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Plant morphogenesis involves multiple biochemical and physical processes inside the cell 
wall. With the continuous progress in biomechanics field, extensive studies have elucidated 
that mechanical forces may be the most direct physical signals that control the morphology 
of cells and organs. The extensibility of the cell wall is the main restrictive parameter of 
cell expansion. The control of cell wall mechanical properties largely determines plant cell 
morphogenesis. Here, we summarize how cell wall modifying proteins modulate the 
mechanical properties of cell walls and consequently influence plant morphogenesis.

Keywords: cell wall remodeling, cell wall modifying proteins, cell wall mechanical properties, plant morphogenesis, 
pectin methylesterases

INTRODUCTION

Plant development is not only principally orchestrated by networks of biochemical signals, but 
also affected by biophysical restraints from internal cells and external environmental signals. 
Emerging evidence manifests that mechanical forces act as instructive signals to control plant 
morphogenesis (Sampathkumar et al., 2014; Bidhendi and Geitmann, 2019). It is widely assumed 
that plant cell expansion results from irreversible yielding (see Table  1 for a glossary of the 
biomechanical terms used in this review) of the cell walls to high internal turgor pressure 
(Cosgrove, 1993; Boudon et  al., 2015). While turgor pressure is the driving force behind cell 
growth, the parameter solely responsible for the control of cell expansion is the extensibility 
of the cell wall (Baskin, 2005; Geitmann and Ortega, 2009; Boudaoud, 2010).

The cell wall is crucial for many processes of plant development. Besides being a barrier 
to protect from and interact with the environment, the cell wall also determines the mechanical 
strength of plant structures (Vaahtera et  al., 2019). The tight spatiotemporal regulation of cell 
wall mechanics is essential for proper morphogenesis at cellular and tissue levels (Dumais 
et  al., 2006; Boudon et  al., 2015; Bidhendi and Geitmann, 2016). Cell walls commonly are 
classified into two major types: primary walls and secondary walls. The primary wall is produced 
in growing and in dividing cells and plays a prominent role in growth and development and 
hence is the focus of this review.

Primary cell walls can be  described as composite materials made of cellulose microfibrils 
tethered by hemicelluloses and embedded within pectins and structural proteins (Figure  1A; 
Cosgrove, 2016; Amos and Mohnen, 2019; Chebli et  al., 2021). Cellulose microfibrils are 
considered to be  the main load-bearing components and are extremely stable and usually 
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undergo negligible turnover or breakdown during cell wall 
growth (Cosgrove, 1997). Pectins and hemicelluloses, the other 
two primary load-bearing components in the plant cell wall, 
are constantly remodeled to adjust to the morphological changes 
of cells during plant development. These remodeling processes 
are tightly regulated by a plethora of agents (e.g., proteins, 
enzymes, and ions) spatiotemporally (Cosgrove, 2005). In this 
review, we will discuss how cell wall modifying proteins modulate 
mechanical properties of primary walls to influence plant  
morphogenesis.

PECTIN MODIFYING ENZYMES

Pectin-related cell wall modifications increasingly emerge as 
an important factor influencing plant morphogenesis. Pectins 
are a diverse class of galacturonic acid-rich polysaccharides. 
They are the most complex cell wall components and have  
a major impact on the physical and chemical characteristics 
of the cell wall, both structurally and functionally  
(Wolf and Greiner, 2012). The most abundant pectins are 
homogalacturonans (HGs), which account for greater than 60% 
of pectins in the plant cell wall (Caffall and Mohnen, 2009). 
HGs are polymerized in the Golgi apparatus by glycosyl 
transferases, substituted with methyl groups at the C6 position 
and secreted to the cell wall in a highly methylesterified state 
(Zhang and Staehelin, 1992; Cosgrove, 2005; Sterling et  al., 
2006; Driouich et  al., 2012; Wolf and Greiner, 2012). During 
plant development, pectins undergo extensive modifications 

with accompanying changes in their physical and chemical  
properties.

Demethylesterification by pectin methylesterases (PMEs) is 
the most extensively studied type of pectin modification. In 
the cell wall, PMEs can remove the methyl groups of HGs at 
the C6 position and significantly alter the physical properties 
of the pectin polymer, thereby changing cell wall mechanics 
(Wolf et  al., 2009). In the Arabidopsis inflorescence stem, cell 
wall polysaccharide composition and dynamics analyses by 
solid-state nuclear magnetic resonance spectroscopy coupled 
with growth tracking indicated a correlation between pectin 
methylesterification levels and organ growth. It was found that 
the cell wall of the fastest growing part of the inflorescence 
stem had higher pectin contents and a higher degree of 
methylesterification, compared with other stem segments (Phyo 
et  al., 2017).

The quantification of pectin methylesterification state has 
been greatly promoted by an array of pectin-specific antibodies 
that specifically recognize various pectin methylesterification 
epitopes (Clausen et al., 2003; Qi et al., 2017; Schoenaers et al., 
2018; Jonsson et  al., 2021). Meanwhile, cell wall mechanical 
properties can be directly measured by atomic force microscopy 
(AFM) and microindentation at high resolution. The mechanical 
properties of the cell wall measured by AFM or microindentation 
can be correlated with the pectin methylesterification identified 
by pectin-specific antibodies in the same tissue. Numerous 
studies indicate that there is a strong correlation between pectin 
antibody labeling, deduced mechanical properties, and actual 
stiffness measurements of cell walls (Bosch and Hepler, 2005; 
Parre and Geitmann, 2005; Zerzour et  al., 2009; Fayant et  al., 
2010; Qi et al., 2017; Bou Daher et al., 2018; Wang et al., 2020).

Studies in pollen tubes have shown that a low level of 
pectin methylesterification was often associated with stiffer 
walls and the cessation of growth (Bosch and Hepler, 2005; 
Parre and Geitmann, 2005; Sanati Nezhad et al., 2014). During 
the growth of the pollen tube, the tip is enriched with highly 
methylesterificated pectins and in the shank pectin 
methylesterification is reduced (Zerzour et  al., 2009). When 
PME activity was elevated, cell wall stiffening occurred and 
pollen tube growth was reduced or blocked (Bosch and Hepler, 
2005; Parre and Geitmann, 2005; Roeckel et  al., 2008). In a 
similar manner, overexpression of a PME inhibitor (PMEI) 
resulted in increased pollen tube elongation (Roeckel et al., 2008).

However, research in the shoot apical meristem (SAM) of 
Arabidopsis displayed different results about the degree of pectin 
methylesterification and growth rate, contrary to the situation 
in pollen tubes. SAM sections labeled with specific antibodies 
for demethylesterified pectins showed that the degree of 
methylesterification appeared to be relatively high in the meristem 
dome, yet incipient primordia were strongly labeled, indicating 
that PME activity is very strong at these sites (Peaucelle et  al., 
2008). Furthermore, elevated PME levels caused by genetic 
modifications increased the number of primordia and disrupted 
the phyllotactic pattern. Consistently, ectopic expression of PMEI 
arrested the development of new primordia, presumably by 
hardening the cell wall through inhibiting pectin 
demethylesterification. Most intriguingly, the deposition of 

TABLE 1 | Glossary of the terms for cell wall mechanics often used in the 
context of plant morphogenesis.

Cell wall mechanical 
properties

Physical properties of the cell wall that determine its 
behavior upon exposure to deforming forces 
resulting from pressure, tension, or compression

Yielding Material deforming when the applied force exceeds 
well-defined threshold

Turgor pressure A hydrostatic pressure generated by the water 
pushing the plasma membrane and plant cell wall

Wall extensibility Property of the cell wall to be deformed irreversibly 
under a deforming load, for example, that caused by 
turgor

Stiffening Enhancing the mechanical strength of the cell wall, 
resulting from the modification of the biochemical 
configuration

Softening Weakening the mechanical strength of the cell wall, 
resulting from the modification of the biochemical 
configuration

Plasticity The quality or state of being plastic, especially 
capacity for being deformed or altered. With plastic 
deformation, materials do not return to their original 
shape after the pressure on them being removed

Cell wall rigidity The apparent rigidity of the cell wall results from 
turgor pressure while cell wall polymers and bonds 
density increase is internal cause

Loosening Rearrangement of the cell wall polymers facilitating 
the load-induced extension of the cell wall material

Creep Slow, time-dependent, and irreversible extension of 
the cell wall

Wall rheology The study of the flow and deformation of walls in 
response to an applied force
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sepharose beads with PME on the wild-type meristem resulted 
in a new primordium which developed into a normal floral 
meristem because of the softening of cell walls by PMEs. 
Meanwhile, the meristem of a primordia marker line treated 
with PME beads displayed strong disruption in phyllotactic 
patterning (Peaucelle et al., 2008, 2011; Wolf and Greiner, 2012). 
In summary, these results evidently suggest that pectin 
demethylesterification mediated by PMEs is necessary and sufficient 
for cell wall softening and primordium initiation in Arabidopsis  
SAMs.

The contradictory effects of PME-mediated pectin 
demethylesterification on cell wall stiffness and consequently on 
cell growth in SAMs and pollen tubes could be related to PME’s 
different action modes (Bidhendi and Geitmann, 2016). PMEs 
are proposed to have two action modes: the block-wise fashion 
and the random fashion (Figure 1B). In the block-wise fashion, 
PME isoforms create long blocks of contiguous free carboxyl 
groups susceptible to interact with Ca2+, thus forming a stiff 
pectate network (e.g., the egg box configuration with multiple 
HG chains crosslinking). In the random fashion, PME isoforms 
operating randomly lead to a random demethylesterification of 
HGs, accordingly promoting the action of pectin depolymerases, 
such as pectate lyases (PELs), which results in the degradation 
of pectins and cell wall softening (Liners et  al., 1992; Micheli, 
2001; Willats et  al., 2001; Pelloux et  al., 2007). Experiments on 
cell-free strips of onion epidermal walls also demonstrated that 
PME-mediated pectin demethylesterification had opposing effects 
on cell wall properties. Through measuring both wall biomechanics 
with surface indentation and wall extensibility with tensile tests, 
researchers found that PME treatment alone softened cell walls, 
but would reduce wall plasticity in the presence of abundant 
Ca2+ (Wang et  al., 2020).

The action patterns of PMEs depend on many factors, including 
pH of the cell wall, the initial methylesterification of the pectins, 
as well as cations, among which Ca2+ plays a significant role. 
Pollen tube growth is remarkably influenced by Ca2+ (Sanati 
Nezhad et  al., 2014). Elevating Ca2+ concentration interrupted 
pollen tube growth, whereas removal of Ca2+ from the medium 
caused the burst of pollen tubes (Picton and Steer, 1983; Hepler 
and Winship, 2010), suggesting that PMEs in the pollen tubes 
might work in the block-wise fashion. In other cells whose 
physiological function and growth are also under the influence 
of Ca2+ dynamics, such as root hair cells and guard cells, PMEs 
act in a similar mode. In root hairs, elevated PME activity of 
the cell walls also led to growth inhibition (Schoenaers et  al., 
2018). Likewise, in guard cells, the regions with high stiffness 
accumulated more demethylesterified homogalacturonic polymers 
and the increase of methylesterified pectins resulted in a smaller 
dynamic range of guard cell movement (Amsbury et  al., 2016; 
Carter et  al., 2017). In the meanwhile, in tissues with limited 
Ca2+ distribution, such as hypocotyls, studies echoed the results 
obtained in the SAM (Pelletier et  al., 2010; Bou Daher et  al., 
2018). Experiments with isolated onion epidermal walls also 
manifested that abundant Ca2+ could negate PME-mediated wall 
softening and lead to reduced wall plasticity (Wang et al., 2020).

In a word, PME action is two-sided and has potential to 
either enhance or lower cell wall rigidity. Although cell wall 
softening caused by PMEs alone does not lead to cell wall 
loosening (Zhang et al., 2019; Wang et al., 2020), the cooperation 
of PMEs with other cell wall digesting enzymes may lead to 
more profound changes in pectin conformation and cell 
wall properties.

Meanwhile, cutting-edge imaging techniques advance our 
understandings on pectin conformation. A recent study 

A

B

FIGURE 1 | Hypothetical models on the action of cell wall modifying proteins. (A) A simplified schematic depicting the structure of the primary cell wall. (B) The 
potential action mechanisms of different cell wall modifying proteins. PMEs, pectin methylesterases; PELs, pectate lyases; PGs, polygalacturonases; PAEs, pectin 
acetyl esterases, XTHs, xyloglucan endotransglucosylases/hydrolases; XXTs, xylosyltransferases; EGases, endo-1,4-β-glucanases.
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reported nanofibrillar pectin structures (HG nanofilaments) 
observed with super-resolution microscopy and cryo-scanning 
electron microscopy in Arabidopsis pavement cells. The authors 
found that demethylation by PMEs led to local radial swelling 
of the HG nanofilaments and tissue expansion. By means 
of computational modeling, they proposed that the 
demethylation of HGs could cause local wall expansion in 
the absence of turgor-derived force (Haas et  al., 2020). This 
finding challenged current models that cell expansion is driven 
by turgor pressure acting on the cell wall, although great 
controversies and discussions had been aroused by the results 
and interpretations of this work (Cosgrove and Anderson, 2020).

Besides methylesterification, acetylation is another important 
modification of pectins. Pectin acetylation has been shown to 
play significant roles in Arabidopsis development. The Reduced 
Wall Acetylation (RWA) protein family is involved in the cell 
wall acetylation. The single mutant, rwa2, had an about 20% 
decrease, and the quadruple mutant, rwa1 rwa2 rwa3 rwa4, 
showed a 63% reduction in cell wall O-acetylation compared 
with the wild type, respectively, and they were associated with 
severe dwarfism (Manabe et  al., 2011, 2013). Mutant lines of 
pectin acetyl esterase (PAE) encoding genes PAE8 and PAE9 
also displayed reduced inflorescence stem growth (de Souza 
et  al., 2014).

In addition to the pectin modification enzymes, the structure 
and composition of pectins are modulated by pectin 
depolymerases, including PELs and polygalacturonases (PGs). 
PELs, which degrade demethylesterified pectin, play crucial 
roles in leaf growth and senescence in rice (Wu et  al., 2013; 
Leng et al., 2017), pollen wall development in Chinese cabbage 
(Jiang et  al., 2014a,b; Rhee et  al., 2015), and fruit ripening 
and softening in tomato (Uluisik et  al., 2016; Yang et  al., 2017; 
Wang et  al., 2018, 2019; Uluisik and Seymour, 2020). In rice, 
the mutation of a PEL precursor gene DWARF AND EARLY 
SENESCENCE LEAF1 (DEL1) led to dwarfism and an early 
senescence leaf phenotype. DEL1 mutation decreased the total 
PEL enzymatic activity, increased the degree of methylesterified 
HGs, and altered the cell wall composition and structure in 
culms, suggesting a role of PELs in the maintenance of cell 
division and the induction of leaf senescence (Leng et al., 2017).

PGs catalyze the hydrolysis and disassembly of pectin and 
have potential roles in plant development. Transgenic strawberries 
overexpressing an antisense sequence of a strawberry PG gene 
FaPG1 produced fruits significantly firmer than wild type, 
indicating that PGs play a key role on fruit softening (Garcia-
Gago et  al., 2009; Quesada et  al., 2009; Pose et  al., 2013). 
PGs are also involved in the development of Arabidopsis seed 
coat. Overexpressing ARABIDOPSIS DEHISCENCE ZONE 
POLYGALACTURONASE2 (ADPG2) in Arabidopsis seed coat 
epidermal cells resulted in abnormal cell morphogenesis with 
disrupted cell-cell adhesion and signs of early cell death (McGee 
et  al., 2021).

In summary, a strict regulation of the complex process of 
pectin modification is required for creating appropriate cell 
wall mechanical properties to maintain proper cell and organ 
shape. This regulation relies on multiple factors, such as the 
types of pectin modification enzymes, the local concentration 

of Ca2+, and the presence of pectin digesting enzymes and 
enzyme inhibitors (such as PMEIs; Palin and Geitmann, 2012; 
Atmodjo et  al., 2013; Sanati Nezhad and Geitmann, 2013; 
Sanati Nezhad et  al., 2014; Wang et  al., 2020).

HEMICELLULOSE MODIFYING ENZYMES

Xyloglucans are the main components of hemicelluloses in the 
primary walls of dicots and non-graminaceous monocots. Plant 
cells typically expand 10- to 100-fold in volume before reaching 
maturity. In extreme cases, cells may enlarge more than 10,000-
fold in volume (e.g., xylem vessel elements). The cell wall 
typically undergoes great expansion without losing its mechanical 
integrity or becoming thinner. Thus, newly synthesized polymers 
are integrated into the wall without destabilizing it (Chebli 
and Geitmann, 2017; Chebli et  al., 2021). Although exactly 
how this integration is accomplished is unclear, it was proposed 
that self-assembly (Cannon et  al., 2008) and enzyme-mediated 
wall assembly (Holland et  al., 2020; Stratilova et  al., 2020) 
play important roles in the integration process of cell walls. 
With regard to the self-assembly of cell walls, readers could 
find details in this review (Murugesan et  al., 2015). Prime 
candidates carrying out the enzyme-mediated wall assembly 
are xyloglucan endotransglucosylases/hydrolases (XTHs).

XTH proteins have two enzymologically different activities: 
xyloglucan endotransglucosylase (XET) activity and xyloglucan 
endohydrolase (XEH) activity. The XET activity plays a major 
role in the enzyme-mediated wall assembly. Such activity has 
the ability to cut the backbone of a xyloglucan and to join 
one end of the cut xyloglucan with the end of an acceptor 
xyloglucan, thereby integrating newly synthesized xyloglucans 
into the wall (Nishitani, 1997; Thompson and Fry, 2001). It 
has been postulated that XTHs carry out various functions, 
including maintaining meristem geometry and phyllotaxis, 
enhancing freezing tolerance, regulating xylem formation and 
hypocotyl growth (Bourquin et  al., 2002; Matsui et  al., 2005; 
Takahashi et  al., 2021). For instance, the xth27 mutant had a 
developmental phenotype in xylem development, with fewer 
tertiary veins (Matsui et al., 2005). And the xth19 mutant showed 
reduced freezing tolerance, which was associated with alterations 
in cell wall composition and structure (Takahashi et  al., 2021).

Although previous research found that xyloglucan deficiency 
had only subtle effects on growth, recent investigations on 
enzymes involved in xyloglucan biosynthesis, such as 
xylosyltransferases (XXT), manifested that xyloglucans were 
required for plant development (Cavalier et  al., 2008; Park 
and Cosgrove, 2012; Xiao et  al., 2016; Zhao et  al., 2019). The 
Arabidopsis XXT gene double mutant xxt1 xxt2 is smaller 
than the wild type but otherwise nearly normal during its 
development. However, more sophisticated biochemical assays 
demonstrated that the mutant had more compliant and extensible 
cell walls than the wild type and developed short root hairs 
with bulging bases (Cavalier et  al., 2008; Park and Cosgrove, 
2012; Aryal et  al., 2020). In addition, a recent study found 
that xxt1 xxt2 mutants exhibited significant defects in hypocotyl 
hook development, with a smaller hook angle and hooks 
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opening earlier than the wild type (Aryal et al., 2020), supporting 
the role of xyloglucans in strengthening primary walls.

OTHER CELL WALL MODIFYING 
PROTEINS

In addition to the enzymes discussed above, other proteins, 
such as endo-1,4-β-glucanases and expansins, also play crucial 
roles in modifying the cell wall and exerting influences on plant 
morphogenesis. Plant endo-β-1,4-glucanases hydrolyze β-1, 
4-glucan bonds, such as those found in cellulose and xyloglucans. 
They are involved in xyloglucan hydrolysis during fruit ripening 
and abscission (Hayashi, 1989; Kemmerer and Tucker, 1994), 
and cellulose synthesis (Tsabary et  al., 2003; Glass et  al., 2015). 
Expansins are proteins that can mediate cell wall loosening and 
are considered key regulators of extension growth. The molecular 
basis for expansin action on wall rheology is still unclear, but 
most evidence indicates that expansins cause wall expansion by 
loosening non-covalent adhesion between wall polysaccharides 
(Cosgrove, 2000; Li and Cosgrove, 2001). The molecular structures, 
potential working mechanisms, and functions of expansins in 
plant development have been elaborated (Cosgrove, 2015; Marowa 
et  al., 2016), so they will not be  discussed in detail here.

CONCLUSION AND PERSPECTIVES

The growth, development, and survival of a plant depend on 
the flexibility and integrity of its cell walls. Cell walls are 
under constant remodeling in response to developmental cues 
and environmental challenges. Modifications and regulations 
of cell wall polymers, especially pectins and hemicelluloses, 

by various modifying proteins play a tremendous role in cell 
wall remodeling. Additionally, alternations in the content and 
composition of wall polymers, as well as interactions between 
wall polymers and wall structural proteins, also contribute to 
cell wall remodeling. How these multi-layers of regulations 
are coordinated to achieve appropriate cell wall structure and 
properties is still not completely understood. Burgeoning 
techniques, such as super-resolution microscopy, computational 
simulation, and polysaccharide profiling, might facilitate further 
deciphering of the mechanism by which cells integrate all the 
signals and regulations concerning cell wall remodeling.
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