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Abstract

Plant cells rely on their cell walls for directed growth and environmental adaptation. Synthesis and remodelling of the 
cell walls are membrane-related processes. During cell growth and exposure to external stimuli, there is a constant 
exchange of lipids, proteins, and other cell wall components between the cytosol and the plasma membrane/apo-
plast. This exchange of material and the localization of cell wall proteins at certain spots in the plasma membrane 
seem to rely on a particular membrane composition. In addition, sensors at the plasma membrane detect changes 
in the cell wall architecture, and activate cytoplasmic signalling schemes and ultimately cell wall remodelling. The 
apoplastic polysaccharide matrix is, on the other hand, crucial for preventing proteins diffusing uncontrollably in the 
membrane. Therefore, the cell wall–plasma membrane link is essential for plant development and responses to exter-
nal stimuli. This review focuses on the relationship between the cell wall and plasma membrane, and its importance 
for plant tissue organization.

Key words:  Anchor proteins, cell wall, plasma membrane, signalling, vesicle trafficking.

Introduction

Cell walls are mechanistically strong and dynamic structures 
that encase plant cells. The cell walls protect the cells against 
environmental stresses and play key roles in directed plant 
growth and cell differentiation (Somerville et al., 2004; Tsukaya, 
2006; Ivakov and Persson, 2013), and are mainly composed 
of polysaccharides, proteins, and polyphenols (Boerjan et al., 
2003; Rose, 2003; Jamet et al., 2006). All growing plant cells are 
surrounded by primary cell walls, which in dicot species com-
prise cellulose, hemicelluloses, pectins, and proteins, such as 
RGD (Arg-Gly-Asp tripeptide) recognizing proteins and glyco-
sylphosphatidylinositol (GPI) anchored proteins (Canut et al., 
1998; Cosgrove, 2005; Gillmor et al., 2005). Additional second-
ary cell wall layers are produced after cessation of cell expan-
sion in some specialized cells. These walls typically provide 
mechanical support to the plant body through their ordered 
cellulose fibrils and lignin content (Boerjan et al., 2003).

With the exception of cellulose, cell wall polysaccharides 
and proteins are synthesized in the endoplasmic reticulum and 

Golgi apparatus, and secreted to the apoplast via vesicle traf-
ficking. Cellulose is synthesized at the plasma membrane by 
transmembrane cellulose synthase (CesA) complexes (CSCs), 
which are assembled in either the endoplasmic reticulum or 
Golgi, and subsequently delivered to the plasma membrane 
(Lerouxel et al., 2006; Geisler et al., 2008). Once at the plasma 
membrane, the CSCs synthesize unbranched glucan chains 
that assemble into para-crystalline cellulose microfibrils 
(Morgan et al., 2013; Fig. 1). The microfibrils become fixed 
in the cell wall and the catalytic capacity of the CSCs has 
therefore been proposed to exert a force that moves the com-
plex forward inside the plasma membrane during cellulose 
synthesis. This hypothesis is supported by recent structural 
estimations of cellulose synthase from Rhodobacter (Morgan 
et al., 2013; Sethaphong et al., 2013). Thus, the motility of 
the CSCs should reflect the rate of cellulose production and 
might be dependent on the composition of the plasma mem-
brane. The CSCs have been shown to have an average lifetime 
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Fig. 1.  The plasma membrane–cell wall anchors. Cell walls are mainly composed of cellulose microfibrils and matrix polysaccharides. Each cellulose 
microfibril is formed by glucan chains assembled and translocated by a CSC, which moves in the plasma membrane guided by cortical microtubules 
through CSI1. The cell wall and plasma membrane are physically linked by plasma membrane proteins, characterized by particular domains, which 
anchor apoplastic polysaccharides. Thus GPI is necessary for anchoring certain proteins to the plasma membrane, such as COBRA and fasciclins. 
Other proteins, including integrin-like and receptor like kinases, such as WAKs, are attached to the plasma membrane through transmembrane domains. 
The ability of these proteins to bind to the cell wall relies on the presence of cellulose-binding domains (in COBRA) or arabinogalactan moieties which 
covalently attach to matrix polysaccharides (as in the case of arabinogalactan proteins and FLAs). Integrin-like proteins can bind to the RGD domain 
of apoplastic proteins, which may bind cell wall polysaccharides. However, many questions are still open regarding these interactions, since no RGD-
containing protein has been identified in plants.
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at the plasma membrane of 10–20 min (Paredez, et al., 2006; 
Gutierrez et al., 2009; Sampathkumar et al., 2013), suggest-
ing that, after they have fulfilled their function, they are inter-
nalized via endocytosis. This process also removes lipids, 
other proteins, and probably cell wall constituents from the 
plasma membrane and apoplast. Hence, cell wall architec-
ture and remodelling depends on efficient exchange of mate-
rial between the cell’s interior and the plasma membrane/
apoplastic space (Drakakaki and Dandekar, 2013; Sánchez-
Rodríguez and Persson, 2014).

While being synthesized and remodelled, the cell wall is 
physically anchored to the plasma membrane via the cellu-
lose fibrils and plasma membrane proteins that interact with 
cell wall components (Baluška et  al., 2003). This anchor-
ing is essential for proteins to retain their localization at the 
plasma membrane (e.g. PIN2 and other proteins: Feraru et al, 
2011; Martinière and Runions, 2013), for cell wall synthe-
sis and remodelling (e.g. during Casparian strip formation: 
Alassimone et al., 2010; Roppolo and Geldner, 2012), and for 
signal transduction (Wolf et al., 2012a).

Taken together, the cell wall–plasma membrane interac-
tions comprise four main areas: the plasma membrane as a 
gating point for cell wall components; the plasma membrane 
as a plane for CSC movement; the plasma membrane–cell wall 
cross-links; and cell wall signalling via plasma membrane-
located signalling transmitters. Considering the vast number 
of reviews dealing with the first, second and fourth of these 
areas (Wolf et  al., 2012a; Bashline et  al., 2014; McFarlane 
et al., 2014; Sánchez-Rodríguez and Persson, 2014), we only 
briefly review and provide recent updates of these, and instead 
focus on cross-linking between the plasma membrane and cell 
wall in plant cells.

The plasma membrane: the ‘customs’ of 
the plant cell

Many biological components are made in one location but 
needed in another. This certainly holds true for the majority 
of cell wall components, which are synthesized inside the cell, 
but assembled at the apoplast. Therefore, efficient membrane 
trafficking is important for cell wall formation and remodel-
ling (for recent reviews see Bashline et al., 2014; McFarlane 
et al., 2014; Sánchez-Rodríguez and Persson, 2014).

Soluble cell wall polysaccharides; i.e. pectins and hemi-
celluloses, have been found in post-Golgi vesicles together 
with enzymes involved in their synthesis (Young et al., 2008; 
Driouich et al., 2012; Atmodjo et al., 2013). These observa-
tions support the hypothesis that soluble cell wall polysac-
charides are synthesized inside the cells, and that they are 
translocated to the apoplast by secretion. During exocytosis, 
vesicles derived from the trans-Golgi network (TGN) traffic 
through the cytosol via actin filaments and bundles, and fuse 
to the plasma membrane, which leads to the release of their 
content into the existing cell wall (Drakakaki and Dandekar, 
2013; Sánchez-Rodríguez and Persson, 2014). Recently, an 
ECH/YIP complex-dependent pathway was found to pro-
mote the formation of soluble polysaccharide-containing 

vesicles at the TGN (Gendre et  al., 2013). Accordingly, 
lesions in members of the complex led to alterations in cell 
elongation, seed coat mucilage deposition, and anther and 
pollen development (Gendre et  al., 2011; Fan et  al., 2014). 
After vesicle shuttling through the cytosol, the vesicles need 
to be targeted and tethered to the plasma membrane before 
membrane fusion. The SEC8 and EXO70A1 subunits of the 
tethering exocyst complex, and their interactor ROH1, have 
been reported to influence pectin deposition in the seed coat 
(Kulich et al., 2010), indicating that the exocyst secretes solu-
ble polysaccharides. Other cell wall components, e.g. lignin 
precursors, can be translocated from the cytosol to the apo-
plast by plasma membrane-localized ABC transporters 
(McFarlane et al., 2010; Kang et al., 2011; Alejandro et al., 
2012). In contrast, cellulose is synthesized at the plasma 
membrane. Therefore, efficient transport of the CSCs to and 
from the plasma membrane is important for cellulose synthe-
sis (Sampathkumar et al., 2013; McFarlane et al., 2014).

Morphometric studies have estimated that around 75% of 
the total membrane incorporated into the plasma membrane 
of an expanding cell, or cell plate during cytokinesis, is recy-
cled by endocytosis (Samuels and Bisalputra, 1990; Ketelaar 
et al., 2008). Hence, a finely tuned balance of exo- and endocy-
tosis appears to be important for proper cell wall production. 
This hypothesis is supported by recent data, which indicate 
that clathrin-mediated endocytosis (CME) is required for cell 
wall biogenesis, in particular for cellulose synthesis. Various 
CME proteins have been reported to be essential for plant 
cell division and cell elongation based on their localization 
and on cellulose deficiencies in corresponding mutants (Kang 
et al., 2003; Van Damme et al., 2006; Collings et al., 2008; 
Frigerio, 2010; Xiong et al., 2010; Bashline et al., 2013; Kim 
et al., 2013; Miart et al., 2014). However, the mechanism by 
which the CME subunits internalize CSCs is still being elu-
cidated. Interestingly, endocytosis of the GPI-anchored pro-
teins, involved in cell adhesion, has been reported in animals 
(Lakhan et al., 2009). Related plant cell wall protein might, 
therefore, also be internalized from the plasma membrane; 
however, this remains to be proven. In addition, although the 
data are inconclusive, internalization of pectins and hemi-
celluloses by CME is possible (Baluška et al., 2002; Baluška 
et al., 2005).

Movement of CSCs in the plasma 
membrane

Recent observations indicate that the CSCs are preferentially 
inserted into the plasma membrane adjacent to cortical micro-
tubules, but how this is achieved is not yet known (Gutierrez 
et al., 2009). It is plausible that the membrane composition is 
important for this, as it seems to play a key role in exo- and 
endocytosis (Bessueille et al., 2009; Žárský et al., 2009; Zhang 
et al., 2014). Proteomic analysis of detergent-resistant mem-
brane (DRM) fractions extracted from various plant species 
revealed that the plasma membrane domains contain many dif-
ferent plasma membrane proteins (Morel et al., 2006; Lefebvre 
et al., 2007; Bessueille et al., 2009), including CesAs (Bessueille 
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et al., 2009). However, the CesA proteins were not identified in 
other proteomic studies of DRMs (Borner et al., 2005; Morel 
et al., 2006; Lefebvre et al., 2007), probably due to the different 
plant species and different extraction methods used. Indeed, 
the large size of the CSCs makes them difficult to isolate and 
identify by mass spectroscopy, even in enriched total mem-
brane fractions, where they are abundant (Alexandersson et al., 
2004). Therefore, although still controversial, it is hypothesized 
that the CSCs are delivered to DRM microdomains.

Lipid analysis revealed that DRMs are enriched in sterols and 
sphingolipids (Borner et al., 2005; Lefebvre et al., 2007). Sterols 
are one of the most important regulators of plasma membrane 
microdomain maintenance (Zauber et al., 2014). Perturbations 
in sterol biosynthesis, either via inhibitors or mutations, lead to 
reduced cellulose content (Schrick et al., 2004), indicating that 
sterols promote cellulose synthesis (reviewed in Schrick et al., 
2012). However, sterols are also implicated in various metabolic 
pathways, such as the biosynthesis of sitosterol-β-glucoside 
(Peng et al., 2002) and the phytohormone brassinosteroid, which 
also contribute to cellulose synthesis (Xie et al., 2011; Wolf et al., 
2012b). Therefore, the cellulose deficiencies observed in sterol-
impaired plants could be a consequence of such metabolic 
pathways rather than membrane composition defects. More 
biochemical and cell biology data are needed to clarify the direct 
influence of plasma membrane sterols on cellulose synthesis.

The rather imposing size of the CSCs (the membrane-
spanning region has a diameter of about 30 nm, and the cyto-
solic domain at least twice this diameter) triggers interesting 
questions about how the movement of the complex in the 
plasma membrane affects the membrane structure and local 
composition. Membrane elasticity was included as a key fac-
tor in a biophysical model of CSC movement in the plasma 
membrane (Diotallevi and Mulder, 2007). In addition, recent 
computational simulations showed that the plasma mem-
brane has an important function in the initiation of glucan 
assembly (Haigler et al., 2014), maintaining a non-crystalline 
group of chains at the base of the fibril. However, experimen-
tal data on how the membrane composition affects CSC traf-
ficking and cellulose synthesis are missing.

The CSC has been shown to be associated with other plasma 
membrane proteins to fulfil its function. KORRIGAN1 
(KOR1), a membrane-localized endo-β-1,4-glucanase, inter-
acts with the CSC, influences the synthesis of cellulose, and 
increases the amount of non-crystalline cellulose (Nicol et al., 
1998; Lane et al., 2001; Takahashi et al. 2009; Lei et al., 2014; 
Vain et al., 2014). Cellulose Synthase Interactor 1 (CSI1) is 
necessary for the alignment of CSC trajectories and cortical 
microtubules, and might bind to plasma membrane phospho-
lipids through a C2-domain at its C-terminus (Bringmann 
et al., 2012; Li et al., 2012; Mei et al., 2012). Considering their 
plasma membrane localization, both KOR1 and CSI1 might 
influence the CSC–membrane connexion.

The plasma membrane–cell wall continuum

In living plant cells, the plasma membrane and cell wall are 
in close contact, largely due to the immense turgor pressure 

(similar to that of a car tyre in growing cells) from within the 
cell that pushes the plasma membrane against the cell wall 
(Proseus and Boyer, 2005). Physical links between the plasma 
membrane and the cell wall are well established, as visualized 
by membranous structures from the plasma membrane that 
remain firmly anchored to the cell wall under stress generated 
by partial cell plasmolysis. These plasma membrane–cell wall 
connections are called Hechtian strands (Oparka, 1994). The 
Hechtian strands are mainly located at the plasmodesmata, 
but are also found in other plasma membrane regions (Pont-
Lezica et al., 1993). Although Hecht observed these strands 
more than 100  years ago (Hecht, 1912), the components 
involved in their generation and maintenance are still largely 
unknown.

Cellulose microfibrils

Various data support the role of cellulose fibres in plasma 
membrane–cell wall adhesion (reviewed in Cvřcková, 2013; 
Martinière and Runions, 2013). Interestingly, cellulose has 
recently been shown to restrict plasma membrane protein dif-
fusion, which may explain the slow diffusion of plant plasma 
membrane proteins compared to those in animal cells that 
lack cell walls (Owen et al., 2009). These observations were 
obtained either by plasmolysis or by inhibiting cellulose syn-
thesis, during which plasma membrane protein diffusion rates 
significantly increased (Feraru et al., 2011; Martinière et al., 
2011; Martinière et al., 2012). Interestingly, this effect relied 
on the extracellular domain of the tested proteins, which 
included AtFH1, GFP-GPI, and PINs (Feraru et al., 2011; 
Martinière et al., 2011; Martinière et al., 2012). These data 
support a model in which diffusion of proteins in the plasma 
membrane may be regulated by interactions between their 
extracellular domains and cellulose (Martinière et al., 2011; 
Martinière and Runions, 2013; Fig.  1). However, among 
the tested proteins above, only AtFH1 has an extracellular 
domain (the expansin-like domain) which may interact with 
cell wall polysaccharides. Therefore, the suggested interaction 
between cell wall and extracellular domains is not necessar-
ily specific and the reduced lateral diffusion reported of the 
proteins in the presence of an intact cell wall can be explained 
by steric interference. Moreover, mutations in CesA subunits 
block the apical-basal localization of PINs in primary root 
cells. This suggests that the cell wall not only restricts the 
diffusion of plasma membrane proteins, but also supports 
specific localization of proteins (Feraru et al., 2011). This is 
in agreement with observations made with Casparian Strip 
Protein 1 (CASP1), which is involved in the formation of the 
Casparian strips in root endodermis. Indeed, CASP1 showed 
lateral diffusion at the lateral plasma membranes, but became 
exceptionally slow in the Casparian strip domain. In addi-
tion, the strong linkage of CASP1 to the extracellular matrix 
can only be disrupted with strong detergents. These data sug-
gest that CASP1 might be physically linked to the cell wall via 
its extracellular domains, and may partially explain CASP1-
specific localization (Alassimone et  al., 2010; Roppolo and 
Geldner, 2012).
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Under field emission scanning electron microscopy, cel-
lulose fibre-like structures were observed at the ends of 
Hechtian strands in Tradescantia virginiana leaf epidermal 
cells. The same work showed that treatment of cells with cel-
lulase resulted in a loss of the connecting fibres (Lang et al., 
2004). Therefore, cellulose microfibrils were proposed to pro-
vide a physical link between the cell wall and plasma mem-
brane. However, more recent work showed that pre-treatment 
of etiolated hypocotyl cells with cellulose synthesis inhibitors 
did not block the formation of Hechtian strands (DeBolt 
et  al., 2007). As only qualitative measurements have been 
done it is difficult to conclude whether the cellulose fibres 
actively anchor the Hechtian strands to the cell walls, or if  
this is achieved through other components. Interestingly, cer-
tain groups of proteins have been suggested to participate 
in plasma membrane–cell wall adhesion in plants, including 
RGD-recognizing proteins (Canut et  al., 1998) and GPI-
anchored proteins.

The RGD-binding proteins

RGD-dependent linkages provide a basis for cell adhesion in 
both plants and animals. In animals, extracellular adhesive 
glycoproteins typically contain RGD sequences that are rec-
ognized by plasma membrane receptors called integrins. The 
RGD–integrin interaction is essential for efficient cell adhe-
sion (Alberts et al., 2002). The presence of an RGD-dependent 
recognition mechanism and its role in cell adhesion in plants 
was confirmed by the application of synthetic RGD peptides 
to soybean suspension cultures. The exogenous RGD was here 
assumed to compete with the endogenous RGD-containing 
proteins, and this competition led to growth alterations, 
which were not observed when cell cultures were treated with 
RGE or DGR substituted proteins (Schindler et  al., 1989). 
Similar results were reported in onion and Arabidopsis cells, 
where the application of synthetic RGD peptides inhibited 
Hechtian strand formation (Canut et  al., 1998). Moreover, 
by immunoblotting extracts of soybean cells or protoplasts, 
Schindler et al. (1989) identified a putative plant RGD recep-
tor that was recognized by antibodies raised against a human 
integrin. The RGD peptide was also found to promote the cell 
wall regeneration of Nicotiana tabacum cv. BY-2 protoplasts 
(Zaban et al., 2013). These data indicate that plants, similarly 
to animals, have RGD-recognizing proteins which might help 
in anchoring the cell wall to the plasma membrane.

In animals, the recognition of RGD sequences by integ-
rins activates inter- and intracellular signal transduction 
(Baluška et al., 2003). Although plants do not have canoni-
cal integrin proteins, integrin-like proteins have been identi-
fied (Lü et al., 2007a). One such example is AT14A, which 
contains a domain that shares high sequence similarity with 
animal integrins (Nagpal and Quatrano, 1999). Mutations 
in this protein led to a reduction in cell adhesion and an 
alteration in cell shape and cell wall thickness in Arabidopsis 
suspension cultures (Lü et al., 2012). The Non-race-specific 
Disease Resistance 1 (NDR1) protein was also identified as 
an Arabidopsis integrin-like protein due to high structural 
similarity of its core domain to an animal integrin subunit 

(Knepper et al., 2011a). NDR1 contains an apoplastic RGD-
like recognition motif, named NGD, and a transmembrane 
domain which promotes plasma membrane localization. In 
addition, NDR1 contains a GPI anchor (Coppinger et  al., 
2004), which is present in many other proteins involved in 
plasma membrane–cell wall connections as discussed below. 
The receptor kinase LecRK-I.9 is a lectin-like protein with an 
RGD-binding motif  (Bouwmeester et al., 2011). Application 
of the recombinant LecRK-I.9 RGD-binding motif  to 
Arabidopsis hypocotyls reduced the plasma membrane–cell 
wall contact sites, possibly by competing with the interac-
tion between the endogenous LecRK-I.9 and RGD-binding 
protein (Gouget et  al., 2006). Subsequently, an alteration 
in plasma membrane–cell wall linkage was also observed in 
mutants altered in the receptor LecRK-I.9 (Bouwmeester 
et  al., 2011). While the plant RGD-containing protein that 
is recognized by LecRK-I.9 has not been identified, the 
RGD-binding motif  of the lectin-like protein responded 
to a Phytophtora infestans effector (Senchou et  al., 2004). 
Therefore, it is plausible that RGD peptide-mediated plasma 
membrane–cell wall adhesion also occurs in plants (Fig. 1).

The GPI-anchored proteins

GPI can be regarded as a surface anchor for apoplastic pro-
teins (Fig. 1). These proteins are consequently named as GPI-
anchored proteins (GAPs). The GPI anchors usually attach 
GAPs to microdomains in the plasma membrane (Peskan 
et al., 2000; Bessueille et al., 2009). Phospholipases (PLCs) 
can cleave the GPI anchor and release GAPs into the cell wall 
(Griffith and Ryan, 1999). The anchoring of the GAPs to the 
plasma membrane means that they can establish bonds to 
cell wall components, and may thus be regarded as promis-
ing candidates for plasma membrane–cell wall interactions. 
Arabidopsis has more than 200 putative GAPs, and 41 of 
these have been confirmed as targets for PLC-dependent 
release in callus or pollen tubes (Borner et al., 2002; Borner 
et  al., 2003). The GPI-anchored proteins are essential for 
cell wall architecture, since mutations in GPI synthesis genes 
induced severe cell wall defects and growth aberrant pheno-
types (Lalanne et al., 2004; Gillmor et al., 2005).

GAPs belong to different protein families. One of these fami-
lies is represented by the Arabidopsis protein COBRA and its 
homologues found in different plants. COBRA and COBRA-
like proteins have been reported to be important for anisotropic 
cell expansion and for the maintenance of cell wall integrity 
(Roudier et al., 2005; Dai et al., 2011; Cao et al., 2012). The 
members of this family typically contain an N-terminal carbo-
hydrate-binding module that can bind to crystallized cellulose in 
vitro (Liu et al., 2013; Sorek et al., 2014). This led the authors to 
hypothesize that COBRA modulates cellulose assembly, both in 
rice and Arabidopsis, by interacting with cellulose chains, which 
could affect microfibril crystallinity (Fig.  1). Interestingly, 
COBRA shows a localization pattern reminiscent of cortical 
microtubules in growing Arabidopsis cells (Roudier et al., 2005). 
As CSCs track along cortical microtubules, these data support 
a role for COBRA in the assembly of cellulose fibres and their 
connection to the cytoskeleton. While the biochemical functions 
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of COBRA remain obscure, the COBRA-related proteins may 
thus be important factors in maintaining a plasma membrane–
cell wall connection. Additional GAPs that regulate cell wall 
integrity exist, such as SKU5 (Sedbrook et al., 2002), PMR5, 
and PMR6 (powdery mildew resistant gene 5 and 6: Vogel et al., 
2002; Vogel et al., 2004), and LORELEI (Capron et al., 2008; 
Tsukamoto et al., 2010). However, the exact function of these 
proteins has not been clarified, and more studies are therefore 
required to explore their role as possible plasma membrane–cell 
wall anchors.

Arabinogalactan proteins
Arabinogalactan proteins (AGPs) are apoplastic proteins that 
are decorated with a glycan moiety of arabinose and galactose 
sugars, which accounts for more than 90% of the total mass and 
is suggested to be essential for AGPs function. In addition, the 
AGPs are typically anchored to the plasma membrane by GPI at 
their C-terminus (Seifert and Roberts, 2007). AGPs were shown 
to be covalently attached to cell wall matrix polysaccharides, i.e. 
to hemicellulose and pectins, by their arabinogalactan decora-
tions (Tan et al., 2013; Fig. 1). Recently, AGP31 was revealed to 
interact with pectins through its PAC (PRP–AGP-containing 
Cys) domain, which is not decorated with arabinogalactans 
(Hijazi et al., 2014). These results indicate that the AGPs have 
diverse ways of interacting with different cell wall components. 
Many AGP mutants display defects in plant growth or cell 
expansion (Ellis et al., 2010). For instance, a null mutation in 
the Arabidopsis classical lysine-rich AGP, AtAGP17, induced 
plant developmental defects during cell division and expan-
sion (Yang et  al., 2007). Overexpression of its homologue, 
AtAGP18, resulted in bushy plants (Zhang et al., 2011). In addi-
tion, AtAGP30 is involved in root regeneration and seed ger-
mination (van Hengel and Roberts, 2003). However, although 
the AGPs are good candidates as plasma membrane–cell wall 
anchors, it is unclear whether the growth-related defects seen in 
AGP mutants are consequences of altered plasma membrane–
cell wall connections or cell wall integrity defects.

Fasciclin-like arabinogalactan proteins
Fasciclin-like arabinogalactan proteins (FLAs) are another 
class of GAPs. In Arabidopsis, there are 21 predicted FLAs fall-
ing into four groups (A to D), of which group A and C are 
GPI anchored (Johnson et al., 2003). In addition, each FLA 
contains a fasciclin domain and one or two arabinogalactan 
domains (Johnson et al., 2003; Fig. 1). The fasciclin domain is 
an extracellular module of about 140 amino acid residues with 
low sequence similarity, but with two highly conserved regions 
of ~10 amino acids each. The fasciclin domain is suggested to be 
an ancient cell adhesion domain common to a broad spectrum 
of organisms (Kawamoto et al., 1998), and there are well stud-
ied cell adhesion proteins in, for example, fruitfly and human 
(Snow et al., 1989; Elkins et al., 1990; Goodman et al., 1997). 
Based on their structure, the plant FLAs are also thought to 
be involved in plant plasma membrane–cell wall adhesion; 
however, this has not been widely explored. Interestingly, the 
Arabidopsis fla4 mutant was reported to have increased plasma 
membrane–cell wall interface spacing, but there was not pre-
cise quantification (Shi et al., 2003). Nevertheless, indirect data 

support a role for plant FLAs in cell wall integrity, especially 
during cellulose deposition. For example, FLA4 is necessary for 
proper cell expansion, and for cellulose and pectin synthesis in 
the seeds coat (Harpaz-Saad et al., 2011; Griffiths et al., 2014). 
In addition, many fla mutants, in both Arabidopsis and cotton, 
showed reduced cellulose content (Li et al., 2010; MacMillan 
et al., 2010; Johnson et al., 2011; Huang et al., 2013).

Plasma membrane receptors

Another group of plasma membrane proteins that has been 
suggested to be plasma membrane–cell wall anchors are 
receptor-like kinases (RLKs) with extracellular domains that 
can interact with cell wall components, such as the Wall-
Associated Kinases (WAKs; Kohorn and Kohorn, 2012) and 
members of the Catharanthus roseus RLK (CrRLK) family 
(including FERONIA, THESEUS, HERK, and ANXUR: 
Cheung and Wu, 2011). The extracellular domain of WAKs 
has been shown to bind in vitro to native pectin of the cell wall 
(Decreux and Messiaen, 2005) and, therefore, might take part 
in the plasma membrane–cell wall connection by covalently 
binding to apoplastic pectins (Wagner and Kohorn, 2001; 
Wolf et al., 2012a). Members of the CrRLK family contain 
extracellular malectin-like (ML) domains with high sequence 
similarity to the carbohydrate-binding protein, malectin, from 
Xenopus laevis (Lindner et al. 2012). Similarly, CrRLKs may 
interact with cell wall components through their extracellular 
ML domain. Indeed, a point mutation in the ML domain of 
THESEUS restored the growth deficiency of cellulose mutants 
(Hématy et  al., 2007). Both the WAK and CrRLK families 
are essential for correct cell wall growth and cell expansion 
(Hématy et al. 2007; Fujikura et al. 2014; Haruta et al., 2014), 
and they have been previously reviewed by Cheung and Wu 
(2011) and Kohorn and Kohorn (2012). However, plasma 
membrane–cell wall linking defects in wak and crrlk mutants 
have not been identified.

Cell sensing through plasma membrane–
cell wall anchors

The cell wall needs to adapt its structure during cell growth, 
and to respond to both internal and external stresses. 
Therefore, physical perturbations of the cell wall must be 
communicated to the cell via the plasma membrane. Wolf 
et al. (2012a) recently reviewed plasma membrane receptors 
that might transduce cell wall-related signals. We therefore 
only briefly discuss RLKs in cell wall sensing, and elaborate 
on the putative function of other plasma membrane–cell wall 
anchors as sensors of cell wall signals, and their influence on 
plant resistance and cell morphology.

Plasma membrane–cell wall junctions may function as 
barriers that protect the plant cell against pathogen attacks 
(Mellersh and Heath, 2001). In line with this hypothesis, 
pre-treatment of plants with synthetic RGD peptides, which 
blocked plasma membrane–cell wall adhesion, increased 
pathogen penetration, especially of biotrophic pathogens 
(Mellersh and Heath, 2001). Not surprisingly, one mechanism 
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of biotroph pathogenicity is the disruption of plasma mem-
brane–cell wall adhesion. Thus, the Phytophthora infestans 
RXLR-dEER effector, IPI-O, is an RGD-containing protein 
whose overexpression in Arabidopsis reduced plasma mem-
brane–cell wall interaction (Bouwmeester et al., 2011). The 
IPI-O is recognized by the integrin-like LecRK-I.9, and com-
petes with the endogenous RGD-containing proteins that are 
made in the plant. This competition led to the destabiliza-
tion of the plasma membrane–cell wall connection, benefit-
ing progression of the pathogen. Similarly, plants mutated in 
LecRK-I.9 are more susceptible to P. infestans than wild-type 
plants (Bouwmeester et al., 2011). In addition, mutations in 
the integrin-like protein NDR1 also increased plant suscep-
tibility to pathogens (Knepper et  al., 2011b). Besides their 
function in cell expansion, WAKs have also been involved 
in plant immune responses (Rosli et  al., 2013) by recogniz-
ing pectin fragments [oligogalacturonides (OGAs)] derived 
from pathogen digestion of the cell wall (Brutus et al. 2010; 
Kohorn et al., 2014). Interestingly, WAKs seem to distinguish 
the pectin native polymers from the OGAs, differentiating 
expansion- from stress-related signals (Kohorn et al., 2014).

Cell wall mechanical sensing is another process which prob-
ably depends on the plasma membrane–cell wall interaction. 
A recent study showed that the plasma membrane receptor 
FERONIA is important for the Ca2+-dependent mechanical 
response pathway (Shih et al., 2014). Complementary work 
has recently shown that FERONIA activation by the secreted 
peptide RALF (rapid alkalinization factor) inhibits plasma 
membrane proton activity, which induces extracellular alka-
linization and therefore inhibits cell expansion (Haruta et al., 
2014). It would be interesting to know whether FERONIA 
senses the cell wall components directly during the mechani-
cal stress or senses other signals induced by the mechanical 
stress (like RALF and Ca2+), and subsequently alters cell 
growth.

The plasma membrane–cell wall connection might also 
be important for responses to other external stimuli, such as 
osmotic stress. One of the clearest outputs of osmotic stress 
is the production of abscisic acid (ABA) (Xiong et al., 2001; 
Xiong et al., 2002). Application of synthetic RGD peptides 
decreased accumulation of ABA after osmotic stress in both 
Arabidopsis and maize suspension cultures (Lü et al., 2007a; 
Lü et al., 2007b). Interestingly, a similar study using proto-
plasts revealed no impairment in ABA levels, corroborating 
the function of the plasma membrane–cell wall interaction 
in the osmotic stress response. Furthermore, the expression 
of some AGPs and FLAs was reported to respond to hor-
mones: ATAGP30, FLA1, FLA2, and FLA8 to ABA; and 
ATAGP31 to jasmonic acid (van Hengel and Roberts, 2003; 
Liu and Mehdy, 2007). Additional studies indicate that FLAs 
participate in stress signalling pathways and might regulate 
cell wall biosynthesis. Thus, cell swelling phenotypes observed 
in fla4/salt overly sensitive5 (sos5) mutants under elevated salt 
and high sucrose conditions could be rescued by the addition 
of external ABA (Seifert et al., 2014) and ethylene biosynthe-
sis inhibitor (Xu et al., 2008), respectively. Moreover, FLA4/
SOS5 was found to be genetically redundant with the FEI1/
FEI2 receptor-like kinases, based on their non-additive triple 

mutant phenotype (Xu et al., 2008). The double mutant fei1 
fei2 displays alterations in anisotropic cell expansion and cell 
wall synthesis, and can be rescued by inhibition of ethylene 
biosynthesis, but not by blocking the perception of ethylene 
(Xu et al., 2008). These data suggest that cell wall synthesis 
might be regulated by plasma membrane–cell wall anchors 
through hormone-signalling pathways, but the mechanism 
underpinning these connections is unknown.

Conclusion and future perspectives

The interdependence of the cell wall and intracellular com-
partments is important for plant development and relies on 
adequate connections between the cell wall and plasma mem-
brane. Important questions remain to be answered in the 
fields of secretion and internalization of cell wall material, 
and of the coordination between cell wall synthesis and deg-
radation. One especially puzzling question relates to how the 
plasma membrane lipids and CSCs interact during cellulose 
synthesis. Indeed, the way in which plasma membrane lipids 
affect protein function in vivo, and how they change during 
vesicle trafficking, is largely unknown. Interestingly, cell wall 
architecture influences the activity of the CSCs. Moreover, 
the motility and localization of other plasma membrane pro-
teins are also controlled by cell wall polymers, probably by 
physical connections which have not been fully elucidated. 
Therefore, these plasma membrane proteins and CSCs might 
act as plasma membrane–cell wall anchors with putative roles 
in cell adhesion.

Cellular adhesion is essential for maintaining the multi-
cellular structure and for signal transduction in eukaryotes. 
It is plausible that the plasma membrane proteins involved 
in cell adhesion act as mechanosensors and as receptors 
of pathogen effectors (Baluška et al., 2003). It is becoming 
increasingly clear that plants share a similar mechanism to 
that described in animals for perceiving apoplastic signals by 
plasma membrane–cell wall adhesion domains, and integrate 
them into cytoskeletal and hormonal responses to regulate 
cell expansion (Baluška et  al., 2003; Sampathkumar et  al., 
2014). While plants have many putative plasma membrane–
cell wall anchoring proteins, similar to those identified in cell 
adhesion in other eukayotes, much remains to be investigated. 
For example, which plant proteins contain RGD motifs? And 
do these RGD-containing proteins bind to cell wall polysac-
charides? Moreover, little information is available about the 
downstream effects, and effectors, of changes in cell adhe-
sion properties, e.g. impacts on the cytoskeleton and hor-
mone responses. In addition, a complete characterization 
of plasma membrane–cell wall adhesion needs a multicellu-
lar perspective, i.e. including influences from neighbouring 
cells. We envision that we will get closer to such insights by 
the development and combination of proteomic, biochemi-
cal, biomechanical, and imaging tools. Thus, we expect that 
a deeper understanding of the plant plasma membrane–cell 
wall connection will increase our knowledge about how plant 
tissues are organized through cell adhesion and cell–cell 
communication

The cell wall and plasma membrane are connected by proteins  |  1559



Acknowledgements
We apologize to those colleagues whose work we could not cover due to space 
limitations. This work was supported by Chinese Scholarship Council (ZL), 
the Max Planck Gesellschaft (SP), and the Deutsche Forschungsgemeinschaft 
(CSR; PE1642/5-1).

References
Alassimone J, Naseer S, Geldner N. 2010. A developmental framework 
for endodermal differentiation and polarity. Proceedings of the National 
Academy of Sciences, USA 107, 5214–5219.

Alexandersson E, Saalbach G, Larsson C, Kjellbom P. 2004. 
Arabidopsis plasma membrane proteomics identifies components of 
transport, signal transduction and membrane trafficking. Plant and Cell 
Physiology 45, 1543–1556.

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P, eds. 
2002. Molecular biology of the cell. Ed 4. New York: Garland Science.

Alejandro S, Lee Y, Tohge T, et al. 2012. AtABCG29 is a monolignol 
transporter involved in lignin biosynthesis. Current Biology 22, 
1207–1212.

Atmodjo MA, Hao Z, Mohnen D. 2013. Evolving views of pectin 
biosynthesis. Annual Review of Plant Biology 64, 747–779.

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

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

Baluška F, Šamaj J, Wojtaszek P, Volkmann D, Menzel D. 2003. 
Cytoskeleton-plasma membrane-cell wall continuum in plants. Emerging 
links revisited. Plant Physiology 133, 482–491.

Bashline L, Li S, Anderson CT, Lei L, Gu Y. 2013. The endocytosis 
of cellulose synthase in Arabidopsis is dependent on mu2, a clathrin-
mediated endocytosis adaptin. Plant Physiology 163, 150–160.

Bashline L,Li S, Gu Y. 2014. The trafficking of the cellulose synthase 
complex in higher plants. Annals of Botany.

Bessueille L, Sindt N, Guichardant M, Djerbi S, Teeri TT, Bulone 
V. 2009. Plasma membrane microdomains from hybrid aspen cells are 
invlved in cell wall polysaccharide biosynthesis. Biochemical Journal 420, 
93–103.

Boerjan W, Ralph J, Baucher M. 2003. Lignin biosynthesis. Annual 
Review of Plant Biology 54, 519–546.

Borner GH, Lilley KS, Stevens TJ, Dupree P. 2003. Identification of 
glycosylphosphatidylinositol-anchored proteins in Arabidopsis. A proteomic 
and genomic analysis. Plant Physiology 132, 568–577.

Borner GH, Sherrier DJ, Stevens TJ, Arkin IT, Dupree P. 2002. 
Prediction of glycosylphosphatidylinositol-anchored proteins in 
Arabidopsis. A genomic analysis. Plant Physiology 129, 486–499.

Borner GH, Sherrier DJ, Weimar T, Michaelson LV, Hawkins ND, 
Macaskill A, Napier JA, Beale MH, Lilley KS, Dupree P. 2005. 
Analysis of detergent-resistant membranes in Arabidopsis. Evidence for 
plasma membrane lipid rafts. Plant Physiology 137, 104–116.

Bouwmeester K, de Sain M, Weide R, Gouget A, Klamer S, Canut 
H, Govers F. 2011. The lectin receptor kinase LecRK-I.9 is a novel 
Phytophthora resistance component and a potential host target for a 
RXLR effector. PLoS Pathogens 7, e1001327.

Bringmann M, Li E, Sampathkumar A, Kocabek T, Hauser MT, 
Persson S. 2012. POM-POM2/cellulose synthase interacting1 is essential 
for the functional association of cellulose synthase and microtubules in 
Arabidopsis. The Plant Cell 24, 163–177.

Brutus A, Sicilia F, Macone A, Cervone F, De Lorenzo G. 2010. A 
domain swap approach reveals a role of the plant wall-associated kinase 1 
(WAK1) as a receptor of oligogalacturonides. Proceedings of the National 
Academy of Sciences, USA 107, 9452–9457.

Canut H, Carrasco A, Galaud J-P, Cassan C, Bouyssou H, Vita N, 
Ferrara P, Pont-Lezica R. 1998. High affinity RGD-binding sites at the 

plasma membrane of Arabidopsis thaliana links the cell wall. The Plant 
Journal 16, 63–71.

Cao Y, Tang X, Giovannoni J, Xiao F, Liu Y. 2012. Functional 
characterization of a tomato COBRA-like gene functioning in fruit 
development and ripening. BMC Plant Biology 12, 211.

Capron A, Gourgues M, Neiva LS, et al. 2008. Maternal control of 
male-gamete delivery in Arabidopsis involves a putative GPI-anchored 
protein encoded by the LORELEI gene. The Plant Cell 20, 3038–3049.

Cheung AY, Wu HM. 2011. THESEUS 1, FERONIA and relatives: a family 
of cell wall-sensing receptor kinases? Current Opinion in Plant Biology 14, 
632–641.

Collings DA, Gebbie LK, Howles PA, Hurley UA, Birch RJ, Cork AH, 
Hocart CH, Arioli T, Williamson RE. 2008. Arabidopsis dynamin-like 
protein DRP1A: a null mutant with widespread defects in endocytosis, 
cellulose synthesis, cytokinesis, and cell expansion. Journal of 
Experimental Botany 59, 361–376.

Coppinger P, Repetti PP, Day B, Dahlbeck D, Mehlert A, Staskawicz 
BJ. 2004. Overexpression of the plasma membrane-localized NDR1 
protein results in enhanced bacterial disease resistance in Arabidopsis 
thaliana. The Plant Journal 40, 225–237.

Cosgrove DJ. 2005. Growth of the plant cell wall. Nature Reviews 
Molecular Cell Biology 6, 850–861.

Cvřcková F. 2013. Formins and membranes: anchoring cortical actin to 
the cell wall and beyond. Frontiers in Plant Science 4, 436.

Dai X, You C, Chen G, Li X, Zhang Q, Wu C. 2011. OsBC1L4 encodes 
a COBRA-like protein that affects cellulose synthesis in rice. Plant 
Molecular Biology 75, 333–345.

DeBolt S, Gutierrez R, Ehrhardt DW, Somerville C. 2007. Nonmotile 
cellulose synthase subunits repeatedly accumulate within localized 
regions at the plasma membrane in Arabidopsis hypocotyl cells following 
2,6-dichlorobenzonitrile treatment. Plant Physiology 145, 334–338.

Decreux A, Messiaen J. 2005. Wall-associated kinase WAK1 interacts 
with cell wall pectins in a calcium-induced conformation. Plant and Cell 
Physiology 46, 268–278.

Diotallevi F, Mulder B. 2007. The cellulose synthase complex: a 
polymerization driven supramolecular motor. Biophysical Journal 92, 
2666–2673.

Drakakaki G, Dandekar A. 2013. Protein secretion: how many secretory 
routes does a plant cell have? Plant Science 203–204, 74–78.

Driouich A, Follet-Gueye ML, Bernard S, Kousar S, Chevalier L, 
Vicré-Gibouin M, Lerouxel O. 2012. Golgi-mediated synthesis and 
secretion of matrix polysaccharides of the primary cell wall of higher plants. 
Frontiers in Plant Science 3, 79.

Elkins T, Hortsch M, Bieber AJ, Snow PM, Goodman CS. 1990. 
Drosophila Fasciclin-I is a novel homophilic adhesion molecule that along 
with Fasciclin-Iii can mediate cell sorting. Journal of Cell Biology 110, 
1825–1832.

Ellis M, Egelund J, Schultz CJ, Bacic A. 2010. Arabinogalactan-
proteins: key regulators at the cell surface? Plant Physiology 153, 
403–419.

Fan X, Yang C, Klisch D, Ferguson A, Bhaellero RP, Niu X, Wilson 
ZA. 2014. ECHIDNA protein impacts on male fertility in Arabidopsis by 
mediating trans-Golgi network secretory trafficking during anther and 
pollen development. Plant Physiology 164, 1338–1349.

Feraru E, Feraru MI, Kleine-Vehn J, Martiniere A, Mouille G, 
Vanneste S, Vernhettes S, Runions J, Friml J. 2011. PIN polarity 
maintenance by the cell wall in Arabidopsis. Current Biology 21, 
338–343.

Frigerio L. 2010. Plant exocytosis, endocytosis and membrane recycling 
in turgid cells. eLS doi: 10.1002/9780470015902.a0001676.pub2

Fujikura U, Elsaesser L, Breuninger H, Sanchez-Rodriguez C, 
Ivakov A, Laux T, Findlay K, Persson S, Lenhard M. 2014. Atkinesin-
13A modulates cell-wall synthesis and cell expansion in Arabidopsis 
thaliana via the THESEUS1 pathway. PLoS Genetics 10, e1004627.

Geisler DA, Sampathkumar A, Mutwil M, Persson S. 2008. Laying 
down the bricks: logistic aspects of cell wall biosynthesis. Current Opinion 
in Plant Biology 11, 647–652.

Gendre D, McFarlane HE, Johnson E, Mouille G, Sjodin A, Oh J, 
Levesque-Tremblay G, Watanabe Y, Samuels L, Bhalerao RP. 2013. 
Trans-Golgi network localized ECHIDNA/Ypt interacting protein complex is 

1560  |  Liu et al.



required for the secretion of cell wall polysaccharides in Arabidopsis. The 
Plant Cell 25, 2633–2646.

Gendre D, Oh J, Boutte Y, Best JG, Samuels L, Nilsson R, Uemura 
T, Marchant A, Bennett MJ, Grebe M, Bhalerao RP. 2011. Conserved 
Arabidopsis ECHIDNA protein mediates trans-Golgi-network trafficking 
and cell elongation. Proceedings of the National Academy of Sciences, 
USA 108, 8048–8053.

Gillmor CS, Lukowitz W, Brininstool G, Sedbrook JC, Hamann 
T, Poindexter P, Somerville C. 2005. Glycosylphosphatidylinositol-
anchored proteins are required for cell wall synthesis and morphogenesis 
in Arabidopsis. The Plant Cell 17, 1128–1140.

Goodman CS, Davis GW, Zito K. 1997. The many faces of fasciclin II: 
Genetic analysis reveals multiple roles for a cell adhesion molecule during 
the generation of neuronal specificity. Cold Spring Harbor Symposia on 
Quantitative Biology 62, 479–491.

Gouget A, Senchou V, Govers F, Sanson A, Barre A, Rouge P, Pont-
Lezica R, Canut H. 2006. Lectin receptor kinases participate in protein-
protein interactions to mediate plasma membrane-cell wall adhesions in 
Arabidopsis. Plant Physiology 140, 81–90.

Griffith OH, Ryan M. 1999. Bacterial phosphatidylinositol-specific 
phospholipase C: structure, function, and interaction with lipids. 
Biochimica et Biophysica Acta 1441, 237–254.

Griffiths JS, Tsai AY, Xue H, Voiniciuc C, Šola K, Seifert GJ, 
Mansfield SD, Haughn GW. 2014. SALT-OVERLY SENSITIVE5 mediates 
Arabidopsis seed coat mucilage adherence and organization through 
pectins. Plant Physiology 165, 991–1004.

Gutierrez R, Lindeboom JJ, Paredez AR, Emons AM, 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.

Haigler CH, Grimson MJ, Gervais J, Le Moigne N, Höfte H, 
Monasse B, Navard P. 2014. Molecular modeling and imaging of initial 
stages of cellulose fibril assembly: evidence for a disordered intermediate 
stage. PLoS ONE 9, e93981.

Harpaz-Saad S, McFarlane HE, Xu S, Divi UK, Forward B, Western 
TL, Kieber JJ. 2011. Cellulose synthesis via the FEI2 RLK/SOS5 pathway 
and cellulose synthase 5 is required for the structure of seed coat mucilage 
in Arabidopsis. The Plant Journal 68, 941–953.

Haruta M, Sabat G, Stecker K, Minkoff BB, Sussman MR. 2014. 
A peptide hormone and its receptor protein kinase regulate plant cell 
expansion. Science 343, 408–411.

Hecht K. 1912. Studien uiber den Vorgang der Plasmolyse. Beitrage zur 
Biologie der Pflanzen II 37.

Hématy K, Sado PE, Van Tuinen A, Rochange S, Desnos T, 
Balzergue S, Pelletier S, Renou JP, Hofte H. 2007. A receptor-like 
kinase mediates the response of Arabidopsis cells to the inhibition of 
cellulose synthesis. Current Biology 17, 922–931.

Hijazi M, Roujol D, Nguyen-Kim H, Castillo LdRC, Saland E, Jamet 
E, Albenne C. 2014. Arabinogalactan protein 31 (AGP31), a putative 
network-forming protein in Arabidopsis thaliana cell walls? Annals of 
Botany 114, 1087–1097.

Huang GQ, Gong SY, Xu WL, Li W, Li P, Zhang CJ, Li DD, Zheng Y, 
Li FG, Li XB. 2013. A fasciclin-like arabinogalactan protein, GhFLA1, is 
involved in fiber initiation and elongation of cotton. Plant Physiology 161, 
1278–1290.

Ivakov A, Persson S. 2013. Plant cell shape: modulators and 
measurements. Frontiers in Plant Science 4, 439.

Jamet E, Canut H, Boudart G, Pont-Lezica RF. 2006. Cell wall proteins: 
a new insight through proteomics. Trends in Plant Science 11, 33–39.

Johnson KL, Jones BJ, Bacic A, Schultz CJ. 2003. The fasciclin-like 
arabinogalactan proteins of Arabidopsis. A multigene family of putative cell 
adhesion molecules. Plant Physiology 133, 1911–1925.

Johnson KL, Kibble NA, Bacic A, Schultz CJ. 2011. A fasciclin-like 
arabinogalactan-protein (FLA) mutant of Arabidopsis thaliana, fla1, shows 
defects in shoot regeneration. PLoS ONE 6, e25154.

Kang BH, Busse JS, Bednarek SY. 2003. Members of the Arabidopsis 
dynamin-like gene family, ADL1, are essential for plant cytokinesis and 
polarized cell growth. The Plant Cell 15, 899–913.

Kang J, Park J, Choi H, Burla B, Kretzschmar T, Lee Y, Martinoia E. 
2011. Plant ABC transporters. The Arabidopsis Book 9, e0153.

Kawamoto T, Noshiro M, Shen M, Nakamasu K, Hashimoto 
K, Kawashima-Ohya Y, Gotoh O, Kato Y. 1998. Structural and 
phylogenetic analyses of RGD-CAP/beta ig-h3, a fasciclin-like adhesion 
protein expressed in chick chondrocytes. Biochimica et Biophysica Acta 
1395, 288–292.

Ketelaar T, Galway ME, Mulder BM, Emons AM. 2008. Rates of 
exocytosis and endocytosis in Arabidopsis root hairs and pollen tubes. 
Journal of Microscopy 231, 265–273.

Kim SY, Xu ZY, Song K, Kim DH, Kang H, Reichardt I, Sohn EJ, Friml 
J, Juergens G, Hwang I. 2013. Adaptor protein complex 2-mediated 
endocytosis is crucial for male reproductive organ development in 
Arabidopsis. The Plant Cell 25, 2970–2985.

Knepper C, Savory EA, Day B. 2011a. Arabidopsis NDR1 is an 
integrin-like protein with a role in fluid loss and plasma membrane-cell wall 
adhesion. Plant Physiology 156, 286–300.

Knepper C, Savory EA, Day B. 2011b. The role of NDR1 in pathogen 
perception and plant defense signaling. Plant Signal and Behavior 6, 
1114–1116.

Kohorn BD, Kohorn SL. 2012. The cell wall-associated kinases, WAKs, 
as pectin receptors. Frontiers in Plant science 3, 88.

Kohorn BD, Kohorn SL, Saba NJ, Martinez VM. 2014. Requirement 
for pectin methyl esterase and preference for fragmented over native 
pectins for wall-associated kinase-activated, EDS1/PAD4-dependent 
stress response in Arabidopsis. The Journal of Biological Chemistry 289, 
18978–18986.

Kulich I, Cole R, Drdova E, Cvřcková F, Soukup A, Fowler J, Žárský 
V. 2010. Arabidopsis exocyst subunits SEC8 and EXO70A1 and exocyst 
interactor ROH1 are involved in the localized deposition of seed coat 
pectin. New Phytologist 188, 615–625.

Lakhan SE, Sabharanjak S, De A. 2009. Endocytosis of 
glycosylphosphatidylinositol-anchored proteins. Journal of Biomedical 
Science 16, 93.

Lalanne E, Honys D, Johnson A, Borner GH, Lilley KS, Dupree P, 
Grossniklaus U, Twell D. 2004. SETH1 and SETH2, two components of the 
glycosylphosphatidylinositol anchor biosynthetic pathway, are required for pollen 
germination and tube growth in Arabidopsis. The Plant Cell 16, 229–240.

Lane DR, Wiedemeier A, Peng L, et al. 2001. Temperature-sensitive 
alleles of RSW2 link the KORRIGAN endo-1,4-beta-glucanase to cellulose 
synthesis and cytokinesis in Arabidopsis. Plant Physiology 126, 278–288.

Lang I, Barton DA, Overall RL. 2004. Membrane-wall attachments in 
plasmolysed plant cells. Protoplasma 224, 231–243.

Lefebvre B, Furt F, Hartmann MA, et al. 2007. Characterization of lipid 
rafts from Medicago truncatula root plasma membranes: a proteomic 
study reveals the presence of a raft-associated redox system. Plant 
Physiology 144, 402–418.

Lei L, Zhang T, Strasser R, et al. 2014. The jiaoyao1 mutant is an 
allele of korrigan1 that abolishes endoglucanase activity and affects the 
organization of both cellulose microfibrils and microtubules in Arabidopsis. 
The Plant Cell 26, 2601–2616.

Lerouxel O, Cavalier DM, Liepman AH, Keegstra K. 2006. 
Biosynthesis of plant cell wall polysaccharides - a complex process. 
Current Opinion in Plant Biology 9, 621–630.

Li J, Yu M, Geng LL, Zhao J. 2010. The fasciclin-like arabinogalactan 
protein gene, FLA3, is involved in microspore development of Arabidopsis. 
The Plant Journal 64, 482–497.

Li S, Lei L, Somerville CR, Gu Y. 2012. Cellulose synthase interactive 
protein 1 (CSI1) links microtubules and cellulose synthase complexes. 
Proceedings of the National Academy of Sciences, USA 109, 185–190.

Lindner H, Muller LM, Boisson-Dernier A, Grossniklaus U. 2012. 
CrRLK1L receptor-like kinases: not just another brick in the wall. Current 
Opinion in Plant Biology 15, 659–669.

Liu C, Mehdy MC. 2007. A nonclassical arabinogalactan protein gene 
highly expressed in vascular tissues, AGP31, is transcriptionally repressed 
by methyl jasmonic acid in Arabidopsis. Plant Physiology 145, 863–874.

Liu L, Shang-Guan K, Zhang B, et al. 2013. Brittle Culm1, a COBRA-
like protein, functions in cellulose assembly through binding cellulose 
microfibrils. PLoS Genetics 9, e1003704.

Lü B, Chen F, Gong ZH, Xie H, Liang JS. 2007a. Integrin-like protein 
is involved in the osmotic stress-induced abscisic acid biosynthesis in 
Arabidopsis thaliana. Journal of Integrative Plant Biology 49, 540–549.

The cell wall and plasma membrane are connected by proteins  |  1561



Lü B, Chen F, Gong ZH, Xie H, Zhang JH, Liang JS. 2007b. 
Intracellular localization of integrin-like protein and its roles in osmotic 
stress-induced abscisic acid biosynthesis in Zea mays. Protoplasma 232, 
35–43.
Lü B, Wang J, Zhang Y, Wang H, Liang J, Zhang J. 2012. AT14A 
mediates the cell wall-plasma membrane-cytoskeleton continuum in 
Arabidopsis thaliana cells. Journal of Experimental Botany 63, 4061–4069.
MacMillan CP, Mansfield SD, Stachurski ZH, Evans R, Southerton 
SG. 2010. Fasciclin-like arabinogalactan proteins: specialization for stem 
biomechanics and cell wall architecture in Arabidopsis and Eucalyptus. 
The Plant Journal 62, 689–703.
Martinière A, Gayral P, Hawes C, Runions J. 2011. Building bridges: 
formin1 of Arabidopsis forms a connection between the cell wall and the 
actin cytoskeleton. The Plant Journal 66, 354–365.
Martinière A, Lavagi I, Nageswaran G, et al. 2012. Cell wall constrains 
lateral diffusion of plant plasma-membrane proteins. Proceedings of the 
National Academy of Sciences, USA 109, 12805–12810.
Martinière A, Runions J. 2013. Protein diffusion in plant cell plasma 
membranes: the cell-wall corral. Frontiers in Plant Science 4, 515.
McFarlane HE, Doring A, Persson S. 2014. The cell biology of cellulose 
synthesis. Annual Review of Plant Biology 65, 69–94.
McFarlane HE, Shin JJ, Bird DA, Samuels AL. 2010. Arabidopsis 
ABCG transporters, which are required for export of diverse cuticular 
lipids, dimerize in different combinations. The Plant Cell 22, 3066–3075.
Mei Y, Gao HB, Yuan M, Xue HW. 2012. The Arabidopsis ARCP protein, 
CSI1, which is required for microtubule stability, is necessary for root and 
anther development. The Plant Cell 24, 1066–1080.
Mellersh DG, Heath MC. 2001. Plasma membrane-cell wall adhesion 
is required for expression of plant defense responses during fungal 
penetration. The Plant Cell 13, 413–424.
Miart F, Desprez T, Biot E, Morin H, Belcram K, Hofte H, 
Gonneau M, Vernhettes S. 2014. Spatio-temporal analysis of 
cellulose synthesis during cell plate formation in Arabidopsis. The Plant 
Journal 77, 71–84.
Morel J, Claverol S, Mongrand S, Furt F, Fromentin J, Bessoule JJ, 
Blein JP, Simon-Plas F. 2006. Proteomics of plant detergent-resistant 
membranes. Molecular and Cellular Proteomics 5, 1396–1411.
Morgan JL, Strumillo J, Zimmer J. 2013. Crystallographic snapshot of 
cellulose synthesis and membrane translocation. Nature 493, 181–186.
Nagpal P, Quatrano RS. 1999. Isolation and characterization of a cDNA 
clone from Arabidopsis thaliana with partial sequence similarity to integrins. 
Gene 230, 33–40.
Nicol F, His I, Jauneau A, Vernhettes S, Canut H, Höfte H. 1998. A 
plasma membrane-bound putative endo-1,4-β-D-glucanase is required 
for normal wall assembly and cell elongation in Arabidopsis. The EMBO 
Journal 17, 5563–5576.
Oparka KJ. 1994. Plasmolysis: new insights into an old process. New 
Phytologist 126, 571–591.
Owen DM, Williamson D, Rentero C, Gaus K. 2009. Quantitative 
microscopy: protein dynamics and membrane organisation. Traffic 10, 
962–971.
Paredez AR, Somerville CR, Ehrhardt DW. 2006. Visualization of 
cellulose synthase demonstrates functional association with microtubules. 
Science 312, 1491–1495.
Peng L, Kawagoe Y, Hogan P, Delmer D. 2002. Sitosterol-beta-
glucoside as primer for cellulose synthesis in plants. Science 295, 
147–150.
Peskan T, Westermann M, Oelmuller R. 2000. Identification of low-
density Triton X-100-insoluble plasma membrane microdomains in higher 
plants. European Journal of Biochemistry 267, 6989–6995.
Pont-Lezica RF, McNally JG, Pickard BG. 1993. Wall-to-membrane 
linkers in onion epidermis- some hypothesis. Plant, Cell and Environment 
16, 111–112.
Proseus TE, Boyer JS. 2005. Turgor pressure moves polysaccharides 
into growing cell walls of Chara corallina. Annals of Botany 95, 967–979.
Roppolo D, Geldner N. 2012. Membrane and walls: who is master, who 
is servant? Current Opinion in Plant Biology 15, 608–617.
Rose JKC. 2003. The plant cell wall. Oxford: Blackwell.

Rosli HG, Zheng Y, Pombo MA, Zhong S, Bombarely A, Fei Z, 
Collmer A, Martin GB. 2013. Transcriptomics-based screen for genes 

induced by flagellin and repressed by pathogen effectors identifies a cell 
wall-associated kinase involved in plant immunity. Genome Biology 14, 
R139.

Roudier F, Fernandez AG, Fujita M, et al. 2005. COBRA, an 
Arabidopsis extracellular glycosyl-phosphatidyl inositol-anchored protein, 
specifically controls highly anisotropic expansion through its involvement in 
cellulose microfibril orientation. The Plant Cell 17, 1749–1763.

Sampathkumar A, Gutierrez R, McFarlane HE, Bringmann M, 
Lindeboom J, Emons AM, Samuels L, Ketelaar T, Ehrhardt DW, 
Persson S. 2013. Patterning and lifetime of plasma membrane-localized 
cellulose synthase is dependent on actin organization in Arabidopsis 
interphase cells. Plant Physiology 162, 675–688.

Sampathkumar A, Yan A, Krupinski P, Meyerowitz EM. 2014. 
Physical forces regulate plant development and morphogenesis. Current 
Biology 24, R475–R483.

Samuels AL, Bisalputra T. 1990. Endocytosis in elongating root cells of 
Lobelia erinus. Journal of Cell Science 97, 157–165.

Sánchez-Rodríguez C, Persson S. 2014. Regulation of cell wall 
formation by membrane traffic. In: Fukuda H. Plant cell wall patterning and 
cell shape. Hoboken, NJ, USA: John Wiley & Sons, 35–64.

Schindler M, Meiners S, Cheresh DA. 1989. RGD-dependent linkage 
between plant cell wall and plasma membrane: consequences for growth. 
The Journal of Cell Biology 108, 1955–1965.

Schrick K, Debolt S, Bulone V. 2012. Deciphering the molecular 
functions of sterols in cellulose biosynthesis. Frontiers in Plant Science 3, 
84.

Schrick K, Fujioka S, Takatsuto S, Stierhof YD, Stransky H, Yoshida 
S, Jurgens G. 2004. A link between sterol biosynthesis, the cell wall, and 
cellulose in Arabidopsis. The Plant Journal 38, 227–243.

Sedbrook JC, Carroll KL, Hung KF, Masson PH, Somerville CR. 
2002. The Arabidopsis SKU5 gene encodes an extracellular glycosyl 
phosphatidylinositol-anchored glycoprotein involved in directional root 
growth. The Plant Cell 14, 1635–1648.

Seifert GJ, Roberts K. 2007. The biology of arabinogalactan proteins. 
Annual Review of Plant Biology 58, 137–161.

Seifert GJ, Xue H, Acet T. 2014. The Arabidopsis thaliana FASCICLIN 
LIKE ARABINOGALACTAN PROTEIN 4 gene acts synergistically with 
abscisic acid signalling to control root growth. Annals of Botany 114, 
1125–1133.

Senchou V, Weide R, Carrasco A, Bouyssou H, Pont-Lezica R, 
Govers F, Canut H. 2004. High affinity recognition of a Phytophthora 
protein by Arabidopsis via an RGD motif. Cellular and Molecular Life 
Sciences 61, 502–509.

Sethaphong L, Haigler CH, Kubicki JD, Zimmer J, Bonetta D, 
DeBolt S, Yingling YG. 2013. Tertiary model of a plant cellulose 
synthase. Proceedings of the National Academy of Sciences, USA 110, 
7512–7517.

Shi H, Kim Y, Guo Y, Stevenson B, Zhu JK. 2003. The Arabidopsis 
SOS5 locus encodes a putative cell surface adhesion protein and is 
required for normal cell expansion. The Plant Cell 15, 19–32.

Shih H-W, Miller ND, Dai C, Spalding EP, Monshausen GB. 
2014. The receptor-like kinase FERONIA is required for mechanical 
signal transduction in Arabidopsis seedlings. Current Biology 24, 
1887–1892.

Snow PM, Bieber AJ, Goodman CS. 1989. Fasciclin III: A novel 
homophilic adhesion molecule in Drosophila. Cell 59, 313–323.

Somerville C, Bauer S, Brininstool G, et al. 2004. Toward a systems 
approach to understanding plant cell walls. Science 306, 2206–2211.

Sorek N, Sorek H, Kijac A, Szemenyei HJ, Bauer S, Hematy K, 
Wemmer DE, Somerville CR. 2014. The Arabidopsis COBRA protein 
facilitates cellulose crystallization at the plasma membrane. The Journal of 
Biological Chemistry 289, 34911–34920.

Takahashi J, Rudsander UJ, Hedenstrom M, et al. 2009. KORRIGAN1 
and its aspen homolog PttCel9A1 decrease cellulose crystallinity in 
Arabidopsis stems. Plant and Cell Physiology 50, 1099–1115.

Tan L, Eberhard S, Pattathil S, et al. 2013. An Arabidopsis cell wall 
proteoglycan consists of pectin and arabinoxylan covalently linked to an 
arabinogalactan protein. The Plant Cell 25, 270–287.

Tsukamoto T, Qin Y, Huang Y, Dunatunga D, Palanivelu R. 2010. A 
role for LORELEI, a putative glycosylphosphatidylinositol-anchored protein, 

1562  |  Liu et al.



in Arabidopsis thaliana double fertilization and early seed development. 
The Plant Journal 62, 571–588.

Tsukaya H. 2006. Mechanism of leaf-shape determination. Annual Review 
of Plant Biology 57, 477–496.

Vain T, Crowell EF, Timpano H, et al. 2014. The cellulase KORRIGAN is 
part of the cellulose synthase complex. Plant Physiology 165, 1521–1532.

Van Damme D, Coutuer S, De Rycke R, Bouget FY, Inzé D, Geelen 
D. 2006. Somatic cytokinesis and pollen maturation in Arabidopsis depend 
on TPLATE, which has domains similar to coat proteins. The Plant Cell 18, 
3502–3518.

van Hengel AJ, Roberts K. 2003. AtAGP30, an arabinogalactan-protein 
in the cell walls of the primary root, plays a role in root regeneration and 
seed germination. The Plant Journal 36, 256–270.

Vogel JP, Raab TK, Schiff C, Somerville SC. 2002. PMR6, a pectate 
lyase-like gene required for powdery mildew susceptibility in Arabidopsis. 
The Plant Cell 14, 2095–2106.

Vogel JP, Raab TK, Somerville CR, Somerville SC. 2004. Mutations 
in PMR5 result in powdery mildew resistance and altered cell wall 
composition. The Plant Journal 40, 968–978.

Wagner TA, Kohorn BD. 2001. Wall-associated kinases are expressed 
throughout plant development and are required for cell expansion. The 
Plant Cell 13, 303–318.

Wolf S, Hématy K, Höfte H. 2012a. Growth control and cell wall 
signaling in plants. Annual Review of Plant Biology 63, 381–407.

Wolf S, Mravec J, Greiner S, Mouille G, Höfte H. 2012b. Plant cell wall 
homeostasis is mediated by brassinosteroid feedback signaling. Current 
Biology 22, 1732–1737.

Xie L, Yang C, Wang X. 2011. Brassinosteroids can regulate cellulose 
biosynthesis by controlling the expression of CESA genes in Arabidopsis. 
Journal of Experimental Botany 62, 4495–4506.

Xiong G, Li R, Qian Q, Song X, Liu X, Yu Y, Zeng D, Wan J, Li 
J, Zhou Y. 2010. The rice dynamin-related protein DRP2B mediates 
membrane trafficking, and thereby plays a critical role in secondary cell 
wall cellulose biosynthesis. The Plant Journal 64, 56–70.

Xiong L, Ishitani M, Lee H, Zhu JK. 2001. The Arabidopsis LOS5/ABA3 
locus encodes a molybdenum cofactor sulfurase and modulates cold 
stress- and osmotic stress-responsive gene expression. The Plant Cell 13, 
2063–2083.

Xiong L, Lee H, Ishitani M, Zhu JK. 2002. Regulation of osmotic stress-
responsive gene expression by the LOS6/ABA1 locus in Arabidopsis. The 
Journal of Biological Chemistry 277, 8588–8596.

Xu SL, Rahman A, Baskin TI, Kieber JJ. 2008. Two leucine-rich repeat 
receptor kinases mediate signaling, linking cell wall biosynthesis and ACC 
synthase in Arabidopsis. The Plant Cell 20, 3065–3079.

Yang J, Sardar HS, McGovern KR, Zhang Y, Showalter AM. 2007. 
A lysine-rich arabinogalactan protein in Arabidopsis is essential for plant 
growth and development, including cell division and expansion. The Plant 
Journal 49, 629–640.

Young RE, McFarlane HE, Hahn MG, Western TL, Haughn GW, 
Samuels AL. 2008. Analysis of the Golgi apparatus in Arabidopsis seed 
coat cells during polarized secretion of pectin-rich mucilage. The Plant Cell 
20, 1623–1638.

Zaban B, Maisch J, Nick P. 2013. Dynamic actin controls polarity 
induction de novo in protoplasts. Journal of Integrative Plant Biology 55, 
142–159.

Žárský V, Cvřcková F, Martin Potocký M, Hála M. 2009. Exocytosis 
and cell polarity in plants - exocyst and recycling domains. New 
Phytologist 183, 255–272.

Zauber H, Burgos A, Garapati P, Schulze WX. 2014. Plasma 
membrane lipid-protein interactions affect signaling processes in sterol-
biosynthesis mutants in Arabidopsis thaliana. Frontiers in Plant Science 5, 
78.

Zhang Y, Persson S, Hirst J, Robinson MS, van Damme D, Sanchez-
Rodriguez C. 2014. Change your Tplate, change your fate: plant CME 
and beyond. Trends in Plant Science doi: 10.1016/j.tplants.2014.09.002

Zhang Y, Yang J, Showalter AM. 2011. AtAGP18 is localized at the 
plasma membrane and functions in plant growth and development. Planta 
233, 675–683.

The cell wall and plasma membrane are connected by proteins  |  1563




