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Abstract

Plants growing with neighbors compete for light and consequently increase the

growth of their vegetative organs to enhance access to sunlight. This response, called

shade avoidance syndrome (SAS), involves photoreceptors such as phytochromes as

well as phytochrome interacting factors (PIFs), which regulate the expression of

growth-mediating genes. Numerous cell wall-related genes belong to the putative

targets of PIFs, and the importance of cell wall modifications for enabling growth

was extensively shown in developmental models such as dark-grown hypocotyl.

However, the contribution of the cell wall in the growth of de-etiolated seedlings

regulated by shade cues remains poorly established. Through analyses of mechanical

and biochemical properties of the cell wall coupled with transcriptomic analysis of

cell wall-related genes from previously published data, we provide evidence suggest-

ing that cell wall modifications are important for neighbor proximity-induced elonga-

tion. Further analysis using loss-of-function mutants impaired in the synthesis and

remodeling of the main cell wall polymers corroborated this. We focused on the

cgr2cgr3 double mutant that is defective in methylesterification of homogalacturonan

(HG)-type pectins. By following hypocotyl growth kinetically and spatially and analyz-

ing the mechanical and biochemical properties of cell walls, we found that methyles-

terification of HG-type pectins was required to enable global cell wall modifications

underlying neighbor proximity-induced hypocotyl growth. Collectively, our work sug-

gests that plant competition for light induces changes in the expression of numerous

cell wall genes to enable modifications in biochemical and mechanical properties of

cell walls that contribute to neighbor proximity-induced growth.
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1 | INTRODUCTION

Plants growing in dense populations compete for light required for

photosynthesis (Fiorucci & Fankhauser, 2017). The proximity of com-

petitors and shade are perceived as a change in light intensity and

quality, resulting in various developmental adaptations (Galvão &

Fankhauser, 2015). Depending on their response to shade, plants are

classified into shade-tolerant and shade-avoiding species (Gommers

et al., 2013). The latter react to shade with characteristic growth

responses in order to reach full sunlight for photosynthesis. This phe-

nomenon, known as shade avoidance syndrome (SAS) can be

observed in most aerial organs and involves a range of developmental

changes (Pierik & De Wit, 2014). For example, SAS entails early flow-

ering and inhibition of branching, leaves adopt an upright position

(hyponasty), and petioles, stems, and hypocotyls elongate (de Wit

et al., 2016). These changes accelerate the life cycle of plants and war-

rant survival and propagation under limited light availability.

The phytochrome (phy) type photoreceptors have a central role

in SAS with phyB playing a predominant role in Arabidopsis thaliana

(Legris et al., 2019). Under high Red:Far Red (R:FR) conditions, corre-

sponding to full sunlight, active phyB moves into the nucleus, where it

interacts with transcription factors known as phytochrome interacting

factors (PIFs) to inhibit their activities. Low R:FR conditions, on the

other hand, cause inactivation of phyB and derepression of the PIFs,

which modulate genes required for shade-induced growth (de Wit

et al., 2016). A central mechanism in shade-induced growth is auxin

biosynthesis in cotyledons and young leaves followed by polar trans-

port and distribution in hypocotyls and stems, which elongate in

response to shade (de Wit et al., 2014). phyB and PIFs also act locally

in the hypocotyl to promote growth through mechanisms that are less

clearly established (Fiorucci & Fankhauser, 2017; Pucciariello

et al., 2018). For example, PIFs regulate the expression of genes

required for plasma-membrane lipid biogenesis in the hypocotyl (Ince

et al., 2022). Moreover, numerous genes encoding cell wall-modifying

proteins are induced by shade and targeted by PIFs (Kohnen

et al., 2016; Pedmale et al., 2016), suggesting the role of cell wall

metabolism in the establishment of shade-regulated growth.

The primary cell wall of growing plant organs has seemingly con-

tradictory functions. On the one hand, it provides mechanical strength

to maintain cell shape and plant stature, on the other hand, it has to

remain elastic and plastic to allow cell expansion and plant growth

(Bashline et al., 2014). In dicotyledonous species such as Arabidopsis,

the primary cell wall consists of interconnected networks of polysac-

charides and structural proteins/glycoproteins (Cosgrove, 2005;

Nguema-Ona et al., 2014; Wolf, Hématy, & Höfte, 2012). A first net-

work of cellulose microfibrils cross-linked by hemicelluloses (Network

1) is embedded in a second network made by pectins that have gelling

properties (Network 2). Pectins are intimately associated with a third

network (Network 3), consisting mainly of glycoproteins such as

extensins (EXTs) and arabinogalactan proteins (AGPs) (Hijazi

et al., 2014). This complex three-dimensional mesh resists internal tur-

gor pressure, and at the same time, yields to allow cell growth.

Dynamic adjustment of physical cell wall properties (e.g., stiffness,

elasticity, and plasticity) involves cell wall-synthesizing and modifying

enzymes that usually belong to multigenic families and constantly

modulate cell walls to allow growth (Atmodjo et al., 2013; Pauly &

Keegstra, 2016; Sénéchal, Wattier, et al., 2014; Showalter &

Basu, 2016).

Cell wall remodeling plays a central role in the control of seedling

development, however, its contribution to adaptive growth phenom-

ena in response to environmental cues such as SAS remains poorly

understood. Although transcriptomic analyses suggested that cell wall

remodeling may play a central role in adaptive growth processes

(Kohnen et al., 2016), direct functional evidence is scarce. A role for

xyloglucans in SAS has been established for petiole elongation in

Arabidopsis (Sasidharan et al., 2010; Sasidharan & Pierik, 2010), and

for shade-induced growth in Stellaria longipes (Sasidharan et al., 2008).

Here, we took a systematic approach to explore the contribution of

cell wall remodeling in SAS of the Arabidopsis hypocotyl. By combin-

ing Fourier-transform infrared (FTIR) analyses of cell wall constituents

with measurements of cell wall biophysics, we show that cell wall

remodeling is triggered at early stages of the growth response induced

by low R:FR, indicative of neighbor proximity that is a form of SAS.

Employing systematic transcriptomic and genetic analysis with

mutants affected in various aspects of cell wall biosynthesis and modi-

fication, we establish pectin methylesterification status as a determi-

nant of cell wall extensibility in the neighbor proximity-induced

hypocotyl growth.

2 | RESULTS

2.1 | Low R:FR induces cell elongation mainly in
the middle part of the hypocotyl

In order to simulate the proximity of competing neighbors, we sub-

jected Arabidopsis seedlings to white light supplemented with far red

(low R:FR ratio). Within 1 day, this led to increased hypocotyl growth

compared with control seedlings kept in white light (high R:FR ratio)

(Figure S1). In order to determine the site of growth, we used the bor-

ders of epidermal cells as marks because hypocotyl elongation pro-

ceeds almost exclusively by cell elongation without cell division. In

order to assess cell dimensions, confocal images of seedlings were

segmented in MorphoGraphX (de Reuille et al., 2015), followed by

semiautomated cell size measurements. Cell length along the length

of the hypocotyl was increased by low R:FR primarily in the middle

part of the hypocotyl (Figure 1).

2.2 | Low R:FR changes mechanical properties of
hypocotyl cell walls

To assess the mechanical properties of the hypocotyl during growth

induced by low R:FR, we used an automated confocal micro-

extensometer (ACME, Robinson et al., 2017). This approach enabled

in vivo quantification of the elastic properties of cell walls. Hypocotyls
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of intact seedlings were abraded by freezing and thawing and sub-

jected to repeated cycles of application and removal of 5 mN of force.

Our analysis revealed increased strain under low R:FR after 1 day of

treatment and decreased strain after 3 days (Figure 2a). Interestingly,

this effect was specific to low R:FR conditions because no such

changes were observed under high R:FR (Figure 2a).

To relate growth and mechanical changes induced by low R:FR to

cell wall properties, we applied FTIR microspectroscopy to cells

located in the middle part of the hypocotyl. The relative absorbance

intensities for wavelengths related to the cell wall (from 830 to

1800 cm�1) were selected to assess the composition and status of

various cell wall polysaccharides. FTIR analysis revealed significantly

different patterns of relative absorption induced by low R:FR ratio

after 3 days of treatment (Figures 2b and S2). The main differences

were observed between 1530 and 1200 cm�1 and between 1180 and

1030 cm�1 (Figure 2b). A relative decrease (at 1740 and between

1530 and 1200 cm�1) suggests lower levels of pectins and xyloglu-

cans, as well as cellulose and lignin. On the other hand, an increase

between 1180 and 1030 cm�1 rather indicates enrichment of pectins,

xyloglucans, cellulose, and arabinogalactan that can relate both to

AGPs and rhamnogalacturonan I-type pectins (Figure 2b). These

results indicate major cell wall modifications in response to low R:FR

ratio. In order to obtain further insight into the changed cell wall com-

ponents, we performed hierarchical clustering for the wavelengths

that have previously been assigned to certain cell wall components

(Alonso-simón et al., 2011; Kakuráková et al., 2000; Largo-Gosens

et al., 2014; Mouille et al., 2003; Szymanska-Chargot & Zdunek, 2013;

Wilson et al., 2000) (Figure 2c). This data was consistent with an over-

all enrichment for pectins with a low degree of methylesterification

(DM, de-esterified pectins), in addition to other pectins, AGPs, cellu-

lose, and xyloglucans in response to low R:FR, while other wave-

lengths assigned to pectins, cellulose, and xyloglucans showed

opposite trends. Depending on the chemical bonds revealed by the

wavelengths, different structural parts of the polysaccharides could

be assessed such as backbone and side chains. This may explain oppo-

site trends for wavelengths related to the same polysaccharide, which

can be more abundant with reduced side chains for instance. Taken

together, these results are consistent with major changes in cell wall

biosynthesis and remodeling in response to low R:FR.

2.3 | Low R:FR impinges on expression of cell wall-
related genes

In order to investigate transcriptional regulation of cell wall properties

under low R:FR, we considered 40 gene families that are thought to

be involved in the synthesis and/or remodeling of cell wall compo-

nents. The expression of a total of 824 genes was analyzed using an

RNA sequencing dataset, previously published, and coming from a

time course experiment under low R:FR conditions (Kohnen

et al., 2016). In this set of genes, 544 were found to be expressed in

seedlings grown under control conditions, among which 224 were

regulated by low R:FR in hypocotyls (Figure 3a). Only few genes were

regulated in cotyledons or in both organs (26 and 16 genes, respec-

tively) (Figure 3a). Most genes were regulated at later stages (90 or

180 min after the onset of light stimulus), and they were mostly up-

regulated, in particular in hypocotyls (Figure 3a). Modulated genes

comprised functions related to (hemi)cellulose (Network 1), pectin

(Network 2), and structural proteins (Network 3) (Figure 3b). The few

genes that were induced at the early time points (15 or 45 min after

the onset of the light stimulus) in hypocotyls are involved in cell

wall remodeling: At1g49490:EXT, At5g47500:PME (pectin methyles-

terase), At1g62760:PMEI (PME inhibitor), At5g02260:EXP (expan-

sin), At5g57560:XTH (xyloglucan endotransglucosidase hydrolase),

At1g02405:EXT, and At3g10710:PME (Tables S1A,B). Considering

the global influence of FR light on cell biosynthetic genes, the high-

est percentage related to pectins (Network 2) with 96% of the

genes expressed in seedlings, and 52% affected by low R:FR condi-

tions. Especially, numerous genes encoding homogalacturonan

(HG) synthesizing enzymes are upregulated in the hypocotyl of low

R:FR treated seedlings, such as galacturonosyltransferases (GAUTs,

11/15 genes), GAUT-like (GATL, 6/10 genes), and HG methyltrans-

ferases (HGMTs, 5/7 genes) (Table S1A,B). Taken together, these

results suggest that cell wall remodeling is initiated within the first

15 min of low R:FR treatment, followed by general cell wall modifi-

cations involving both synthesis and remodeling of all cell wall con-

stituents, in particular of HG-type pectin.

SAS is controlled by PIFs, hence, we interrogated previously pub-

lished chromatin immunoprecipitation (ChIP) sequencing data

(Kohnen et al., 2016) for binding to PIF4 and PIF5 with the 224 genes

regulated in the hypocotyl under low R:FR conditions. This revealed

that 59 genes are putative direct PIF4 and/or PIF5 targets (Figure S3

F I GU R E 1 Low R:FR induces fast growth in the middle part of
the hypocotyl. Length of the hypocotyl epidermis cells in response to
high and low R:FR treatments. After 4 days under high R:FR (black
curve), Col-0 seedlings were grown for 1 day under high R:FR (yellow

curve) or low R:FR (blue curve). The length of the epidermis cells was
plotted from the top to the bottom part of the hypocotyl. The curves
show means in μm ± confidence intervals (shaded areas).
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F I GU R E 2 Legend on next page.
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and Table S1C), including genes related to all three polymer networks,

as well as to all processes including cell wall synthesis, remodeling,

and signaling. Despite genes encoding HG biosynthetic enzymes seem

especially upregulated by low R:FR treatment, a limited number of

genes for GAUTs (1/15 genes), HGMTs (2/7 genes), and to a lesser

extent for GATLs (5/10 genes) were identified as potential PIF4

and/or PIF5 target genes (Table S1C). This suggests direct and indirect

regulations of genes encoding HG biosynthetic enzymes by PIF tran-

scription factors.

2.4 | Cell wall-related mutants reveal the role of
cell wall components in low R:FR-induced growth

In order to gain insight into the mechanisms involved in low R:FR-

induced growth, loss-of-function mutants defective in the three net-

works (cellulose, pectin, and glycoproteins) were investigated for

growth phenotypes under low R:FR treatment (Table S2, Figure 4a).

We selected xxt mutants impaired in xyloglucan biosynthesis

(Network 1), mutants affected in pectin biosynthesis (gaut, gatl, and

cgr) and pectin remodeling (pme and pmei; Network 2), and mutants

affected in AGP biosynthesis (galt, agp10c, and fla9; Network 3).

While most of the mutants did not have noticeable hypocotyl length

phenotypes after 4 days under high R:FR, some of them showed

increased hypocotyl length and hypocotyl length was slightly reduced

in the xxt1xxt5 mutant (Figure S4). A slight shift in the germination

time between wild type and mutants can produce differences in hypo-

cotyl length measured at Day 4. Thus, all of these mutants were sub-

jected to low R:FR treatment for 3 days, from Days 4 to 7, and their

hypocotyl growth response was measured and normalized to

their respective wild types (Figure 4a). None of the single mutants in

Network 1 had a growth phenotype, possibly because of genetic

redundancy, but the double mutants xxt1xxt2 and xxt2xxt5 showed

significantly reduced hypocotyl elongation in response to low R:FR. In

Network 2 mutants, only cgr2 had a growth defect, which was exacer-

bated in the cgr2cgr3 double mutant. Unexpectedly, mutants affected

in Network 3 generally grew longer than the wild type. Taken

together, these results highlight the importance of xyloglucan and

pectin in SAS, while some proteinaceous components of the cell walls

appear to restrict hypocotyl elongation in the wild type.

Based (i) on the induction of several HGMTs by low R:FR treat-

ment (Figure S5), including the previously characterized HGMT genes

CGR2 and CGR3 (Kim et al., 2015), (ii) on the putative regulation of

CGR3 by PIF4 and PIF5 previously identified through ChIP sequencing

analysis (Figure S3, Table S1C; Kohnen et al., 2016), and (iii) on the

strong growth phenotype of the cgr2cgr3 double mutant (Figure 4a),

we investigated cell wall constituents in cgr2cgr3 by FTIR analyses

using wavelengths assigned to methylesterified (1740 cm�1) and

demethylesterified (1630 cm�1) pectins (Figure S6). Using these

wavelengths, we estimated the DM, which was decreased by approxi-

mately 40% in cgr2cgr3 compared with the wild type. In a time course

experiment, cgr2cgr3 was not affected in hypocotyl growth under

control conditions (high R:FR), however, under low R:FR conditions,

growth was reduced (Figure 4b). In particular, cgr2cgr3 reacted slower

(4 days + 1 day) and weaker (4 days + 3 days) than the wild type

(Figure 4b). The growth defect of cgr2cgr3 was particularly pro-

nounced in the middle part of the hypocotyl which normally shows

the strongest growth response (Figure S7). This indicates that

cgr2cgr3 mutants have a defect in low R:FR-induced epidermal cell

elongation.

We next assessed the mechanical properties of cgr2cgr3 hypo-

cotyls in response to low R:FR (Figure 4c). Wild-type hypocotyls had

shown an increase in cell wall strain after 1 day, and a decrease after

3 days of FR treatment (Figure 2a). In contrast, cgr2cgr3 did not show

a change in strain at either time point, possibly indicating that cell wall

remodeling is defective in the double mutant. To further address this

aspect, we investigated the cell wall composition of cgr2cgr3 by FTIR

microspectroscopy as in the wild type (Figure 2b,c), in the range of

wavelengths from 830 to 1800 cm�1 to obtain a cell wall fingerprint.

This analysis was performed in the middle part of hypocotyls which

shows the strongest growth increment under low R:FR (Figures 1 and

S8). Relative absorbances for Col-0 and cgr2cgr3 did not show signifi-

cant changes in response to low R:FR after the first day (Figures 5a

and S8A,B upper panels). However, 3 days after transfer, both wild

F I GU R E 2 Low R:FR induces changes in mechanical and cell wall properties of the hypocotyl. (a) Elastic properties of hypocotyl assessed
under high and low R:FR treatment. Hypocotyls were frozen and thawed then subjected to cycles of application and removal of 5 mN of force
using an automated confocal micro extensometer (see Section 4). The average magnitude of strain incurred by seedlings grown in a high R:FR
(yellow bars) or low R:FR (blue bars) light regime after 1 (4 days + 1 day) and 3 days (4 days + 3 days) is shown. Bright-field images were
collected every 645 ms and strain was computed from regions that were tracked in the images using the automated confocal micro-extensometer
(ACME) tracker software. The bars show means in % ± SD (n > 10 independent seedlings, at least five oscillations were made). Pairwise
comparisons were made using Welch t-test brackets indicated statistical tests that were made with significance p < .1*, p < .05**, and p < .01***.
(b, c) Cell wall properties in the middle part of the hypocotyl under high and low R:FR treatments. Cell wall chemical bounds were analyzed by
Fourier-transform infrared (FTIR) microspectroscopy. For each hypocotyl, six spectra were collected in the middle part, avoiding the central
cylinder, for at least five independent hypocotyls per condition. Baseline correction and data normalization were made for the absorbances
between 1810 and 830 cm�1 (corresponding to the cell wall fingerprint, see Figure S1). Pairwise comparison between high and low R:FR was
made after 1 and 3 days of treatments and significant differences were identified using Student’s t-test for each wavelength. (b) All Student’s
t-values were plotted against wavelengths with horizontal lines referring to the significant threshold for p < .05. Student’s t-values above +2 or
below �2 indicate, respectively, an enrichment or an impoverishment of cell wall components in low compared with high R:FR. (c) Student’s
t-values for wavelengths assigned to cell wall components were used to build the heatmap with negative and positive t-values, respectively,
represented by a range of colors from blue to orange.
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F I GU R E 3 Low R:FR triggers changes in the expression of cell wall-related genes. (a) Number of cell wall-related genes identified as
expressed in seedling and regulated by low R:FR in hypocotyl, cotyledon or both. From cell wall-selected genes and RNA sequencing data
(Kohnen et al., 2016), Venn diagrams highlight cell wall-related genes expressed in seedling and that are regulated by low R:FR in hypocotyl,
cotyledon or both. For each, a number of up and down-regulated genes are shown along the kinetic of low R:FR treatment. Percentages of the
low R:FR-regulated genes were determined according to the total of cell wall-related genes expressed in seedling. (b) Number of cell wall-related
genes expressed in seedling and regulated by low R:FR classified according to their putative function in cell wall synthesis, remodeling, and
signaling as well as their related networks for synthesis and remodeling. Percentages were determined according to the total of cell wall-related
genes classified for each condition (values between brackets). CW, cell wall; Network 1, cellulose and hemicelluloses; Network 2, pectins;
Network 3, structural proteins.
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F I GU R E 4 Analysis of mutants impaired in cell wall metabolism reveals the importance of CGR2 and CGR3 in the regulation of the hypocotyl
growth and the elastic properties under low R:FR. (a) Length of the hypocotyls in response to low R:FR treatment. Seedlings were grown for
4 days in high R:FR and then for three additional days in low R:FR. Data of growth induced by low R:FR during the 3 days were normalized
against the wild type and expressed in log2FC. Significant differences (p < .05*, p < .001***) were determined according to Student’s t-test.
(b) Length of the hypocotyls in response to high and low R:FR treatments in Col-0 and cgr2cgr3. Seedlings were grown for 4 days in high R:FR
before being transferred under low R:FR (blue bars) or kept in high R:FR (yellow bars) for three additional days. The bars show means in mm
± confidence intervals measured at 4 (4 days), 5 (4 days + 1 day), and 7 (4 days + 3 days) days. Significant differences (indicated with letters)
were determined according to one-way ANOVA followed by multiple comparisons with Tukey’s test. (c) Elastic properties of hypocotyl assessed
under high and low R:FR treatment for Col-0 and cgr2cgr3. Hypocotyls were frozen and thawed then subjected to cyclic loading at 5 mN of force
and the strain compared with the data obtained for the wild-type seedlings in Figure 2. The average magnitude of strain incurred by seedlings
grown in a high R:FR or low R:FR light regime after 1 (4 days + 1 day) and 3 days (4 days + 3 days) is shown. The bars show means in % ± SD
(n > 10 independent seedlings for Col-0 and n > 5 independent seedlings for cgr2cgr3, at least five oscillations were made per seedling). Pairwise
comparisons were made between the mutant and the wild-type using Welch t-test brackets indicated statistical tests that were made with
significance p < .1*, p < .05**, and p < .01***.
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type and cgr2cgr3 showed significant changes in relative absorbances

in response to low R:FR conditions (Figures 5a and S8A,B, lower

panels). Overall, the pattern of the significantly affected wavelengths

was similar for both genotypes, but the differences were more pro-

nounced in the wild type than in cgr2cgr3 (Figure 5b).

The main differences between the genotypes were observed in

the range of wavelengths from 1630 to 1500 cm�1 with a significant

decrease in relative absorbances in the wild type but not in cgr2cgr3

(Figure 5b), and from 1180 to 1030 cm�1, where the wild type

showed a stronger increase in relative absorbances than the double

mutant. These results suggest that a change in pectin methylesterifi-

cation in cgr2cgr3 may result in secondary changes in cell wall compo-

sition (Figure 5b).

3 | DISCUSSION

While growth is simple to quantify, in particular in an organ like the

hypocotyl that grows essentially in only one dimension, the underlying

molecular mechanisms are extremely complex because they involve

multiple regulatory levels such as hormonal and metabolic regulation,

transcriptional activation of growth-related genes, and ultimately

remodeling of the complex three-dimensional cell wall polymer net-

work. Thanks to the ease of mutational analysis of growth, many of

the upstream regulatory components in SAS have been identified

(Ballaré & Pierik, 2017; Fiorucci & Fankhauser, 2017; Procko

et al., 2014). A reduced R:FR indicative of neighbor proximity is pri-

marily perceived by phyB in cotyledons and young leaves (Ballaré &

Pierik, 2017; Fiorucci & Fankhauser, 2017). This leads to PIF-mediated

induction of auxin production, which following transport to the hypo-

cotyl promotes elongation (Ballaré & Pierik, 2017; Fiorucci &

Fankhauser, 2017; Procko et al., 2014). PIFs can also directly regulate

the expression of hypocotyl specific genes as shown for genes encod-

ing enzymes involved in plasma-membrane biogenesis (Ince

et al., 2022). Our expression analysis, from previously published RNA

seq. data (Kohnen et al., 2016), suggests low R:FR induces extensive

hypocotyl-specific regulation of genes encoding enzymes involved in

cell wall biosynthesis and remodeling (Figure 3), which ultimately

results in alteration of cell wall properties and induction of growth.

However, due to the interdependency of cell wall components, it has

been difficult to disentangle the role of individual cell wall compo-

nents in growth. Here, we identified and characterized pectin methy-

lesterification status as an important element in the growth

phenomenon of Arabidopsis seedlings in the shade avoidance

response.

Pectin consists mainly of HG which represents a linear polymer of

galacturonic acid (GalA) synthesized by GAUT and GATL enzymes in

the Golgi apparatus (Atmodjo et al., 2013). HG is subsequently methy-

lesterified by HGMTs before secretion into the cell wall, where it can

be selectively demethylesterified by PMEs (Sénéchal, Wattier,

et al., 2014). Thus, PME activity adjusts the DM, which in turn modu-

lates cell wall mechanical properties (Peaucelle et al., 2011; Wang

et al., 2020). Furthermore, PME-mediated demethylesterification can

expose HG to pectin-degrading enzymes such as polygalacturonases

(PGs) and pectate lyases-like (PLLs) (Sénéchal, Wattier, et al., 2014).

Pectin degradation by these enzymes can contribute to cell wall loos-

ening. There is evidence for a functional role of pectin metabolism in

the regulation of growth (Bouton, 2002; Guénin et al., 2011; Mouille

et al., 2007; Pelletier et al., 2010; Rui et al., 2017; Sénéchal, Graff,

et al., 2014; Wang et al., 2010; Wolf, Mravec, et al., 2012; Xiao

et al., 2014), however, the high degree of redundancy in cell-wall

remodeling enzymes has complicated the analysis. For example, there

are 66 and 76 genes, respectively, that encode PMEs and PMEIs,

allowing for extensive compensatory responses upon genetic or phar-

macological interference.

A mechanistic understanding of growth phenomena requires the

combined use of genetic, analytic, and biomechanical methods to

identify the causal elements in cell growth. Using FTIR analysis, we

document changes in cell wall composition in response to changes in

the R:FR ratio, which correlate with accelerated growth. We identified

two HGMT genes (CGR2 and CGR3) that are required for neighbor

proximity-induced growth. Biomechanical assays showed that CGR2

and CGR3 might contribute to cell wall extensibility at the onset of

growth. Previous studies used atomic force microscopy to analyze cell

walls, which measure properties perpendicular to the direction of

growth, to detect differences in mechanical properties in plants with

modified pectin that correlated with growth (Braybrook &

Peaucelle, 2013; Peaucelle et al., 2008; Peaucelle et al., 2011;

Peaucelle et al., 2015). In this study, we were able to measure differ-

ences in mechanical properties using an extensometer which mea-

sures properties in the direction of growth. Both approaches show a

correlation between modifying pectin chemistry, changes in cell wall

mechanical properties and growth, supporting the role of pectin in

growth regulation. Further work is required to understand the nature

of this regulation and how it relates to the other cell wall components

(Coen & Cosgrove, 2023).

Taken together, our results highlight the contribution of pectin

methylesterification during neighbor proximity-induced hypocotyl

growth. Moreover, our data suggests that changes in cell wall chemi-

cal composition and mechanical properties are important for hypo-

cotyl growth regulation. However, further investigations are required

to identify the chemical and mechanical features causally linked to

neighbor-proximity-induced hypocotyl growth promotion.

4 | MATERIALS AND METHODS

4.1 | Plant material and growth conditions

A. thaliana Columbia (Col-0) and Wassilewskija (Ws) ecotypes were

used. A set of cell wall-related mutants was used for investigating cell

wall metabolism under shade-induced growth. Some of these mutants

were provided by research groups that have previously characterized

them, while others were ordered from NASC (Table S2). All of these

mutants were PCR-genotyped using oligonucleotides listed in

Table S3.
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The method for seed sterilization and stratification as well as the

composition of the growth media were previously described (Kohnen

et al., 2016). Seedlings were grown on vertical plates at 21�C in a long

day photoperiod (16 h light/8 h dark) in a growth cabinet (AR22L,

Percival) in constant white light (photosynthetically active radiation

(PAR) �110 μmol/m2/s). For reproducing conditions that relate to

F I GU R E 5 Changes of cell wall properties that occur in response to low R:FR are reduced in cgr2cgr3. (a, b) Cell wall properties in the middle

part of the hypocotyl under high and low R:FR treatments for Col-0 and cgr2cgr3. Cell wall chemical bounds were analyzed by Fourier-transform
infrared (FTIR) microspectroscopy. For each hypocotyl, six spectra were collected in the middle part, avoiding the central cylinder, for at least five
independent hypocotyls per condition. Baseline correction and data normalization were made for the absorbances between 1810 and 830 cm�1

(corresponding to the cell wall fingerprint, see Figure S6). Pairwise comparison between high and low R:FR was made after 1 and 3 days of
treatments for Col-0 and cgr2cgr3 and significant differences were identified using Student’s t-test for each wavelength. (a) All Student’s t-values
were plotted against wavelengths with horizontal lines referring to the significant threshold for p < .05 for Col-0 (left panel) and cgr2cgr3 (right
panel). Student’s t-values above +2 or below �2 indicate, respectively, an enrichment or an impoverishment of cell wall components in low
compared with high R:FR. (b) Student’s t-values for wavelengths assigned to cell wall components were used to build the heatmap with negative
and positive t-values, respectively, represented by a range of colors from blue to orange.
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neighbor proximity, seedlings were grown for 4 days in high R:FR

condition (R:FR �10), then subsequently transferred under low R:FR

(R:FR �0.1) or kept in high R:FR as a control, for additional 3 days.

The composition of the light spectrum in the growth cabinet was

measured following the method previously described (Dornbusch

et al., 2012) and allowed calculation of the R:FR ratio. Pictures were

taken on Day 4, as well as Days 5 and 7 and length of hypocotyls was

measured using semi-automated MATLAB script implemented by

Dr. Prashant Saxena.

4.2 | Imaging and length measurement of
hypocotyl epidermis cells

Seedlings used for cell length measurements were collected at various

time points and light treatments then fixed on ice for 1 h with metha-

nol (40%) and acetic acid (10%), followed by staining with calcofluor

white (.1%, Tris–HCl .1 M, pH = 8.5, Mercks) for 5–14 days. A mini-

mum of seven hypocotyls were imaged per treatment. Confocal pic-

tures were taken with a Leica TCS SP5. Sample staining was emitted

with a diode laser: 405 nm. The gain was adjusted to signal. Z-stacks

were taken with a maximum distance of the pixel size. Image analyses

were done using the MorphoGraphX software with adapted protocols

(de Reuille et al., 2014; de Reuille et al., 2015; Robinson et al., 2017).

Z-stacks were loaded in MorphoGraphX in which first the filter

autoscale was applied, followed by the filter Gaussian Blur Stack

(value 2 μm). Images were then segmented using ITK Watershed Auto

Seeded. Segmentations were turned into a mesh with Marching

Cubes 3D with a cube size of 5 μm and no smoothing. Segmentation

at this point was checked for quality. Only properly segmented cells

were used in analyses. A Bezier curve with a minimum order of five

was drawn in a single cell file along the length of the hypocotyl. Shape

analyses were done with PCAnalysis using elliptical cylinders. The out-

put files were processed in R Studio using ggplot2. The cell width was

calculated as the average of R2 and R3 and the cell volume was calcu-

lated as Pi�R1�R2�R3. The averages were calculated using locally esti-

mated scatterplot smoothing (LOESS) fitting and plotted using a .99

confidence interval. LOESS fittings were used to calculate percentile

differences between curves.

4.3 | Determination of the mechanical properties

Mechanical properties were tested using an ACME as in Robinson

et al. (2017). Seedlings grown on vertical plates and collected at vari-

ous time points and light treatments were flash-frozen in liquid nitro-

gen. Individual seedlings were then thawed and lightly compressed

with a microscope slide to remove water. Seedlings were attached to

ACME using tough tags and superglue. They were then subjected

to at least 5 cycles of application and removal of 5 mN of force, while

submerged in distilled water. Bright-field images were collected every

645 ms. The strain was computed from regions that were tracked in

the images using the ACME tracker software (Robinson et al., 2017).

4.4 | Cell wall analysis by Fourier-transform
infrared (FTIR) microspectroscopy

Seedlings grown on vertical plates were collected at various time

points and light treatments and immediately incubated in absolute

ethanol for 1 week. The samples were subsequently incubated twice

in 80% ethanol for 5 min at 100�C, twice in absolute acetone for

5 min at room temperature, and resuspended in water (Sénéchal,

Graff, et al., 2014). Hydrated seedlings were squashed between the

glass slide and the gold-coated slide. The glass slide was thereafter

carefully removed and the seedlings stilled on the gold-coated slide

were dried for 30 min at 37�C for infrared spectra collection.

FTIR spectroscopy was performed on a Nicolet iN 10 microscope

system using the related Omnic Picta software (Thermo Scientific) on

dried seedlings laid on the gold-coated slides (Mazurek et al., 2013;

Mravec et al., 2017). The spectra collection was done using the fol-

lowing parameters: reflection mode for the collection with an aperture

of 30 μm � 30 μm and a collection time of 96 scans/spectra at the

spectral resolution of 4 cm�1. Absorbance was collected in a spectral

range of wavelength from 400 to 4000 cm�1. For each condition (time

point and light treatment) five to six seedlings were analyzed and for

each, six spectra were collected in the middle part of hypocotyl, avoid-

ing the central cylinder. Collected data were normalized and baseline

corrected using an R script provided by Dr. Gregory Mouille (Mouille

et al., 2003), then averaged for hypocotyls of the same condition. In

the range from 830 to 1800 cm�1 that corresponds to the cell wall

fingerprint, results were statistically analyzed and plotted with relative

absorbance or t-value for each wavelength (505 wavelength values

from 830 to 1800 cm�1). Additionally, t-values for wavelengths

assigned to cell wall components were hierarchically clustered using a

heatmap, built with gplots package on R software. Assignment of

wavelength to cell wall component was done using research articles

and reviews related to FTIR spectroscopy and cell wall chemistry

(Alonso-simón et al., 2011; Kakuráková et al., 2000; Largo-Gosens

et al., 2014; Mouille et al., 2003; Szymanska-Chargot & Zdunek, 2013;

Wilson et al., 2000).

The DM of pectins was estimated with calculation using absor-

bance intensities of the wavelengths 1630 and 1740 cm�1, respec-

tively, assigned to the de-esterified and esterified pectins and the

equation previously described: DM = A1740/(A1740 + A1630) � 100

(Leroux et al., 2015). This method for measuring DM with FTIR data

was validated with various commercial substrates of chemically

known DM (Leroux et al., 2015).

4.5 | Analyses of published RNA and ChIP
sequencing data

Using The Arabidopsis Information Resource (TAIR) (https://www.

arabidopsis.org/) and carbohydrate-active enzymes database (CAZy)

(http://www.cazy.org/) online databases, 824 putative cell wall-

related genes were selected for analysis of their expression in

response to low R:FR using previously published RNA sequencing
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data (Kohnen et al., 2016). According to their genome annotation and

biochemical characterization, for some of them, these genes were

classified into various families with subdivision by cell wall network

and synthesis or remodeling features as well as signaling for gene

encoding cell wall receptors (Tables S1A and S4).

The same set of genes was used for comparing genes encoding

cell wall proteins that are modulated by low R:FR and putatively tar-

geted by PIF4 and/or PIF5. Thus, the genes identified as modulated

by low R:FR in hypocotyl were compared with ChIP sequencing data

for PIF4 (Oh et al., 2012) and PIF5 (Hornitschek et al., 2012) that were

reanalyzed (Kohnen et al., 2016) following a pipeline previously

described (Heyndrickx et al., 2014). From this comparison, a Venn dia-

gram was made on the Bioinformatics and Evolutionary Genomics

website (http://bioinformatics.psb.ugent.be/webtools/Venn/).

4.6 | Statistical analysis

For hypocotyl length comparisons, significant differences were deter-

mined using one-way ANOVA followed by multiple comparisons of

means using Tukey’s or Dunnett’s post hoc test. In the case where

comparisons were made between every data group, letters indicate

significance for a p-value < .05. In the case where comparisons were

made according to a specific control, significances are indicated with *

for p-value < .05, ** for p-value < .01, and *** p-value < .001. For pair-

wise comparisons of mechanical properties, the Welch t-test was used

with significant differences indicated with * for p-value < .05, ** for p-

value < .01, and *** for p-value < .001. For pairwise comparisons of

FTIR data groups, Student’s t-test was made using relative absorbance

for each wavelength and t-values were plotted. Differences are signif-

icant when t-values are upper or lower than the threshold of +2 and

�2, respectively.
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