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ABSTRACT

Tension wood (TW), a type of reaction wood that
develops in angiosperm trees in response to grav-
istimulation, serves as an ideal model for inves-
tigating the regulatory mechanisms underlying
xylem cell differentiation and cell wall deposition.
The initial biological signals that induce the for-
mation of reaction wood in response to gravitational
stimuli remain poorly understood. In this study, we
utilized pharmacological and genetic approaches to
modulate Ca?" levels in hybrid white poplar
(Populus alba x P. glandulosa) and examine the role
of calcium signaling during the early stages of
gravitropic responses. Our findings revealed differ-
ential cytosolic Ca®* signal distribution in grav-
istimulated stems during the early phase of gravity

induction, characterized by lower Ca* levels on the
upper side (where TW forms) and higher Ca?* levels
on the lower side (where opposite wood forms).
Consistent with this hypothesis, plants treated with
LaCl; and those with genetically disrupted calcium
channels (PagGLR3.3 knockout using the CRISPR/
Cas9 system) showed reduced Ca®" signals and
developed characteristic TW features. These results
suggest that decreased Ca?" levels induce the for-
mation of TW. Furthermore, PagGLR3.3 knockout
plants with TW-like stems displayed diminished
sensitivity to gravistimulation. Transcriptomic anal-
ysis revealed that the knockout of PagGLR3.3 re-
sulted in the upregulation of genes associated with
TW formation and reactive oxygen species (ROS)
production. Notably, superoxide anion (0O, 7) levels
were significantly elevated in the cambium zone
of stems subjected to gravistimulation, LaCl; treat-
ment, or PagGLR3.3 knockout, indicating that
reduced Ca®" levels promote TW formation through
increased O,~ accumulation. This study offers
novel insights into the critical role of Ca®* in gravi-
tropism and TW induction in poplar.
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INTRODUCTION

Wood functions as one of the most significant reservoirs of
sequestered carbon within the terrestrial biosphere and

© 2026 Institute of Botany, Chinese Academy of Sciences.

represents a critical, sustainable resource for biofuels, bio-
energy production, and the synthesis of refined chemicals
(Richter et al., 1999; Ragauskas et al., 2006; An et al.,
2021). The formation of wood is a complex, tissue-specific
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development process that begins in the vascular cambium,
where cells divide and differentiate into secondary xylem cells
(Ye, 2002). When tree stems are subjected to displacement by
factors such as wind, erosion, or other environmental influ-
ences, they develop specialized tissues known as reaction
wood, which generates forces to reorient the stem (Mellerowicz
and Gorshkova, 2012; Groover, 2016; Wang et al., 2017; Du
et al., 2020). In angiosperm trees, tension wood (TW), a specific
type of reaction wood, develops on the upper side of inclined
or bent stems as a response to gravitational stimuli. The mor-
phology, anatomy, ultrastructure, and chemical composition of
TW show significant deviations from those of normal wood
(NW). These deviations include an increased abundance of
xylem fiber cells, a decreased presence of vessel elements,
elevated cellulose content, and reduced lignin content (Wu
et al., 2000; Pilate et al., 2004; Liu et al., 2021). A distinctive
characteristic of TW is the presence of a gelatinous cell wall
layer (G-layer), which plays a pivotal role in facilitating the
stem's return to its original vertical orientation (Somerville,
2006; Gritsch et al., 2015; Groover, 2016; Zinkgraf et al., 2018).

Previous studies have demonstrated that numerous
transcription factors (TFs) are involved in TW formation in
Populus. The expression of Arborknox2 affects TW fiber de-
velopment and gravibending in P. alba x P. tremula (Gerttula
et al., 2015); ethylene response factors (ERFs) modulate the
formation of wood with TW properties; overexpression of
ERF139 decreases vessel diameter (Vahala et al., 2013),
while overexpression of ERF18 and ERF21 increases the
carbohydrate content in P. tremula x P. tremuloides (Felten
and Sundberg, 2013); Class B3 heat shock 3-1 (HSFB3-1) and
MYBO092 regulate the expression of secondary cell wall
(SCW) genes during TW formation in P. trichocarpa (Liu et al.,
2021); MYB128 regulates G-layer formation in fiber cells
during brassinosteroid-mediated TW formation by activating
the expression of cellulose synthase genes (CesAs) in
P. davidiana x P. bolleana (Jin et al., 2020); and CRISPR-
based knockout of lateral organ boundaries domain 39/22
(LOB39/22) strongly inhibits TW formation, reduces the cel-
lulose content, and increases the lignin content in P. tricho-
carpa (Yu et al.,, 2022b). In addition, transcriptomic studies
reveal that CesA8-2 and CesA3-2 are highly expressed in TW
compared to NW in P. tremula x P. tremuloides (Andersson-
Gunneras et al., 2006). PtrCesA1, PtrCesA2, and PtrCesA3 in
P. tremuloides, homologous to the secondary wall-
associated CesAs in Arabidopsis, influence TW formation
(Bhandari et al., 2006). Plant hormones, such as auxin, eth-
ylene, gibberellin, and brassinosteroid, play crucial roles in
TW development (Gerttula et al.,, 2015; Wang et al.,
2017; Felten et al., 2018; Du et al., 2020). Recently, our re-
search has demonstrated that superoxide anion (O, ") levels
markedly increase in the cambium zone on the TW-forming
side of the stem within 12 h of gravistimulation, compared to
the opposite wood (OW)-forming side. This elevation in
O, levels subsequently promotes IAA accumulation on the
TW-forming side, accelerating cambium cell proliferation and
ultimately inducing TW formation (Huang et al.,, 2024).
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However, the initial signals triggered by gravitational
stimulation that precede the increase in O, levels remain to
be elucidated.

Plants show rapid responses to stress through both
localized and systemic mechanisms, which prompt un-
damaged regions to initiate defensive reactions (Toyota et al.,
2018). Reactive oxygen species (ROS), electrical signals, and
fluctuations in cytosolic calcium ion concentration ([Ca2+]cyt)
are proposed to form signaling networks that facilitate both
local and systemic defense responses (Takahashi and
Shinozaki, 2019). Ca®* plays a pivotal role in conferring re-
sistance to biotic and abiotic stresses (Wilkins et al.,
2016; Aldon et al., 2018), providing an indispensable mech-
anism for sessile organisms to rapidly respond and adapt to
dynamic environmental conditions by modulating their de-
velopmental programs (Luan, 2009; Dodd et al., 2010). A
transient and defined pattern of [Caz*]cyt changes is consid-
ered a “second messenger” that is both necessary and
sufficient to trigger downstream responses (Gilroy and
Trewavas, 2001; Kudla et al., 2018). Various Ca?* signals can
be encoded as spikes, waves, and oscillations, interpreted by
Ca®* sensors and effectors to elicit specific cellular re-
sponses (Seybold et al., 2014). Exposure to environmental
stress induces rapid local changes in cytosolic Ca®>* levels
that are sensed and relayed within the cell, and this process
activates respiratory burst oxidase homolog D (RBOHD)
proteins, generating an apoplastic ROS burst (Devireddy
et al., 2020). The interplay between Ca®* and ROS waves,
along with the electric signals, facilitates directional cell-to-
cell systemic signaling and even plant-to-plant communica-
tion (Foyer and Hanke, 2022; Ravi et al., 2023). While Ca®*
has been shown to influence wood formation in trees
(Lautner, et al., 2007), the role of Cca®* signaling in the grav-
itropic response of trees and the formation of reaction wood
remains uninvestigated. Evidence suggests that the in vivo
mechanisms of ion channels from the glutamate receptor-like
(GLRs) family in plants resemble those of animal iGluRs,
prompting speculation that GLRs may encode plant Ca®*-
permeable nonselective cation channels mediating the influx
of Na*, K*, and Ca®* into cells (Lam et al., 1998; Meyerhoff
et al., 2005; Wudick et al., 2018). Previous studies have
shown that GLRs are involved in plant root gravitropism and
defense signaling (Miller et al., 2010). Specifically, GLR3.3
functions as an essential calcium channel protein in plants
(Nguyen et al., 2018; Toyota et al., 2018; Yan et al., 2024).
Although GLRs serve as channels that convert stimulus sig-
nals into increased intracellular Ca®* concentrations, which
propagate to distal organs and thereby triggering defense
responses (Mousavi et al., 2013; Toyota et al., 2018; Yu et al.,
2022a), the involvement of GLRs in normal growth and
gravity response in woody plants remains elusive.

In this study, we examined the role of Ca* signaling in the
early induction of TW formation through pharmacological
and genetic manipulation of Ca2* levels in white poplar 84 K
(P. albaxP. glandulosa). Gravity-induced stimulation and
transcriptomic analysis revealed that PagGLR3.3 mediates a
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decrease in Ca®" levels on the TW-forming side of grav-
istimulated stems, resulting in increased O, ™ accumulation
and subsequent TW induction. These findings provide novel
insights into the regulatory mechanisms of Ca?* in wood
formation.

RESULTS

CaZ" distribution was altered in phloem cells in
response to gravistimulation

One-month-old 84 K poplar plants grown in soil were sub-
jected to horizontal positioning for gravistimulation. Within 2 h,
the shoot tips showed a slight upward curvature, and by 4 h,
they had nearly resumed an upright orientation (Figure 1A),
indicating an early response to gravistimulation during this
period. We collected samples from the middle segment of the
stem between the base and the bent apex (primary bending
region), where the TW was intensively formed in the later stage
(secondary bending). To investigate whether Ca* levels al-
tered in the initial response to gravistimulation, we utilized
three distinct methodologies for in situ Ca®* localization, given
the challenges associated with real-time imaging of vascular
tissues. To minimize potential alterations in Ca®* levels caused
by the wounding response during sampling, stems were
promptly segmented and immediately submerged in a fixative
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solution. The calcium antimoniate precipitate method was
performed by adding antimonite in fixative solution and the
antimonite calcium deposits were observed under trans-
mission electron microscopy (TEM). Results indicated that
Ca?* primarily accumulated in phloem parenchyma cells
(PPCs) adjacent to the cambium, while minimal Ca®>* was
detected in the cambium and developing xylem (Figure S1A).
Energy-dispersive X-ray microanalysis (EDX) and Ca®*-
sensitive fluorescent dye (CaFD) staining of cross sections
similarly revealed that Ca?* was predominantly concentrated
in PPCs (Figure S1B, C). Consistent results across all three
methods suggest their reliability in detecting Ca®* distribution.

During gravistimulation, the distribution of Ca®* in PPCs
showed no difference between the upper side (TW-forming) and
the lower side of the stem at the onset of gravistimulation (0 h),
as revealed by EDX and CaFD staining (Figures S2, S3).
However, from 1.5 to 3.5h, a marked reduction in Ca®* con-
centration was observed on the upper side, while a corre-
sponding increase occurred on the lower side. Notably, the
disparity in Ca* concentration peaked at 2 h. By 4 h, Ca®* levels
began to re-equilibrate. TEM observations of 84 K stems sub-
jected to gravistimulation at 0, 2, and 4 h further confirmed that
the TW-forming side showed a lower Ca®* concentration during
the early stages of gravity induction (within 2 h) (Figure 1B, C).
These findings suggest that fluctuations in Ca®* may play a
crucial role in the initial response to gravistimulation.
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Figure 1. Distribution of Ca®* in phloem parenchymal cells (PPCs) of 84 K plants during early gravistimulation

(A) Apex subjected to gravistimulation for 0 h, 2 h, and 4 h. The red line indicates the stem region of the apex. The red arrow indicates the sampling site for
Ca?* observation in (B), located midway along the stem between the base and the bent apex. Bars =5 cm. (B) TEM images showing Ca®* deposits. Red
arrows highlight representative Ca* deposits. Bar =5 um. (C) Quantitative analysis of Ca%* deposits in PPCs on the upper and lower sides of the stem.
Thirty images were randomly selected and analyzed, with the Ca®* deposits counted per unit area (50 x 50 um) using ImageJ software.
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Reduced Ca®" levels led to TW formation

To investigate the impact of altered Ca®* distribution on
the gravitropic response of poplars, we applied lanthanum
chloride (LaClj), a calcium channel inhibitor, to 1-month-old
soil-grown plants at concentrations of 100 mM, 200 mM, and
300 mM for 14 d. The stem curvature in LaClz-treated plants
was significantly reduced compared to that of untreated
controls. Moreover, the degree of stem curvature showed an
inverse relationship with the concentration of LaCl; applied
(Figure S4A, B). To rule out the potential influence of CI~, we
conducted additional experiments using CaCl, (450 mM) and
KCI (900 mM), ensuring equivalent CI~ concentrations for
gravity induction. The results indicated no significant differ-
ences in stem curvature among the CaCl,, KCI, and control
groups (Figure S4C, D). These findings further substantiate
that gravitropism-induced stem curvature is modulated by
Ca?* levels.

To investigate the impact of altered Ca®" distribution on
wood development, 1-month-old soil-grown plants were
treated with LaCl; (300 mM) for 14 d. Compared to control
plants, LaCls-treated plants showed reduced height growth
(Figure 2A), but enhanced radial expansion with increased
xylem width, as evidenced by cross sections of the 10th in-
ternodes (Figure 2B, C). Histological staining using Astra blue
revealed the presence of G-layers, a characteristic feature of
TW, in LaClz-treated plants, whereas such layers were absent
in untreated controls (Figure 2B, D). These findings suggest
that inhibition of Ca®* influx or a low cytosolic Ca®* con-
centration may trigger the formation of tension wood.

CK LaCly CK
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PagGLR3.3 knockout plants presented altered wood
property

GLR3.3 are important calcium channels in plants. We
previously showed that PagGLR3.3b expression was
significantly upregulated in poplar stems under conditions of
Ca®* deficiency (An et al., 2024). Through phylogenetic
analysis, we identified two homologous genes of AtGLR3.3,
PagGLR3.3a, and PagGLR3.3b, which were predominantly
expressed in the phloem, as evidenced by GUS staining of
the stem in transgenic plants driven by their respective pro-
moters (An et al., 2024). To investigate the potential functions
of PagGLR3.3, we utilized poplar lines in which both genes
were knocked out (An et al., 2024). To investigate the role of
PagGLR3.3 in Ca* flux, we measured the Ca2* fluxes in the
roots of crispr-PagGLR3.3 plants using non-invasive micro-
test technology (NMT). The results indicated that the #3, #6,
and #9 crispr-PagGLR3.3 lines showed 76.3%, 72.9%, and
76.1% lower influx compared to the control plants, re-
spectively (Figure S5), indicating that PagGLR3.3 functions
as an important Ca?* channel.

Similar to the LaCls-treated plants, the PagGLR3.3
knockout plants grew more slowly in height (Figure 3A), but
presented faster radial growth and greater stem diameter
than the wild-type controls (Figure 3B, C). The anatomical
phenotypes of the three crispr-PagGLR3.3 lines were con-
sistent. Then, we chose line 9 for further data analysis.
Compared with the controls, crispr-PagGLR3.3#9 increased
approximately 93%, 25%, and 25% in xylem, cambium,
and cortex widths, respectively, as quantified on the stem
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Figure 2. “Tension wood” formation in upright 84 K plants under LaCl; treatment

(A) Phenotypic comparison between LaCls-treated (LaCls) and untreated 84 K plants (CK). Bars =5 cm. (B) Histological staining of cross-sections of the 10th
internodes of upright plants with safranin and Astra blue. Red dots denote cells containing a G-layer, while the arrow indicates the position of the G-layer (gl) in
the cell in the magnified image (enlarged image inserted). co, cortex; cz, cambium zone; pf, phloem fiber; xy, xylem. Bars = 100 um. (C, D) Statistical analysis of
the xylem width (C) and the number of xylem cell layers showing a G-layer (D) in the 10th internodes of upright stems.
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Figure 3. Phenotypic analyses of crispr-PagGLR3.3 plants

(A) Plants under normal growth conditions. Bars=5cm. (B) Stem cross-sections of the seventh internodes with TBO staining. Bars
=100 um. (C) Measurement of the cortex, cambium, xylem, and phloem widths. (D) Cross-sections of the seventh internodes of upright plants stained with
safranin and Astra blue. Red dots indicate cells containing a G-layer, and the arrow points to the position of the typical G-layer (gl) within the cell (inserted
enlarged image). Bars = 50 um. (E) TEM images showing the ultrastructure of xylem cells, highlighting the presence of the G-layer (gl). Arrows indicate the
position of the G-layer (g) in the cell. (F) Vessel frequency (per mm~2) in cross-sections of the seventh internodes of upright plants. (G) Quantification of
lignin, hemicellulose, and cellulose content in the stems. co, cortical; cz, cambium zone; pf, phloem fiber; ve, vessel, xy, xylem.
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sections of the seventh internodes, though the phloem width
decreased by 20% (Figure 3B, C). Interestingly, the upright
crispr-PagGLR3.3#9 plants had G-layers (Figure 3D), as
shown using Astra blue staining, and were further confirmed
by the presence of G-layers in both xylem and phloem
fiber cells in crispr-PagGLR3.3#9 plants using STM
(Figures 3E, S6). In contrast, there were no G-layers in these
cells in the upright non-transgenic controls (Figure 3D, E). We
also generated overexpression lines (OEPagGLR3.3a and
OEPagGLR3.3b); no G-layer was observed in the upright
stems (Figure S7). In addition, crispr-PagGLR3.3#9 plants
presented lower numbers of vessel cells (Figure 3F), another
typical TW feature, compared to non-transgenic controls.
Furthermore, higher cellulose content was revealed by cal-
cofluor white staining (Figure S8A), while lower lignin was
revealed by phloroglucinol-HCI staining (Figure S8B) of the
secondary walls of crispr-PagGLR3.3#9 plants than those of
the control plants. By quantification, the cellulose content in
crispr-PagGLR3.3#9 plants increased by 13%, whereas the
lignin content decreased by 22%, compared to that in the
control plants (Figure 3G). These results demonstrated that
the wood formed in crispr-PagGLR3.3 plants has a typical
TW property, indicating that PagGLR3.3 is involved in the
regulation of TW formation.

PagGLR3.3 affected TW formation in response to
gravistimulation

We investigated the gravitropic response of 1-month-old soil-
grown crispr-PagGLR3.3#9 plants by analyzing time-lapse
video recordings over a 20-d period (Movie S1). At the
onset of gravistimulation, the rate of primary bending in the
elongating shoot tips of crispr-PagGLR3.3#9 plants was
significantly reduced compared to that of the control plants
(Movie S2). Specifically, the shoot tips of control plants ini-
tiated upward movement within 2 h post-gravistimulation and
reached an almost vertical orientation within 4 h (Figure 4A).
In contrast, the shoot tips of crispr-PagGLR3.3#9 plants
showed minimal changes within the first 2h following
gravistimulation and only showed a slight upward after 4 h.
Ultimately, it took approximately 10h for the shoot tips to
achieve a mostly upright position and 15 h to fully recover to
a vertical orientation (Figure 4A). These observations suggest
that crispr-PagGLR3.3 plants show a delayed primary
bending response to gravistimulation relative to control
plants. Secondary bending of the lower stem in control plants
occurred 4.5d after gravistimulation, whereas in crispr-
PagGLR3.3#9 plants, this phenomenon was observed at 20 d
post-gravistimulation (Figure 4A). At 14 d, the extent of stem
lifting and curvature was reduced by 72% and 84%,
respectively, compared to control plants (Figure 4B, C). TW
development is characterized by the asymmetric growth of
xylem tissue, quantified by the TW/OW ratio, which is the
ratio of the radial width of newly formed TW to that of
opposite wood (OW) (Love et al., 2009; Felten et al., 2018; Yu
et al., 2022b). A higher TW/OW ratio indicates more intensive
TW development (Yu et al., 2022b). We sectioned the stems
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midway between the base and the apex bend, where TW
formation is most pronounced in later stages, and found that
the TW area width and the TW/OW ratio were reduced by
45% and 20%, respectively, in crispr-PagGLR3.3#9 plants
compared to controls (Figure 4D-F). Gravity-induced stim-
ulation assays revealed that OEPagGLR3.3 plants showed a
significantly earlier response than the control in primary
bending (Movie S3). These results confirm an association
between TW formation and reduced Ca* levels.

To elucidate the underlying cause of the attenuated
gravity response in crispr-PagGLR3.3 plants, we conducted
Astra blue staining and observed that G-layers were present
in both TW and OW in crispr-PagGLR3.3#9 plants, whereas
they were only detected in TW in control plants (Figure 4G).
We further confirmed these findings through immunolocali-
zation studies using monoclonal antibodies JIM14 for arabi-
nogalactan protein (AGP) and LM5 for (1-4)-f-galactan
(Figure S9). Consistent with previous reports (Arend,
2008; Gritsch et al., 2015; Xu et al., 2021), (1-4)-8-galactan
was exclusively localized in TW fibers. Interestingly, similar
results were observed in the LaCls-treated plants under
gravistimulation. The mock-treated controls showed a sig-
nificant increase in gravibending stem lift and curvature,
whereas the LaCls-treated plants demonstrated a delayed
response (Figure S10A-C). Consequently, LaCls-treated
plants showed a reduced radial width of TW by 45%, while
the radial width of OW remained similar to that of the controls
(Figure S10D, E), resulting in a decreased TW/OW radial
width ratio in LaCls-treated plants (Figure S10F). Additionally,
the LaCls-treated plants displayed a G-layer in the OW, which
was absent in the controls (Figure S10D). These findings
suggest that the preformed TW in both crispr-PagGLR3.3 and
LaCls-treated plants may also exert a “pulling force” by
G-layer on the OW side of the stems, thereby delaying the
gravity responses in these plants.

To further investigate whether the preformed G-layers in-
fluence the gravibending response in plants, 1-month-old
84 K plants grown in soil were subjected to 2 weeks of
continuous gravistimulation to induce G-layer formation
(Figure S11A, B). Subsequently, these plants were rotated
180° with the shoot tip positioned downward (Figure S11C).
After an additional week, the shoot tips of the rotated plants
showed a horizontal looping growth pattern, followed by up-
ward growth, while the stem bodies remained unchanged
(Figure S11D). In contrast, control plants that were not sub-
jected to rotation maintained their upward growth and showed
robust development over the 3-week gravistimulation period
(Figure S11E). Cross-sectional analysis of the 10th and 15th
internodes revealed differences in the thickness of TW
between control and rotated plants. In control plants, TW was
predominantly localized on one side of the stem, whereas
in rotated plants, TW formation was reduced bilaterally
(Figure S11F). The presence of G-layers in OW may attenuate
the plant's response to gravity, leading to a delayed recovery
of stem orientation. Consequently, G-layers may impede the
gravibending response in crispr-PagGLR3.3 plants.
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Figure 4. PagGLR3.3 knockout resulted in delayed tension wood (TW) formation

(A) Divergent responses of the apex (arrows) and the stem (dashed lines) of CK (white) and crispr-PagGLR3.3#9 (red) plants to gravistimulation. Bars =5 cm. (B)
Graph depicting the apex curvature represented as the ratio of the height of the tip to the length of the stem over time. (C) Graph depicting the changes in stem
curvature represented as the angle between the lifted stem and the horizontal line over time. (D) Transverse sections from stems subjected to 14d of
gravistimulation stained with TBO. The sample site was in the middle of the stem between the base and the bent point of the apex. Bars=200 um.
(E) Quantification of TW area width. (F) Statistical analyses of the ratio of TW to OW xylem width. (G) Cross sections of TW and OW safranin and Astra blue
staining for the G-layer. The arrow indicates the position of the G-layer (gl) within the cells (enlarged image inserted).

crispr-PagGLR3.3 plants with retarded Ca®* flux
attenuated the response to gravistimulation

To investigate whether Ca?* flux is channeled through
PagGLR3.3, we analyzed Ca®* distribution during TW in-
duction using calcium antimoniate precipitates: EDX and
CaFD. The results showed that crispr-PagGLR3.3#9 plants had
altered distribution of Ca2* in PPCs (Figure 5). In upright plants
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(before gravistimulation), crispr-PagGLR3.3#9 plants showed
reduced Ca®* accumulation in PPCs compared to control
plants. Following 2h of gravistimulation, Ca>* accumulation
decreased on the upper side but increased on the lower side of
the stems in control plants (Figure 5), coinciding with the lifting
of their shoot tips (Figure 4A). In contrast, there was minimal
change in Ca2* distribution in crispr-PagGLR3.3#9 plants. After
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Figure 5. Accumulation of Ca" in the phloem parenchyma cells
(PPCs) of CK and crispr-PagGLR3.3#9 plants under gravistimulation
(A) Distribution of Ca®* deposits in the upper and lower sides of the stem
atOh, 2h, 4 h, and 10 h post-gravistimulation. Red arrows indicate typical
Ca?* deposits. Bars =5 um. (B) The graph shows the temporal changes
in Ca®* levels during gravistimulation in (A). Twenty PPC images were
randomly selected, and the number of Ca®* deposits was quantified as
previously described.

4h of gravistimulation, while Ca®* levels between the upper
and lower sides of the stem did not differ significantly in con-
trols, a significant decrease in Ca®* accumulation was ob-
served on the upper side of crispr-PagGLR3.3#9 plants when
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their shoot tips began to lift (Figure 4A), although overall Ca®*
levels remained low on both sides of the stem (Figure 5). Fi-
nally, after 10 h, the shoot tips of crispr-PagGLR3.3#9 plants
were mostly oriented upward (Figure 4A), and the difference in
Ca?* levels between the two sides was markedly reduced
(Figure 5). Measurement of the relative Ca®* concentrations in
the PPCs of the control and crispr-PagGLR3.3#9 plants sub-
jected to gravistimulation by EDX and CaFD showed a similar
scenario (Figures S12, S13). As expected, the dynamic Ca®*
distribution in poplar plants treated with LaCl; mirrored that
observed in the crispr-PagGLR3.3#9 plants under grav-
istimulation (Figure S14). Collectively, these findings indicate
that alterations in the Ca®* levels and Ca* distributions play a
crucial role in the gravity response by facilitating the induction
of TW formation.

Gene expressions were changed in PagGLR3.3
knockout plants

To further explore the regulatory mechanism underlying TW
formation involving PagGLR3.3, we performed a compre-
hensive transcriptomic analysis of stem samples from both
control and crispr-PagGLR3.3#9 plants at different devel-
opmental time points (0, 2, 4, and 10 h) post-gravistimulation.
Whole-stem segments were collected at O h, while separate
samples of the upper and down sides tissues of the segments
were obtained at 2, 4, and 10 h for RNA-seq analysis. A total of
31,382 genes (90.4% of all 34,699 protein-coding genes in
Populus) were detected across the 42 collected samples
(Dataset S1). Principal component analysis indicated distinct
time-specific expression patterns among the samples
(Figure S15). Weighted gene co-expression network analysis
(WGCNA) clustered the expressed genes into 15 modules
based on their expression profiles, with module sizes ranging
from 210 to 16,896 (Figure S16). Subsequently, Gene Ontology
(GO) analysis was performed to assess functional enrichment
within these modules. The results demonstrated that genes in
the cyan module were enriched in cell cycle processes, those
in the green and salmon modules were associated with cell
wall biosynthesis, genes in the light green module were in-
volved in xylem and phloem development, and genes in the
purple module were related to ROS processes (Figure S17;
Dataset S2). At the initial time point (0 h), representative genes
highly expressed in crispr-PagGLR3.3#9 plants included the
cellulose synthase genes CesA7, CesA3, CesA4, CesA7,
CesA8, and CesA9; the Fascilin-like arabinogalactian protein
genes FLA7, FLA9, and FLA12 (involved in cell wall biosyn-
thesis); phloem intercalated with xylem (PXY) (vascular tissue
development); and a member of the xyloglucan endo-
transglucosylase/hydrolase (XTH9) family, WUSCHEL-related
homeobox 4 (WOX4) (cambium activity) (Figure 6A). During
gravistimulation, the expression of these genes showed a
similar trend, first decreasing and then increasing in both
crispr-PagGLR3.3#9 and control plants, but the changes were
more rapid in control plants. After 10 h, genes such as FLA?,
FLA11, and FLA12 still showed higher expression levels in
the upper side of the stem in control plants compared to
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Figure 6. Transcriptomic analysis of gene expression differences between the control and crispr-PagGLR3.3 plants during
gravistimulation induction

(A) Heatmap depicting the expression patterns of differentially expressed genes related to cell cycle, cell wall, and phosphorylation processes.
(B) Expression profiles of related genes in the upper portion of the stem. The bar chart illustrates the relative expression levels derived from RNA-seq data,
while the line graph presents gRT-PCR results.

crispr-PagGLR3.3#9 plants (Figure 6B). These genes may be related kinases (CRKs), displayed similar expression patterns.
involved in the G-layer (rich in cellulose) formation and thus lift These genes may contribute to the observed differences in
the stem faster in the control plants. Additionally, several response kinetics to gravistimulation between the control and
phosphorylation-related genes, including calcium-dependent crispr-PagGLR3.3#9 plants. Furthermore, at 0 h, some ROS-
protein kinase (CDPK6, CDPK19, and CDPK30) and CDPK- related genes in the crispr-PagGLR3.3#9 plants were markedly
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Figure 7. O, accumulation in crispr-PagGLR3.3 and LaCls-treated plants

(A) NBT staining of seventh internode cross-sections from control and crispr-PagGLR3.3#9 upright plants. Bars =50 um. (B) Graph depicting the intensity
profiles measured over a 250 um distance along the cambium zone. (C) NBT staining of seventh internode cross-sections from LaCls-treated plants at
different time points throughout the treatment period. cz, cambium zone; pf, phloem fiber; xy, xylem. Bars =50 pum.

upregulated compared to the controls (Figure 6A). These in-
clude respiratory burst oxidase protein C (RBOHC), cytosolic
NADP*-dependent isocitrate dehydrogenase (CICDH), and
peroxidase superfamily protein (PRXP63, PER3). This indicates
that fluctuations in Ca?* levels can influence ROS levels within
plant stems. Interestingly, our recent research has demon-
strated that alterations in ROS are implicated in the induction of
TW formation (Huang et al., 2024).

Reduced Ca®" levels resulted in the accumulation

of O, in the cambium zone

The elevated expression of ROS-related genes in crispr-
PagGLR3.3#9 plants prompted an investigation into the
impact of altered Ca* distribution on ROS, particularly in
O.,~ levels. Nitroblue Tetrazolium (NBT) staining of
seventh internode sections from both control and crispr-
PagGLR3.3#9 upright plants revealed that the cambium zone
of crispr-PagGLR3.3#9 plants showed significantly higher
0.~ production compared to the control (Figure 7A, B).
Similarly, LaCls-treated upright plants showed increased O, ™
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accumulation in the cambium zone, which was maintained at
a high level following the prolonged treatment (Figure 7C).
These results indicate that reduced Ca®* levels promote O, ™~
accumulation in the cambium zone.

DISCUSSION

TW is a specialized xylem tissue formed in angiosperm trees
under gravitational stimuli or mechanical stresses. Its for-
mation in Populus serves as a model for studying the regu-
lation of wood formation (Gerttula et al., 2015). Previous
studies have elucidated the transcriptional and hormonal
regulation of TW formation in response to gravitropism
(Mellerowicz and Gorshkova, 2012; Gerttula et al., 2015; Gao
et al.,, 2021; Yu et al.,, 2022b). In our recent research, we
demonstrated increased O, ™ accumulation, which occurs at
12 h post-gravistimulation in the cambium zone of the upper
side of the stem to induce TW formation (Huang et al., 2024).
However, the upstream mechanisms responsible for triggering
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ROS signals remain unclear. In this study, we pharmacologi-
cally and genetically manipulated Ca®" levels in the cytosol of
poplar to investigate the role of Ca®" signaling in the early
gravitropic response. We observed changes in Ca®* levels
between the upper and lower sides of the poplar stem at 2h
post-gravistimulation, and the reduced Ca?* level induced TW
formation by subsequently enhancing O, accumulation. This
study provides novel insights into the initial Ca®" signals in
gravitational stimulation-induced TW formation.

Ca?* affects TW formation
As an intracellular second messenger, Ca®* signaling can be
triggered by gravistimulation and subsequently participates
in the regulation of plant development and growth.
Gravistimulation not only induces an increase in the Ca%*
concentration but also accelerates the occurrence of Ca®*
sparks (Bjorkman and Cleland, 1991; Monshausen et al.,
2011; Zhao et al., 2022). These findings suggest that Ca®*
serves as a critical signal transmitter in response to gravity.
Previous studies have demonstrated that xylem vessel cell
differentiation is dependent on Ca2+, as calcium-channel
blockers significantly inhibit tracheary element differentiation
(Roberts and Haigler, 1990; Kobayashi and Fukuda,
1994; lakimova and Woltering, 2017). Additionally, poplar
plants grown under calcium-deficient conditions fail to re-
spond to environmental stimuli such as cold shock or
wounding (Lautner and Fromm, 2010). However, whether
Ca?* is involved in gravistimulation-induced TW formation
remains unclear. In this study, upright plants treated with the
Ca?* competitor LaCl; showed G-layer formation (Figure 2),
the typical characteristic of TW. LaCls-treated plants also
displayed a diminished response to gravity (Figure S10).
These results indicate that Ca®* levels play a pivotal role in
regulating TW formation. To further explore this, we exam-
ined Ca®* distribution in vascular tissues using three distinct
methods (TEM, EDX, and CaFD) and found that Ca’* was
predominantly localized in PPCs, consistent with previous
observations (Fromm, 2010). Notably, approximately 2 h after
gravistimulation, we observed a significant difference in the
Ca?* distribution in PPCs between the upper and lower sides
of the stems, with a marked reduction on the upper side of
the gravistimulated stem. This suggests that the reduced
Ca?* level on the upper side contributes to TW formation.
Previous studies have demonstrated that changes in in-
tracellular Ca®* concentration function as a signaling mech-
anism for the propagation of Ca®* to distal cells (Mousavi
et al., 2013; Toyota et al., 2018; Yu et al., 2022a). Therefore,
the mechanism by which Ca2* is transported from PPCs to
adjacent cambial cells warrants further investigation. GLRs
are important calcium channels and extracellular amino acid
sensors (Price et al., 2013), contributing to plant adaptation
under biotic and abiotic stress conditions (Cheng et al.,
2018; Shao et al., 2020). Consequently, the role of Ca®" in
gravity responses can be elucidated through the modulation
of GLR channel activity. Notably, several studies have high-
lighted that GLR3.3 serves as an essential calcium channel
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protein in plants, facilitating long-distance transmission of
[Caz*]cyt changes (Toyota et al., 2018; Yan et al., 2024). In our
study, the typical characteristics of TW were observed in the
upright stems of PagGLR3.3 knockout plants, including a
reduced number of vessel cells, increased cellulose content
but decreased lignin content, and the presence of G-layers in
both xylem and phloem fiber cells. The crispr-PagGLR3.3
plants showed reduced Ca®* accumulation in PPCs com-
pared to control plants. Under gravistimulation, the stem
bending rate of crispr-PagGLR3.3 plants was significantly
slower than that of the control group. At 2h post-
gravistimulation, Ca®* accumulation decreased on the upper
side but increased on the lower side of the stems in non-
transgenic controls, resulting in the elevation of shoot tips. In
contrast, no significant difference in Ca?®* levels was detected
between the upper and lower sides of the stems in crispr-
PagGLR3.3 plants, causing their shoot tips to remain largely
unaltered. At 4 h, Ca®* accumulation decreased on the upper
side but increased on the lower side of the stems in crispr-
PagGLR3.3 plants, initiating the elevation of their shoot tips.
Conversely, the shoot tips of control plants were predom-
inantly oriented upward, with a markedly reduced difference
in Ca®" levels between the two sides (Figures 4A, 5). We
also created overexpression plants (OEPagGLR3.3a and
OEPagGLR3.3b), and no G-layer was observed in the
OEPagGLR3.3 plants (Figure S7). Gravity-induced experiments
showed that OEPagGLR3.3 plants responded significantly ear-
lier than the control in primary bending (Movie S3). These find-
ings confirm that TW formation is associated with low Ca®*
levels. Therefore, this study bridges the gap between the initial
signal and TW formation, offering novel insights into the role of
Ca?* in xylem cell differentiation.

Blocking of Ca?* flow causes the G-layer formation

A typical feature of TW is the formation of the G-layer, which
facilitates fibril contraction during maturation and functions as
a “muscle-like tissue” to meet various mechanical demands,
such as adjusting the orientation of plant axes (Gorshkova
et al.,, 2018). In our study, both LaCls-treated upright plants
and PagGLR3.3 knockout upright plants showed G-layers in
developing wood without gravistimulation (Figures 2, 3), sug-
gesting that G-layer formation may be attributed to reduced
Ca?* levels. Additionally, crispr-PagGLR3.3 plants showed
much slower lifting of their stems than control plants due to the
presence of “muscle-like tissue” throughout their stems prior to
gravistimulation. The experiment involving a 180° rotation
of 84 K plants with preformed TW (Figure S11) further corrob-
orates this conclusion. The G-layers are rich in cellulose
(Nishikubo et al., 2007), and crispr-PagGLR3.3 plants indeed
show G-layers with high cellulose content under normal growth
conditions (Figure 3). Transcriptome data analysis (Figure 6)
revealed the upregulated expression of cellulose synthase
genes, including CesA17, CesA3, CesA4, CesA7, CesA8, and
CesA9, in crispr-PagGLR3.3 plants. These cellulose synthases
are known to play essential roles in determining cellulose
quantity, cell wall quality, and the crystallinity of G-layer
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cellulose in TW (Bhandari et al., 2006; Xu et al., 2021). Addi-
tionally, prior research has indicated that FLA genes are highly
expressed in the G-layers of TW fibers (Lafarguette et al.,
2004). Therefore, the high expression levels of both FLAs and
CesAs in crispr-PagGLR3.3 mutants might be associated with
the formation of the G-layers. Similarly, the elevated expression
of FLAs and CesAs 10 h after gravistimulation in control plants
correlates with the rapid lifting of their stems, presumably due
to TW formation. Collectively, these findings demonstrate that
reduced Ca" levels contribute to G-layer formation.

Ca?* induces TW by promoting the accumulation

of O~

In our recent study, we found that the levels of O, were
significantly elevated in the cambium zone of TW compared
to opposite wood (OW) after 12 h of gravistimulation. Stat-
istically significant differences became apparent at 24 h. The
increased O, ™ levels induced the accumulation of IAA on the
upper side of the stems 24 h post-gravistimulation, with a
pronounced disparity relative to the lower side emerging at
48 h (Huang et al., 2024). The elevated O, levels activate
downstream IAA signaling pathways, thereby stimulating
cambium cell proliferation and initiating the TW formation
process (Huang et al., 2024). The variations in Ca®* levels
between the upper and lower sides of PPCs were observed
within 2 h following gravity-induced stimulation, suggesting
that Ca?* may function as an initial signal for TW formation.
PagGLR3.3 is mainly expressed within the phloem, including
PPCs (An et al., 2024), whereas gravity-sensing cells con-
taining starch-filled amyloplasts are predominantly located in
the endodermis and phloem (Gerttula et al., 2015). This dis-
tribution suggests that PPCs with high Ca?* levels may
function as local signaling intermediaries, relaying signals
from endodermal and phloem cells to cambium/wood-
forming cells. Although an asymmetric Ca®* distribution in
PPCs was observed on both the upper and lower sides
of stems under gravistimulation in both control and crispr-
PagGLR3.3 lines, the degree of asymmetry was more
pronounced in the control group compared to the crispr-
PagGLR3.3 plants. The prolonged time and the reduced
magnitude observed in establishing this pattern in crispr-
PagGLR3.3 mutants may account for the delayed primary
and secondary bending responses. Notably, the difference in
Ca?* levels between the upper and lower sides of the stem
diminished significantly within a few hours, indicating that
early Ca®* fluctuations induced by gravistimulation function
as an initial signaling mechanism for TW induction.

The inactivation of calcium signals caused by Ca2*
channel disruption can activate intracellular downstream
physiological and biochemical responses (Dodd et al,
2010; Tian et al., 2020; Lee et al., 2021). Protein kinases play
crucial roles in these signal transduction pathways. Based on
transcriptomic data, we identified that several genes en-
coding CRKs, CBL4, CDPKs, and other protein kinases were
significantly upregulated in the PagGLR3.3 mutant. These
kinases are known to activate auxin signaling (Ludwig et al.,
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2004; Tripathi et al., 2009; Rigo6 et al., 2013; Kumar Meena
et al., 2019; Tan et al., 2021) and regulate cell wall biosyn-
thesis (Benjamins et al., 2003; Li et al., 2017). Therefore, we
speculate that the reduction in [Ca2+]cyt in crispr-PagGLR3.3
plants, likely caused by ion channel disruption, activates
relevant protein kinases, thereby initiating a downstream
phosphorylation cascade to sense changes in Ca®>" con-
centration. The expression of these protein kinases was
rapidly altered in control plants but showed delayed kinetics
in crispr-PagGLR3.3 plants under gravistimulation, which
may account for the temporal differences observed in shoot
tip bending and stem lifting. These findings indicate that the
asymmetric distribution of Ca?* contributes to the formation
of TW and OW, mediated by GLR-dependent Ca®* influx
during the early stages of gravitropic responses. Previous
studies have reported that CDPKs stimulate ROS-dependent
signaling by activating RBOH through direct phosphorylation
(Yu et al., 2018; Li et al., 2024). To investigate whether initial
changes in Ca®' concentration trigger O, accumulation,
we stained the stems of LaCls-treated 84 K plants and crispr-
PagGLR3.3 plants with NBT and observed significantly
higher O, accumulation in their cambium zones compared
to control plants (Figure 7). Transcriptomic data revealed
elevated expression levels of genes such as RBOHC and
CICDH in crispr-PagGLR3.3 plants, which are known to
contribute to ROS production (Mhamdi et al., 2010; Zhang
et al.,, 2022; Pasternak et al., 2023). Based on these ob-
servations, we propose that reduced Ca®* levels promote
O, ™ accumulation in the cambium zone. Huang et al. (2024)
showed that elevated O, ™ accumulation in the upper stem,
occurring 12 h after gravistimulation, plays a critical role in
TW formation. In the present study, changes in Ca* levels
were detected as early as 2 h post-gravistimulation. These
results support a model in which early Ca®* fluctuations in
response to gravistimulation initiate downstream ROS pro-
duction, ultimately contributing to TW formation.

In summary, we investigated the role of Ca?* in modu-
lating TW formation during the early gravitational response by
contrasting the differences in Ca®* distribution in PPCs on
the upper and lower sides of stems mediated by PagGLR3.3
under gravistimulation. Subsequent transcriptomic analysis
validated that reduced Ca2* levels induce the expression of
genes associated with gravity perception, ROS, and TW
formation. This study deepens our understanding of the
Ca®*-mediated signal transduction pathway regulating wood
formation and offers potential avenues for manipulating wood
properties, such as vessel density and cellulose content.

MATERIALS AND METHODS

Plant materials and growth conditions

The poplar trees used in this study were hybrid white
poplar (P. alba x P. glandulosa) clone 84 K and two ho-
mologous GLR3.3 gene (GLR3.3a and GLR3.3b) knockout
transgenic crispr-PagGLR3.3 plants that had previously
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been obtained (An et al., 2024). We also created
PagGLR3.3a and PagGLR3.3b overexpression plants. The
tissue-cultured poplar seedlings were allowed to grow for
1 month after rooting and were then placed in soil in 0.5-L
pots with a transparent lid (Super Sprouter) to adjust the
ambient humidity for the first 2 weeks. The plants were
used for the experiments after they had grown in soil for
1 month. The growth chamber was set to 16 h of white
light with 150 umolm=2s~" irradiation at 24°C and 8 h of
darkness at 20°C.

LaCl; treatments

The calcium channel inhibitor (LaCls) was prepared at con-
centrations of 100 mM, 200 mM, and 300 mM and thoroughly
mixed with melted lanolin by stirring (Rentel and Knight,
2004; Bjorklund et al., 2007). The mixture was brushed on
young stems (third to fifth internodes) and replaced every 3 d.
Reverse osmosis (RO) water mixed with melted lanolin
served as the control. After the observation of the stem lifting
of plants treated with different concentrations of LaCls, we
selected 300 mM LaCl; concentration for the following ex-
periments. To eliminate the influence of CI~, 450 mM CaCl,
and 900 mM KCI were also used to induce gravity in the
plants. The experiment was repeated three times.

Calcium antimoniate precipitate and transmission
electron microscopy

The samples were prepared for TEM following the method
described by An et al. (2014). The sample site was in the
middle of the stem between the base and the bent point of
the apex (primary bending), and it was the site where the
TW was intensively formed in the later stage (secondary
bending). The site is indicated by the red arrow in Figure 1A.
The upper and lower side tissues from the same site of the
stem were peeled and immediately fixed by vacuum
infiltration in 2% potassium pyroantimonate, 2.5% (v/v)
glutaraldehyde in 0.2M potassium phosphate buffer
(pH 7.2), with three changes for 15 min each. These tissues
were post-fixed overnight in 2% (w/v) OsO,4, subsequently
cleared three times in 0.2M sodium phosphate buffer
(pH 7.2), progressively dehydrated through a graded series
of ethanol and acetone solutions, and finally embedded in
SPURR (18300-4221, SPI SUPPLIES, West Chester, PA,
USA) overnight at 70°C. For visualization by TEM, ultrathin
sections (70-90 nm) were stained with methanolic uranyl
acetate for 20 min and stained with Reynold's lead citrate
for 3 min. Sections were rinsed with double-distilled water.
All TEM images were acquired at 100 kV using a TEM 1010
instrument (JEOL, Tokyo, Japan) equipped with an XR-41B
AMT digital camera (Advanced Microscopy Techniques,
Woburn, MA, USA). The experiment consisted of three
biological replicates and was repeated three times. Images
of phloem parenchymal cells (PPCs) adjacent to the
cambium were randomly selected, and the number of Ca®*
points per area (50 x 50 um) was quantified using ImageJ
software.
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Fluorescence calcium measurement by an indicator
Ca?* fluorescence was measured using a fluorescence cal-
cium indicator (Fluo-3 AM, ab145254, Abcam, Cambridge, UK).
The aforementioned upright or gravity-induced stems were
promptly segmented and immediately submerged in 2.5% (v/v)
glutaraldehyde in 0.2 M potassium phosphate buffer (pH 7.2),
and sectioned to a thickness of 50 um using a Leica VT1200S
(Wetzlar, Germany) and then immediately transferred to the
fluorescence dye for incubation at 37°C for 1 h. The sections
were washed with PBS and visualized under an Olympus
FV3000 (Tokyo, Japan) confocal microscope (fluorescence in-
tensity at Ex’Em =490/525 nm). ImagedJ software was used to
analyze the signal intensity in each rectangular selection box
250 x 50 um in size between the xylem and phloem fibers. The
fluorescence intensity value was analyzed within rectangular
selection boxes using the plot profile method (Huang et al.,
2024). The experiment was repeated three times.

SEM-EDX analysis

The above stems were also used to measure the Ca®* content
by SEM-EDX. 0.5cm upright or gravity-induced stems were
collected and fixed by vacuum infiltration in 2% potassium py-
roantimonate and 2.5% (v/v) glutaraldehyde in 0.2 M potassium
phosphate buffer (pH 7.2). To prevent cell surface deformation,
tissues that were subjected to cold field emission scanning
electron microscope (SEM) (SU8010, Hitachi, Tokyo, Japan)
analyses were dehydrated by using drying instruments (TS8606,
Fevik, Germany). Energy-dispersive X-ray (EDX) line-scans, ac-
celerating voltages of 15kV, and a 10 uA beam current were
used. K* and Ca®" were selected as the target elements. The
relative content of ions was expressed as counts per second
(cps). The experiment was repeated three times.

Measurement of Ca®* flux

The net fluxes of Ca?* were determined using MNT-NRP-
53C10 (Xuyue Company, Beijing, China), a non-invasive
technique for measuring the dynamic flow direction and the
rate of ions or material surfaces. Ca®* fluxes were measured
as previously reported (Zhang et al., 2009; Zheng et al.,
2013). In brief, the newly grown adventitious roots were
equilibrated in a solution containing 5mM Ca2* for 30 min,
and then transferred to the measuring solution (1.0 mM KCI,
0.5 mM CacCl,, and 0.2 mM MES, pH 5.8). The measurements
were performed on five plants at room temperature
(24°C-26°C), at least 10 min for each plant. The micro-
electrode was vibrated in the measuring solution between 5
and 35 mm from the meristem cells' surface along an axis
perpendicular to the root. The background was recorded by
vibrating the electrode in a measuring solution without roots.

Cell wall composition

The eighth to 12th internodes of 1-month-old control and
crispr-PagGLR3.3 plants in soil were collected for cell wall
composition determination. The obtained xylem samples
were ground and dried in an oven. Samples were treated with
alcohol to obtain insoluble residues, and the lignin content
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was measured using the acetyl bromide method (Fukushima
and Hatfield, 2001; Moreira-Vilar et al., 2014). The crystalline
cellulose content was analyzed by hydrolyzing the residues
with Updegraff reagent after treatment with trifluoroacetic
acid. After the treated pellets were washed and hydrolyzed
with 72% sulfuric acid, the content was quantified using
an anthrone assay (Updegraff, 1969; Song et al., 2013).
Hemicellulose content was measured using the 3,5-dinitro
salicylic acid colorimetric method (M1719A, Michy Bio-
medical Technology, Suzhou, China). The data from three
biological replicates were analyzed.

Plant treatments, stem lift, and microscopy
Graviresponse and stem lift were measured as previously
described (Gerttula et al., 2015). After 2 weeks of horizontal
gravistimulation, stem lift was measured as the vertical linear
distance from the base of the stem to the point at which
primary stem (apex) bending occurred initially during grav-
istimulation. To minimize the effect of slow plant growth on
the stem lift measurement, we normalized the vertical dis-
tance of the apex to the total stem height as described
by Gerttula et al. (2015) and presented the data over time.
Stem curvature was measured as the angle between the
stem and the horizontal line. A time-lapse camera (T1000 TS,
aTLi, Shenzhen, China) was used to record plant perform-
ance. Data were obtained from digitized tracings of stems
from individual frames of the time-lapse movies. The experi-
ment was repeated three times.

Histochemical and immunolocalization analyses

For G-layer staining, stem cross-sections were immersed in
1% Astra Blue (sc-214558A, Santa Cruz Biotechnology,
Dallas, TX, USA) and 5% safranin and then viewed under a
microscope (Robards and Purvis, 2009; Gao et al., 2021). The
inner layer of a blue-stained cell wall was regarded as a
G-layer. The width of TW, as indicated by the blue-stained
inner cell wall, was measured, and the number of cell layers
with a G-layer was also determined on the basis of more than
10 randomly selected images for analysis.

For cellulose staining, stem cross-sections were washed
with PBS and distilled H,O and then immersed in 0.01%
Calcofluor White M2R (Sigma, Louis, MO, USA); for lignin
staining, sections were immersed in 2% phloroglucinol/HCI
(Gritsch et al., 2015). Stained sections were immediately
observed with a light microscope (DM6B, Leica, Wetzlar,
Germany). The experiment was repeated three times.

Histological immunolocalizations were performed as pre-
viously described (Gerttula et al., 2015). In brief, stem cross-
sections were fixed in methanol (80%) at room temperature for
20 min and then washed three times with PBS (1x PBS con-
taining 0.2% Tween 20) for 15 min each time. Sections were
then blocked (1x PBS with 5% milk) for 1 h prior to the addition
of the primary antibody. The JIM14 antibody (biotin-xx-goat
anti-rat 1gG, Carbo source services) (#ZW00014) was diluted
1:200 (Gerttula et al., 2015) and the LM5 (ELD007) antibody
was diluted 1:100 (Gritsch et al., 2015; Xu et al., 2021), and

14 Month 2026 | Volume 00 | Issue 00 | 1-18

Journal of Integrative Plant Biology

incubated overnight at 4°C. The monoclonal antibodies of
JIM14 and LM5 were obtained from Abmart (Shanghai, China)
and Kerafast (CA, USA). Sections were washed three times in
1x PBS and immersed in streptavidin Alexa Fluor-488 at a
dilution of 1:400 (Life Technologies, Carlsbad, CA, USA). After
1 h of incubation at room temperature, sections were washed
three times in PBS before visualization with a Zeiss LSM880
confocal microscope (Oberkochen, Germany). The experiment
was repeated three times.

The O, level was measured by NBT staining. Plant sev-
enth internodes (approximately 5mm in length) were
infiltrated with 1 mg/mL NBT (IN0110, Solarbio, Beijing, China)
in the dark for 8h at 25°C. The internodes were then trans-
ferred into 75% ethanol for 8 h and sectioned at a thickness of
50 um. Samples were observed and photographed using an
upright microscope (DM6B, Leica, Wetzlar, Germany). The
microscope settings were constant across all the slides
throughout the same test. Imaged software was used to ana-
lyze the signal intensity (Schneider et al., 2012) to obtain a
series of average OD values across the cambium area fol-
lowing the previous method (Huang et al., 2024). The experi-
ment was repeated three times. In short, to ensure consistent
adjustment parameters across different images within the
same test, these images were aligned to comparable sizes
based on their scale bars and imported into Imaged software.
We used the Analyze-Set Scale function to convert pixels into
actual length units. To semi-quantify immunofluorescence in-
tensity (e.g., Ca®*), the cambium zone was selected along its
midline using a series of adjacent rectangular boxes. The
Analyze-Plot Profile function then generated average gray
values (GVs) for each vertical pixel column. For O, ™ analysis,
GVs were converted into optical density (OD) values using the
Analyze—Calibrate-Uncalibrated OD function, and the same
rectangular selection and Plot Profile steps were repeated to
obtain the average OD values. The vertical height of the se-
lection boxes was kept constant for all images within a test.

Illumina sequencing and data processing

One-month-old soil 84 K and crispr-PagGLR3.3#9 poplars were
placed horizontally to induce gravistimulation, and the fourth to
eighth stem segments (form TW) were harvested immediately
and frozen in liquid nitrogen at different time points (0, 2, 4, and
10 h). The upper and lower sides of the samples could not be
distinguished at 0 h, and the upper and lower side tissues of
the segments as two separate samples were collected at 2, 4,
and 10 h. Tissues were scratched from the surface of the bark
to the developing xylem, immediately frozen in liquid nitrogen,
and stored at —80°C for the isolation of total RNA. Three bio-
logical replicates with a total of 42 samples were collected.
Total RNA was isolated using the RN38 EASYspin Plus Plant
RNA Kit (Aidlab Biotech, Beijing, China), and the quality and
purity of RNA samples were determined using a Bioanalyzer
2100 and a Nano LabChip Kit (Agilent, Santa Clara, CA, USA).
RNA was then used for sequencing library preparation ac-
cording to the protocol for the RNA-Seq sample preparation kit
(lumina, San Diego, CA, USA). Paired-end 150-bp sequencing
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was performed on the lllumina HiSeq platform. Raw data were
filtered with the fastp v.0.20.0 program using default parame-
ters. The clean data were mapped to the Populus genome v4.1
(https://phytozome-next.jgi.doe.gov/info/Ptrichocarpa_v4_1)
using HISAT2 v2.2.1. The number of reads was calculated
using featureCounts v2.0.1, and the DEGs were analyzed using
the DESeq. 2 v1.38.3R package. The plots were produced
using the ggplot2 R package. WGCNA was performed using
the WGCNA v.1.71 R package.

Gene expression analysis

Expression of target genes was assessed using quantitative real-
time PCR (gRT-PCR). Total RNA was isolated using an RN38
EASYspin Plus Plant RNA Kit (Aidlab Biotech, Beijing, China).
After quantification, 1 ug of total RNA was reverse-transcribed
using Superscript lll reverse transcriptase (Invitrogen, Carlsbad,
CA, USA). Quantitative reverse transcriptase PCR was then
performed on a LightCycler 480 Thermal Cycler (Roche, Basel,
Switzerland) using a SYBR Premix Ex TagTM Kit (TaKaRa, Da-
lian, China) according to the manufacturer's instructions. All re-
actions were performed with at least four technical replicates,
and the experiment was repeated three times. The PtrUBQ gene
was used as an internal control gene. The primers for gene ex-
pression are summarized in Table S1.

Statistical analysis
The statistical analysis of the number of Ca%* deposits,
tension wood phenotypes, and gRT-PCR data was carried
out using Student's t-test and is presented as the mean + SD.
*P <0.05, P <0.01.
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Figure S1. Localization of Ca* in stems of poplar plants under normal growth
Figure S2. Representative EDX line-scans depicting the relative Ca®*
concentrations in the vascular tissues on the upper and lower sides of
stem subjected to gravistimulation at various time points

Figure S3. Ca* distribution represented by the fluorescence intensity in
the vascular tissues on the upper and lower sides of stem subjected to
gravistimulation at various time points

Figure S4. Response of plants to gravistimulation under various treatments
Figure S5. Net Ca®* fluxes in the roots of plants

Figure S6. G-layers observed in phloem fiber cells of crispr-PagGLR3.3#9
plants

Figure S7. Cross-sections of the seventh internodes of upright plants of
OEPagGLR3.3a and OEPagGLR3.3b stained with safranin and Astra blue
Figure S8. Deposition of cellulose and lignin in the secondary walls of
crispr-PagGLR3.3#9 plants at the seventh internode

Figure S9. Differences in the abundance of arabinogalactan proteins and
(1-4)-B-galactan were observed between CK and crispr-PagGLR3.3#9
plants. The developing G-Layers were immunolocalized with JIM14 and
LM5 antibodies

Figure $10. Gravistimulated poplar plants under LaCls treatment

Figure S11. Gravistimulation of 180° rotated 84 K plants with preformed TW
Figure S12. Representative EDX line-scans illustrating the relative Ca®*
concentrations in the phloem region of 84 K (CK) and crispr-PagGLR3.3#9
plants during early gravistimulation

Journal of Integrative Plant Biology

Figure S13. Ca®* fluorescence in the phloem parenchymal cells (PPCs)
of control (CK) and crispr-PagGLR3.3#9 plants under gravistimulation
over time

Figure S14. Accumulation of Ca?* in the phloem parenchymal cells
(PPCs) under gravistimulation with or without LaCl; treatment

Figure S15. Principal component analysis (PCA) on all 42 samples col-
lected from various tissues of both control and crispr-PagGLR3.3#9 plants
at multiple time points following gravistimulation

Figure S16. Clustering dendrogram of all expressed genes together with
assigned module colors

Figure S17. Heatmap analysis on genes differentially expressed
between the control and crispr-PagGLR3.3#9 plants during grav-
istimulation induction

Movie S1. Time-lapse movie of CK and crispr-PagGLR3.3#9 poplars
undergoing gravitropic bending. Time-lapse images were captured at
15-min intervals

Movie S2. Time-lapse movie of CK and crispr-PagGLR3.3#9 poplar
shoots undergoing gravitropic bending. Time-lapse images were captured
at 1-min intervals

Movie S3. Time-lapse movie of CK, OEPagGLR3.3a, and OEPagGLR3.3b
poplar shoots undergoing gravitropic bending. Time-lapse photography
was performed every minute

Table S1. Primers used in the expression analysis of differentially
expressed genes in control and crispr-PagGLR3.3 plants

Scan the QR code to view
JIPB on WeChat
(WeChat: jipb1952)

18 Month 2026 | Volume 00 | Issue 00 | 1-18

Scan the QR code to view
JIPB on X
(X: @JIPBio)

Scan the QR code to view
JIPB on Bluesky
(Bluesky: jipb.bsky.social)

www.jipb.net



	Calcium signaling mediated by glutamate receptor-like protein PagGLR3.3 is involved in tension wood induction in poplar
	INTRODUCTION
	RESULTS
	Ca2+ distribution was altered in phloem cells in response to gravistimulation
	Reduced Ca2+ levels led to TW formation
	PagGLR3.3 knockout plants presented altered wood property
	PagGLR3.3 affected TW formation in response to gravistimulation
	crispr-PagGLR3.3 plants with retarded Ca2+ flux attenuated the response to gravistimulation
	Gene expressions were changed in PagGLR3.3 knockout plants
	Reduced Ca2+ levels resulted in the accumulation of O2·- in the cambium zone

	DISCUSSION
	Ca2+ affects TW formation
	Blocking of Ca2+ flow causes the G&nobreak;-&nobreak;layer formation
	Ca2+ induces TW by promoting the accumulation of O2·-

	MATERIALS AND METHODS
	Plant materials and growth conditions
	LaCl3 treatments
	Calcium antimoniate precipitate and transmission electron microscopy
	Fluorescence calcium measurement by an indicator
	SEM-EDX analysis
	Measurement of Ca2+ flux
	Cell wall composition
	Plant treatments, stem lift, and microscopy
	Histochemical and immunolocalization analyses
	Illumina sequencing and data processing
	Gene expression analysis
	Statistical analysis

	Data availability statement
	ACKNOWLEDGEMENTS
	CONFLICTS OF INTEREST
	AUTHOR CONTRIBUTIONS
	REFERENCES
	SUPPORTING INFORMATION




