated in a graded ethanol series, and embedded into paraffin.
Samples were sectioned to a 10-um thickness using a Leica RM2235 ro-
tary microtome. The sections were then stained with toluidine blue and
observed under a light microscope (Olympus, BX53).

For transmission electron microscope analysis of cell wall thickness, the
sample was cut into 2-mm segments, fixed in 3% (v/v) paraformaldehyde
and 0.5% (v/v) glutaraldehyde in PBS (0.1 M, pH 7.4), dehydrated in a
graded ethanol series, embedded in Epon812, and sectioned. The sam-
ples were stained with 2% (w/v) uranyl acetate and lead citrate and

Shade inhibits secondary cell wall thickening

observed under a transmission electron microscope (Hitachi H-7650) as
previously described (Zhao et al., 2014). SCW thickness was measured
with Imaged software (https://imagej.nih.gov/ij/download.html).

Fiber cell length measurement

The basal part of the inflorescence stem was cut into a 2-cm length and
disaggregated by submerging in a glacial acetic acid/30% hydrogen
peroxide (v/v 1:1) solution at 60°C overnight, stained with 1% (w/v) safra-
nine for 10 min, and photographed under a light microscope (Olympus,
BX53). Fiber cell length was measured with ImagedJ software.

RNA extraction and qRT-PCR analysis

Total RNA was extracted from different tissues of Arabidopsis plants using
the E.Z.N.A. Plant RNA Kit (Omega, R6827-02). First-strand cDNA was
synthesized using TransScript One-Step gDNA Removal and cDNA Syn-
thesis SuperMix (TransGen Biotech, AT311-03) for real-time quantitative
reverse transcription PCR (QRT-PCR) analysis of transcript abundance.
gRT-PCR was performed using SYBR Green (TransStart Tip Green
gqPCR supermix) with a QuantStudio 3 Real-Time PCR System (Applied
Biosystems). Gene expression was normalized using ACT2 as an internal
control.

Analysis of stem tensile strength and cell wall components

The basal part of the inflorescence stem was used for tensile strength
measurement as previously described (Zhang et al., 2018a). Relative
tensile strength was normalized against that of the WT. For analysis of
cell wall components, the basal part of the inflorescence stem was
collected and analyzed as described by Xi et al. (2017). Collected stems
were ground to a fine powder in liquid nitrogen. Alcohol-insoluble residue
(AIR) was obtained by successively washing the powder with 70% (v/v)
ethanol, chloroform/methanol (1:1 v/v), and acetone (Pettolino et al.,
2012). After de-starching, AIR was washed with water and acetone,
then dried for determination of lignin and crystalline cellulose content.

Immunoblotting

Proteins extracted from transgenic plants were separated with 10% (w/v)
SDS-PAGE gels and blotted onto polyvinylidene fluoride membranes
(Bio-Rad). Protein blots were then analyzed using either anti-GFP/Myc
(1:2000 dilution; Abmart) or anti-ACTIN (1:2000 dilution; Abmart) mono-
clonal antibodies, followed by horseradish peroxidase (HRP)-conjugated
goat-anti-mouse antibodies (1:5000 dilution, Thermo Fisher). Blots were
developed in a Tanon Imaging System (Tanon 5200CE) using ECL West-
ern Blotting Substrate (Tanon, 180-501). Protein level was measured with
ImageJ software.

Protein subcellular localization

For protein subcellular localization analyses, the MYC2/MYC4 and PIF4
coding sequences were PCR amplified with the proofreading enzyme
PHANTA (Vazyme, P520) from cDNA and cloned into pHB-X-YFP and
pHB-X-CFP vectors in frame with the YFP/CFP (Luo et al., 2014),
respectively. The constructs were then agroinfiltrated into Nicotiana
benthamiana leaves according to the method of Gui et al. (2016). After
incubation for 48 h in the dark, abaxial epidermal cells of the leaf were
observed under a confocal microscope (Leica TSC SP8 STED 3X).

Confocal microscopy and fluorescence quantification

Seeds of MYC2-GFP overexpression lines were sterilized in 10% (v/v)
bleach and imbibed in sterile water for 2 days at 4°C in the dark, then
placed on Murashige and Skoog (MS) medium containing 0.8% (w/v)
agar. Plates were incubated in long day (LD) conditions for 4 days, fol-
lowed by dark treatment. Confocal imaging of fluorescence signals in
seedling roots was performed on a Leica TCS SP8 equipped with 514-
nm (YFP) lasers. The laser power was set to 20% for fluorescence imag-
ing, and fluorescence intensity in the confocal microscopy images was
measured with Imaged software.
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Yeast two-hybrid assay

The coding sequences of MYC2 and MYC4 were PCR amplified from
cDNA using PHANTA and fused with the GAL4 DNA-binding domain
(BD) of the bait vector pGBKT7 (Clontech). The N terminus containing tran-
scription activation domain (TAD) and the C terminus containing bHLH of
PIF4 were PCR amplified and fused with the GAL4 activation domain (AD)
of the prey vector pGADT7 (Clontech). Bait and prey vectors were co-
transformed into the Y2H Gold yeast strain, then grown on SD-Trp-Leu
and SD-Trp-Leu-His plates (Clontech).

Protein pulldown assay

Recombinant MYC2-His and GST-PIF4 proteins were expressed in Escher-
ichia coli and purified with Ni-NTA agarose (Qiagen) and Pierce GST agarose
(Abclonal) according to the manufacturers’ instructions. Purified GST and
GST-PIF4 were first incubated on the GST agarose (Abclonal) for 2 h at
4°C. Purified MYC2-His proteins were added and incubated for another
2 h at 4°C. After washing, the proteins were eluted with 2x SDS loading
buffer and boiled at 100°C for 10 min. Proteins were then separated by
SDS-PAGE and detected with anti-GST (Cell Signaling Technology, Inc
[CST]) or anti-HIS (CST) antibodies.

PIFs and MYC2 transcriptional activity assay

The interaction of MYC2 and PIF4 activity was assayed using a dual-LUC
reporter assay system (Promega) through Arabidopsis protoplast trans-
fection. The PIF4/PIF5/MYC2 and GFP coding sequences were cloned
into the pA7 vector under the control of the 35S promoter and used as
an effector. The NST1 promoter sequence (—1 to —3711 bp from ATG)
was cloned into the pGreenll 0800-LUC vector upstream and in frame
with the luciferase (LUC) gene and was used as a reporter. The renilla lucif-
erase (REN) gene in the pGreenll0800-LUC vector was used as an internal
control. Protoplasts from Arabidopsis mesophyll cells were isolated and
transformed as described previously (Zhang et al., 2018a).

Promoter-GUS activity analysis

The PIF4 promoter (—1 to —4312 bp from ATG) was cloned into the pORE-
R2 vector (Fang et al., 2021) to drive GUS expression, and the promoter
construct was transformed into WT Arabidopsis by the floral dip method
(Clough and Bent, 1998). Transgenic plants were selected on MS
medium containing 50 ug/ml hygromycin and then genotyped. Positive
T2 transgenic plants were used for analysis of GUS staining activity as
described in Gui et al. (2016).
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Supplemental Figure 1. Expression of SCW-related genes under different light

conditions.

Expression of SCW regulatory (VST & SND1) and biosynthesis-related (4CLI & IRXS)
genes in stems of Arabidopsis grown under different light conditions. Three biological
repeats were performed. Student’s t test (**P < 0.01) was used for statistical analysis,

mean = SD.
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Supplemental Figure 2. PHYB and PIFs affect inflorescence stem properties.

(A) Length of inflorescence stems was recorded in WT, phyB and pifq plants grown in
white light. Student’s t test (**P < 0.01) was used for statistical analyses, n = 15, mean
+ SD.

(B) Disaggregated fiber cells of basal inflorescence stems stained with Safranine T.
Scale bar = 0.5 mm.

(C) Light micrographs of stem cross-sections stained with Toluidine blue. Scale bar =
50 pm.
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Supplemental Figure 3. Phenotypes of PHYB-OE and PIF4-OE plants.
(A) Inflorescence stem phenotypes of PHYB-OFE and PIF4-OF plants relative to WT.

Scale bar =5 cm.
(B) Western blot detection of PHYB-YFP and PIF4-TAP proteins in the transgenic

plants. ACTIN was used as an internal control.
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Supplemental Figure 4. Expression pattern of phyB and PIF genes.

(A) Expression of PHYB, PIF1, PIF3, PIF4, and PIF5 in different tissues of 5-week
old Arabidopsis plants. The y-axis range of PIF4/PIF5 showing their expression level
is one order of magnitude larger than that of P/F'//PIF3. Mean + SD.

(B) PIF4 promoter activity in Arabidopsis inflorescence stems. GUS activity was
stained in hand-cut cross-sections of inflorescence stem. Scale bars = 200 um.
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Supplemental Figure 5. Transcriptional analysis of Arabidopsis inflorescence stem

treated with red light.

(A) Schematic showing sampling for RNA-sequencing. Arabidopsis plants at 5-weeks
old were transferred to the dark for 24 h to shut-down expression of the light-induced
genes. Plants were then treated with red light for 2 h and the inflorescence stem
harvested to examine gene expression.

(B) Pie chart of up-regulated and down-regulated genes in response to red light.

(C) Log2 value of differentially expressed light-response genes, cell expansion genes

and SCW thickening-related genes.
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Supplemental Figure 6. Expression of MYC2 and SCW formation-related genes is

induced by red light.

Arabidopsis plants at 5-weeks old were transferred to the dark for 24 h to shut-down
expression of light-induced genes. Plants were then treated with red light to examine
the red-light induction of gene expression in inflorescence stem. R: red light. Three
biological repeats were performed. Mean + SD.
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Supplemental Figure 7. Inhibition of MYC2 expression in response to far-red light
treatment is dependent upon PHYB and PIFs.

Expression of NST1 and MYC2 in FR light. Arabidopsis inflorescence stem was treated
with far-red light for 0, 1, 4 and 8 h to examine gene expression. Three biological

replicates were performed. Student’s t test (**P <0.01) was used for statistical analysis,
mean + SD.
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Supplemental Figure 8. PIF4 physically interacts with MYC2.

(A) Pull-down assay of PIF4 and MYC2. His-tagged MYC2 was incubated with
purified GST-PIF4 or GST proteins and GST agarose. Bound proteins were detected by
immunoblotting using anti-GST and anti-His.
(B) Schematic representation of the constructs of PIF4, MYC2 and MYC4 and
truncated fragments of PIF4 in the yeast two-hybrid assay.
(C) Interaction of the PIF4 fragments with MYC2 and MYC4. AD: Gal4 activation
domain. BD: Gal4 DNA binding domain.
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Supplemental Figure 9. myc2myc4 mutation rescued the phenotype of pifg mutant.

(A) Mutation of myc2myc4 in pifg partially restored its phenotype in rosette leaves.
Scale bar =3 cm.

(B) Mutation of myc2myc4 in phyB enhanced its phenotype in hypocotyl elongation.
Scale bar = 2 mm.

(C) Measurements of hypocotyl length in (B). Tukey HSD test (**P < 0.01) was used
for statistical analysis, n = 6, mean £ SD.

(D) Mutation of myc2myc4 in pifg restored its hypocotyl elongation phenotype. Scale
bar =2 mm.

(E) Measurements of hypocotyl length in (D). Tukey HSD test (**P < 0.01) was used
for statistical analysis, n = 6, mean £ SD.
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Supplemental Table 2: Primer sequences used in this study

Forward: TTGGAGGCCACAGACTTGAACG
PHYE Reverse: TCCCTCTTTAGCACAAATGAACCG
Forward:CACGGATCCATATCAGCAGTTCC
PIFL Reverse: TGGGTACGATGTTGCTTGATTCTG
Forward: AACGGGTTTGGGTTCAAAGAGAAG
PIFS Reverse: TTGATCCTATCACGCCGTCTCC
Forward:CCGACCGGTTTGCTAGATACATCG
PIFd Reverse:ATCTCCATCGGCTGCATCTGAGTC
Forward: ACTCATACCTCACTGCAGCAGAAC
PIFS Reverse:CACTTCCCATCCACATCACTTGG
Forward: AAACCACGTCGAAGCAGAGAGAC
Mycz Reverse: TTGGTACAACCGCTCGTAACGC
Forward: TGGAAAGCAACTGGCCGCGA
NSTL Reverse:GGGAAGCTCCTCCGACGGGA
Forward: TGCATGCCCGAGAGCCAAACA
SND1 Reverse:GCCAAGCTACGAGCCGGTCA
GRT-PCR Forward:AGATGCGGAGTGGAAAGAACGTG
CESAM Reverse:GGTTGTCTTGCTTCAGCATCTAGG
Forward:AGGCTTTGCTCATCGGTCATCC
4ct Reverse:CCAGCTGCTTCTTCTTTCATTGCG
Forward:CGACCTAGCGGCTTGGAGGA
IRX8 Reverse:GCGGCACTTTCAGCATCGGC
Forward: TGCATTGGTCATCCTTCCCAAAC
Laca Reverse:CCACCATTCACCTAGAACGATGAC
Forward:GGTCTCTTGTAACGTTGGTAAGCC
FoH Reverse:GGTAAGTTATGTTGCGGGTCAGTG
Forward: TTTCCACGACTGTTTCGTCAGAGG
PERG4 Reverse:GGAGGTCCATCTTTCTCTGCTTTG
Forward:ATGGAGTTGTGGGAAACAGGTG
MYBI03 Reverse: TGACGGTTGATGACGACTGTAATG
Forward:AACCGGTATTGTGCTGGATTC
ACTINZ Reverse:AGGTTTCCATCTCCTGCTCG
Forward: GCAGAACCGTGTCCGAATGATAG
PHYE Reverse:GATTCGCAAGCAACCACTCC
Forward: GACCCGATTGGAACACCTGGA
Myez Reverse:GCTCTGAGCTGTTCTTGCGTA
Genotyping MYC4 Forward:GACGAATGTTCAAGTAACCGA
Reverse:CCATTCTCAATCCCATTCTTG
Forward:CTCTTTTGGATCTTTCTGGGG
PIFL Reverse:GACTTGCGCACGATAGCTAAC
PIF3 Forward:CACATGTAGTATACCATCTTG
Reverse: GGCCAAGAAAAACTTGCCAG

11


about:blank
about:blank
about:blank
about:blank
about:blank
about:blank

Forward:ACCTCCTCAAGTCATGGTTAAGCCTAAGCC

PIF4 Middle: TCCAAACGAGAACCGTCGGT
Reverse: TAGCATCTGAATTTCATAACCAATCTCGATACAC
PIES Forward: TTCTTGTTTGTGGGTTTGGAC

Reverse: TGAAAGAGAAGCATAAGAGGGG
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