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The survival of our civilization is entirely dependent on plants. 
Nevertheless, many relevant aspects of plant biology remain 
unknown. One of the most intriguing is the biological pro-
cess of plant growth and morphogenesis. The conundrum 
of plant growth lies in the rigid polysaccharide network sur-
rounding every plant cell: the cell wall (Caffall and Mohnen, 
2009). It determines cellular shapes, tissue biomechanics, 
and the overall morphology of the organism (Höfte and 
Voxeur, 2017). Ultimately the growth process in plants de-
pends on the cell wall expansion allowing cell enlargement.

Direct exploration of the cell wall structure revealed that its 
polymers are distributed anisotropically: cellulose is deposited 
in the cell wall in parallel fibrils perpendicular to the growth axis 
(Gutierrez et al., 2009; Anderson et al., 2010). This is achieved 
by the cellulose synthase complex residing in the membrane 
moving parallel to microtubules (Bringmann et al., 2012). The 
perturbation in cellulose synthase or microtubule organiza-
tion does not inhibit growth but annihilates its asymmetry, 
leading to isotropic tissue expansion (Peaucelle et  al., 2015). 
These experiments reveal that cellulose organization restricts 
the growth locally, allowing anisotropic expansion. It was pos-
tulated that growth is accomplished by loosening the cellulose 
network (Cosgrove, 2016). The observation that xyloglucan 
interacts with cellulose microfibrils at their junctions sug-
gested that cell wall loosening could depend on xyloglucan 
remodeling. Atomic force microscopy (AFM) associated with 

creep experiments revealed that tension-induced cell wall ex-
pansion is associated with cellulose fiber reorientation, par-
allel to the expansion, facilitated by xyloglucan remodeling 
(Zhang et al., 2017). However, the null mutant in xyloglucan in 
Arabidopsis does not present severe growth defects (Park and 
Cosgrove, 2012). Thus, xyloglucan is implicated in the growth 
process, but not as the driving element.

A different approach to understanding the growth pro-
cess concentrates on the hormonal and genetic regulation 
of morphogenesis. This research permitted determination 
of the elements controlling differential growth and cell dif-
ferentiation programs (Vanstraelen and Benkov, 2012). The 
focus on the role of the phytohormone auxin in organ for-
mation in the apical meristem revealed other aspects of cell 
wall expansion (Reinhardt et al., 2000). First, it indicated that 
auxin’s local accumulation is sufficient and necessary to in-
duce lateral organ formation. Secondly, it is associated with 
pectin chemistry changes directly in the cell wall—not-
ably, auxin accumulation-induced de-methylesterification 
of the pectin homogalacturonan (HG). Furthermore, HG 
de-methylesterification was also demonstrated to be neces-
sary and sufficient to lead to cell expansion at the position 
of the primordia and that it is required for auxin primordia 
induction (Braybrook and Peaucelle, 2013; Peaucelle et  al., 
2011a, b). These observations infer a strong correlation be-
tween pectin chemistry changes and cell growth. The pion-
eering work on pollen tube growth has revealed that pectin 
methylation changes are correlated with alterations in cell wall 
elastic properties (Chebli et  al., 2012). The correlation be-
tween cell wall elasticity changes and growth was confirmed 
in several tissues (Peaucelle et al., 2015; Peaucelle et al., 2011a; 
Majda et al., 2017; Feng et al., 2018; Schoenaers et al., 2018; Li 
et al., 2020, Preprint); see also references in Petrova et al.(2021). 
Such drastic importance for a simple chemical change of the 
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polymer considered until then as merely a cell wall padding is 
complicated to understand. Moreover, monocotyledons have 
significantly reduced pectin content in their cell walls; does 
this imply that monocots evolved a distinct cell wall growth 
mechanism, or are HG-related growth mechanisms an epiphe-
nomenon? The HG effect on growth through an increase in 
cell wall elasticity is counter-intuitive. First, demethylated pec-
tins dimerize through calcium ion bridges, which jellifies the 
HG network and, supposedly, augments wall rigidity. Secondly, 
in mechanical terms, growth is an irreversible deformation of 
the cell wall, whereas elasticity is reversible. How could elasti-
city be linked to growth?

The proper way to bring back clarity in plant growth studies 
was to explore the chemical and mechanical events linked to 
monocotyledons’ growth. In this issue of the journa, Petrova 
and colleagues (2021) used the AFM approach to measure the 
cell wall’s mechanical properties in the root apex of maize. 
This work gives one of the most detailed mechanical maps of 
a full organ described in plant tissue. The observed mechan-
ical properties were introduced in a mechanical model to pre-
dict stress distribution. The mechanical measurements were 
complemented with semi-quantitative cartography of the 
cell wall polymer using immunolabeling. Nevertheless, com-
parison of the mechanical and chemical maps did not reveal a 
direct correlation between cell wall polymer distribution and 
the cell wall’s rheological characteristics. It is deceptive, but it 
was predictable; cell wall components are often redundant in 
their function, as suggested for the xyloglucans’ null mutant. 
However, an increase in demethylated HG in the elongating 
zone compared with the meristem correlated with growth 
and elasticity, similarly to what was observed in Arabidopsis 
organs (Peaucelle et al., 2015). A decrease in the HG methy-
lation during the elongation stage was previously observed 
in maize roots (Kozlova et al., 2020). This hints that even in 
monocotyledons, HG demethylation plays an essential role in 
plant growth. This work is a landmark in understanding the 
cell wall chemistry and its relationship to growth and mech-
anics in monocotyledons. This study paved the way for future 
research to prioritize exploring the cell wall polymer archi-
tecture and organization in three dimensions and link it to 
the biomechanical characteristics. Biomechanical properties 
and sensing are essential to shaping the macroscale pheno-
types (Fruleux et al., 2019). To advance our understanding of 
growth, it is essential to create an atlas of cell wall organization 
and chemistry based on reliable techniques. With this map, 
we would finally be able to navigate the structure–function 
relationship of the different cell wall polymers. The cell wall 
ultrastructure is often observed using AFM and EM; however, 
both techniques lack biochemical contrast, and inferring the 
polymer identity is not straightforward. Immunogold (i)EM 
compensates for the lack of molecular specificity (Majda et al., 
2017); yet the plastic embedding leads to a low density of rec-
ognized epitopes and reduced effective resolution. Recently, 

single-molecule nanoscopy empowered the semi-quantitative 
high-density mapping of the cell wall polymer organization 
in 3D and with a resolution of 50 nm (Haas et al., 2020). It re-
vealed an unexpected structural element of the cell wall, HG 
nanofilaments, that weakened previous cell wall structure and 
function assumptions. Seemingly unforeseen, these observa-
tions are supported by the numerous observation made since 
the 1930s (van Iterson, 1933; Palmer et al., 1947; Roelofsen 
and Kreger, 1951; Sterling, 1957; Leppard and Colvin, 1971; 
Ramamoorthy and Leppard, 1977; Arend et  al., 2008). The 
thread-like pectin with a fine structure composed of ax-
ially aligned HG polymers arranged on a crystal grid was 
reported in vitro and in various plant tissues. These observa-
tions inspired an alternative vision of plant cell growth where 
pectin demethylation leads to cell wall expansion without 
the turgor pressure, underpinned by the rearranging of HG 
polymers on a different lattice, from the compact hexagonal 
to a looser rectangular net (Haas et  al., 2020). This model 
explains the paradoxical correlation between the growth, 
cell wall elasticity, and pectin demethylation. The alteration 
in the cell wall elasticity would be an epiphenomenon of 
the polymer density change due to swelling, water affinity, 
and the conformation of cell wall polymers. This paradigm 
change indicates new parameters such as HG secretion, HG 
nanofilament organization, and spatiotemporal change in the 
HG demethylation pattern.

Plant growth is highly dynamic, characterized by waves of 
growth observed at the single-cell level on pollen tubes or root 
hairs, and at the whole-organ level as plant’s growth motions 
(nutation) (Schoenaers et al., 2018). Thus, growth is fundamen-
tally an oscillatory process that needs to be explored with a reso-
lution of minutes, if not seconds. Pectin demethylation is one 
of the crucial modifications that require dynamic observations 
with high spatiotemporal precision. The cell plate assembly is 
one example of the cell wall chemistry dynamics that includes 
polymer degradation (Dhonukshe et al., 2006; Peaucelle et al., 
2020). Endocytosis of xyloglucan, rhamnogalacturonan, and 
HG was already demonstrated (Baluška et al., 2002, 2005a, b). 
We conjecture that cell wall polymer recycling could be more 
prevalent than generally thought. The immunohistochemistry 
approach only gives a steady-state quantification. A  full 
account of the cell wall chemistry related to growth would 
need to include the dynamic range of the synthesis, in muro 
chemical reorganization, degradation, and recycling of dif-
ferent polysaccharides. We speculate that the recycling of the 
HG after demethylation is an essential aspect of cell expan-
sion. We envisage that recycling is boosted in monocotyledons, 
explaining the reduced amount of HG in their primary cell 
walls. The previously observed transient increase in xyloglucans 
and HG synthesis at early elongation (Kozlova et  al., 2020) 
and a lowered HG level in older roots observed in Petrova 
et al. (2021) support this hypothesis. This growth characteristic 
could be fundamental to the monocotyledon evolution, rapid 
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annual growth, and selection as crops during the Neolithic. The 
combined effort integrating biomechanics, modeling, polymer 
chemistry, genetics, and next-generation nanoimaging should 
soon uncover processes at the heart of plant growth..

Keywords: biomechanics, cell wall, endocytosis, growth, morphogenesis, 
pectins.

References

Anderson CT, Carroll A, Akhmetova L, Somerville C. 2010. Real-time 
imaging of cellulose reorientation during cell wall expansion in Arabidopsis 
roots. Plant Physiology 152, 787–796.

Arend M, Muninger M, Fromm J. 2008. Unique occurrence of pectin-like 
fibrillar cell wall deposits in xylem fibres of poplar. Plant Biology 10, 763–770.

Baluška  F, Baroja-Fernandez  E, Pozueta-Romero  J, Hlavacka  A, 
Etxeberria  E, Šamaj  J. 2005a. Endocytic uptake of nutrients, cell wall 
molecules and fluidized cell wall portions into heterotrophic plant cells. 
In: Šamaj  J, Baluška  F, Menzel  D, eds. Plant endocytosis. Plant Cell 
Monographs, vol. 1. Berlin, Heidelberg: Springer, 19–35.

Baluška F, Hlavacka A, Šamaj J, Palme K, Robinson DG, Matoh T, 
McCurdy DW, Menzel D, Volkmann D. 2002. F-actin-dependent endo-
cytosis of cell wall pectins in meristematic root cells. Insights from brefeldin 
A-induced compartments. Plant Physiology 130, 422–431.

Baluška  F, Liners  F, Hlavačka  A, Schlicht  M, Van  Cutsem  P, 
McCurdy DW, Menzel D. 2005b. Cell wall pectins and xyloglucans are 
internalized into dividing root cells and accumulate within cell plates during 
cytokinesis. Protoplasma 225, 141–155.

Braybrook SA, Peaucelle A. 2013. Mechano-chemical aspects of organ 
formation in Arabidopsis thaliana: the relationship between auxin and pectin. 
PLoS One 8, e57813.

Bringmann  M, Landrein  B, Schudoma  C, Hamant  O, Hauser  MT, 
Persson S. 2012. Cracking the elusive alignment hypothesis: the micro-
tubule–cellulose synthase nexus unraveled. Trends in Plant Science 17, 
666–674.

Caffall KH, Mohnen D. 2009. The structure, function, and biosynthesis 
of plant cell wall pectic polysaccharides. Carbohydrate Research 344, 
1879–1900.

Chebli Y, Kaneda M, Zerzour R, Geitmann A. 2012. The cell wall of the 
Arabidopsis pollen tube—spatial distribution, recycling, and network forma-
tion of polysaccharides. Plant Physiology 160, 1940–1955.

Cosgrove  DJ. 2016. Plant cell wall extensibility: connecting plant cell 
growth with cell wall structure, mechanics, and the action of wall-modifying 
enzymes. Journal of Experimental Botany 67, 463–476.

Dhonukshe P, Baluška F, Schlicht M, Hlavacka A, Šamaj J, Friml J, 
Gadella  TWJ. 2006. Endocytosis of cell surface material mediates cell 
plate formation during plant cytokinesis. Developmental Cell 10, 137–150.

Feng W, Kita D, Peaucelle A, et al. 2018. The FERONIA receptor kinase 
maintains cell-wall integrity during salt stress through Ca2+ signaling. Current 
Biology 28, 666–675.

Fruleux A, Verger S, Boudaoud A. 2019. Feeling stressed or strained? 
A  biophysical model for cell wall mechanosensing in plants. Frontiers in 
Plant Science 10, 1–12.

Gutierrez R, Lindeboom JJ, Paredez AR, Emons AMC, Ehrhardt DW. 
2009. Arabidopsis cortical microtubules position cellulose synthase delivery 
to the plasma membrane and interact with cellulose synthase trafficking 
compartments. Nature Cell Biology 11, 797–806.

Haas  KT, Wightman  R, Meyerowitz  EM, Peaucelle  A. 2020. Pectin 
homogalacturonan nanofilament expansion drives morphogenesis in plant 
epidermal cells. Science 367, 1003–1007.

Höfte H, Voxeur A. 2017. Plant cell walls. Current Biology 27, R865–R870.

Kozlova LV, Nazipova AR, Gorshkov OV, Petrova AA, Gorshkova TA. 
2020. Elongating maize root: zone-specific combinations of polysacchar-
ides from type I and type II primary cell walls. Scientific Reports 10, 1–20.

Leppard GG. Colvin RJ. 1971. Fibrillar lignin or fibrillar pectin. Journal of 
Polymer Science Part C: Polymer Symposia 326, 321–326.

Li L, Zhang H, Zhuang Y, et al. 2020. MicroRNA775 promotesintrinsic leaf 
size and reduces cell wall pectin level via a target galactosyltransferase in 
Arabidopsis. BioRxiv 2020.09.17.301705. [Preprint].

Majda M, Grones P, Sintorn IM, et al. 2017. Mechanochemical polariza-
tion of contiguous cell walls shapes plant pavement cells. Developmental 
Cell 43, 290–304.

Palmer KJ, Merrill RC, Owens HS, Ballantyne M. 1947. An X-ray dif-
fraction investigation of pectinic and pectic acids. Journal of Physical and 
Colloid Chemistry 51, 710–720.

Park YB, Cosgrove DJ. 2012. Changes in cell wall biomechanical prop-
erties in the xyloglucan-deficient xxt1/xxt2 mutant of Arabidopsis. Plant 
Physiology 158, 465–475.

Peaucelle  A, Braybrook  SA, Le  Guillou  L, Bron  E, Kuhlemeier  C, 
Höfte H. 2011a. Pectin-induced changes in cell wall mechanics underlie 
organ initiation in Arabidopsis. Current Biology 21, 1720–1726.

Peaucelle A, Louvet R, Johansen JN, et al. 2011b. The transcription 
factor BELLRINGER modulates phyllotaxis by regulating the expression of a 
pectin methylesterase in Arabidopsis. Development 138, 4733–4741.

Peaucelle A, Wightman R, Haas KT. 2020. Multicolor 3D-dSTORMreveals 
native-state ultrastructure of polysaccharides’ network during plant cell wall 
assembly. IScience23, 101862.

Peaucelle A, Wightman R, Höfte H. 2015. The control of growth symmetry 
breaking in the Arabidopsis hypocotyl. Current Biology 25, 1746–1752.

Ramamoorthy S, Leppard GG. 1977. Fibrillar pectin and contact cation 
exchange at the root surface. Journal of Theoretical Biology 66, 527–540.

Reinhardt D, Mandel T, Kuhlemeier C. 2000. Auxin regulates the initi-
ation and radial position of plant lateral organs. The Plant Cell 12, 507–518.

Roelofsen PA, Kreger DR. 1951. The submicroscopic structure of pectin 
in collenchyma cell-walls. Journal of Experimental Botany 5, 24–27.

Schoenaers S, Balcerowicz D, Breen G, et al. 2018. The auxin-regulated 
CrRLK1L kinase ERULUS controls cell wall composition during root hair tip 
growth. Current Biology 28, 722–732.

Sterling  C. 1957. Structure of oriented gels of calcium polyuronates. 
Biochimica et Biophysica Acta 26, 186–197.

van Iterson G Jr. 1933. Biological introduction to the cellulose symposium. 
Chemisch Weekblad 30, 2–19.

Vanstraelen M, Benkov E. 2012. Hormonal interactions in the regulation 
of plant development. Annual Review of Cell and Developmental Biology 
28, 463–487.

Zhang T, Vavylonis Di, Durachko DM, Cosgrove DJ. 2017. Nanoscale 
movements of cellulose microfibrils in primary cell walls. Nature Plants 3, 
17056.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/72/5/1511/6154158 by IN

R
AE Institut N

ational de R
echerche pour l'Agriculture, l'Alim

entation et l'Environnem
ent user on 02 Septem

ber 2021


