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Abstract

The pectin matrix of the angiosperm cell wall is regulated in both synthesis and modification and greatly influences
the direction and extent of cell growth. Pathogens, herbivory and mechanical stresses all influence this pectin matrix
and consequently plant form and function. The cell wall-associated kinases (WAKSs) bind to pectin and regulate cell
expansion or stress responses depending upon the state of the pectin. This review explores the WAKs in the context

of cell wall biology and signal transduction pathways.
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Introduction

The extra-cellular matrix or cell wall of angiosperms con-
tain cellulose that is synthesized by complexes on the plasma
membrane, and hemicellulose, pectin, and a number of other
complex carbohydrates that are synthesized in the Golgi and
subsequently secreted (Kohorn, 2000; Somerville ez al., 2004;
Caffall and Mohnen, 2009; Harholt ez al, 2010; Keegstra,
2010; Wolf et al., 2012a; Wolf and Hofte, 2014). These pol-
ymers are then assembled into cell walls by processes that
remain to be well characterized. The pectins are secreted as
methyl-esterified polymers, but are then partially de-esterified
in a temporally and spatially regulated fashion to allow cross-
linking with calcium. Together with a host of pectin-degrad-
ing enzymes that are targeted at specific times and locations,
the cell can regulate the flexibility of the wall, and thereby
affect cell enlargement (Kohorn, 2000; Somerville ef al., 2004;
Caffall and Mohnen, 2009; Harholt ez al., 2010). Pectin is a
primary target of invading pathogens and can be disrupted
by mechanical forces, and these induce a plant stress response
(Espino et al., 2010; Wolf et al., 2012a; Ferrari et al., 2013;
Bethke et al., 2014; Malinovsky et al., 2014; Wolf and Hofte,
2014). The cell wall-associated kinases (WAKs) not only bind

to cross-linked pectin in Arabidopsis thaliana (Arabidopsis)
cell walls, but also to pathogen- and damage-induced pec-
tin fragments, or oligo-galacturonides (OGs) (Kohorn and
Kohorn, 2012; Ferrari et al., 2013). The binding of WAKSs
to these two types of pectin triggers two different types of
responses: (i) native pectin interactions regulate cell expan-
sion during development, and (ii) OGs activate a stress
response pathway. This review will explore the role WAKSs
play in sensing the pectin matrix of the cell wall, and how
WAKSs can distinguish and respond to different types of pec-
tin during development.

Monitoring the cell wall

It is clear now that plants have multiple mechanisms by
which they respond to changes in the cell wall, and some
of these events have been modeled using examples of yeast
that have a number of integrated cell wall integrity sensing
systems (Seifert and Blaukopf, 2010; Hamann and Denness,
2011; Engelsdorf and Hamann, 2014; Hamann, 2015). Over
the past few years, a growing number of proteins have been
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identified that regulate the ability of a plant to compensate
for cell wall deficiencies. Some receptors have also been iso-
lated in screens for developmental effects and have revealed
a cell wall relationship. There are numerous recent excellent
reviews of these receptors (Hamann and Denness, 2011;
Wolf et al., 2012a; Engelsdorf and Hamann, 2014; Wolf and
Hofte, 2014; Hamann, 2015); examples include the receptor
kinases THEI, FER, HERK, ANX, and RLP44, which have
been termed cell wall integrity sensors (Guo et al., 20094,
b; Miyazaki et al., 2009; Hematy et al, 2007; Hematy and
Hofte, 2008; Wolf er al., 2012b, 2014; Haruta et al., 2014;
Shih et al., 2014; Wolf and Hofte, 2014). Unlike the WAKSs,
these integrity sensors are often members of the leucine-rich
receptor kinase family, and some have a malectin carbohy-
drate binding type domain. RLP44 interacts with compo-
nents of the brassinosteroid signaling pathway (Wolf and
Hofte, 2014). FER is known to bind a peptide ligand, and is
active in numerous developmental events including fertiliza-
tion (Haruta et al., 2014). These potential plant cell wall sen-
sors are also integral parts of signaling pathways that control
developmental mechanisms and responses to environmental
influences, but how these individual pathways intersect is still
to be determined. As yet, no physical or genetic relationship
is known between these cell wall integrity receptors and the
WAKSs, the latter of which are distinguished from the other
receptors by the presence of their unique epidermal growth
factor (EGF) repeats (Sampoli Benitez and Komives, 2000)
in the extracellular domain, and by their ability to both bind
and respond to pectin (Kohorn and Kohorn, 2012).

Pectins

The enzymes that polymerize pectin, a methyl esterified o-
(1-4) D-galacturonic acid polymer, are located in the Golgi.
Pectin is then secreted to somehow associate with cellulose,
hemicellulose and proteins, to form the plant cell wall (Ferrari
et al.,2013; Harholt et al., 2010; Mohnen, 2008; Willats ez al.,
2001). Pectin methyl-esterases (PMEs) are selectively and
temporally secreted into the cell wall to remove methyl groups
to create de-esterified polymers with a negative charge, which
are subsequently cross-linked by the binding of calcium. The
formation of these networks can change the structural prop-
erties of the pectin matrix and affect cell growth in root hairs,
pollen tubes (Bosch et al., 2005; Winship et al., 2010; Wolf
and Hofte, 2014) and leaf cells (Peaucelle ez al., 2011, 2012).
The pectin network can also be digested by polygalactu-
ronases secreted at specific locations and times thereby loos-
ening the cell wall and allowing turgor-driven cell expansion.
The HAE/HSL?2 receptors and their IDA ligand induce the
secretion of pectin degrading enzymes in abscission zones at
the root cap, petiole and sepal base (Kumpf et al., 2013), and
while subsequent events are not known they may well involve
the newly generated pectin fragments. The HAE/HSL2 recep-
tors also mediate the emergence of lateral roots and perhaps
other developmental events yet to be identified. The inductive
activity of pectin fragments in developmental processes has
been suggested for many years (Yamazaki et al., 1983; Willats

et al., 2001; Mohnen, 2008; Harholt et al., 2010; Ferrari et al.,
2013), but only recently has direct mechanistic evidence arisen
supporting the idea that plant-regulated generation of these
polymers play an integral part of developmental processes. It
remains to be determined how many other events in develop-
ment directly involve or are triggered by pectin fragments, and
how these fragments are able to influence subsequent events.
The role of pectin fragments generated by invading
pathogens that secrete plant-targeted polygalacturonases
has received greater attention in recent years (Ferrari et al.,
2013). Pathogen-induced pectin fragments, or oligogalactu-
ronides (OGs) with a degree of polymerization (dp) of 9-5,
are recognized by the plant and induce a defense response
(Denoux et al., 2008; Ferrari et al., 2013; Benedetti et al.,
2015). Physical disruption through wounding or herbivory
can also trigger the accumulation of OGs, and these events
as well as pathogens can generate a variety of different sized
OGs. However it is not known if these are all sensed by the
same mechanism, or stimulate similar responses, and this has
been extensively reviewed elsewhere (Davidsson et al., 2013;
Ferrari et al., 2013). Nevertheless, the importance of pectin
fragments in relation to both developmental mechanisms and
to environmental disturbances needs to be explored further.

WAKSs bind to pectin

WAKSs were first defined by their high affinity for the cross-
linked pectin fraction of the cell wall (He et al., 1996). A 30kb
Arabidopsis locus encodes the five WAKs that share 85%
identity in the kinase domains, and 65% identity in the extra-
cellular domain, including the conserved spacing of cysteines
that form EGF repeats (He etz al., 1999; Sampoli Benitez and
Komives, 2000; Kohorn, 2001; Kohorn and Kohorn, 2012).
While WAK1 and 2 are the most abundantly expressed iso-
forms, WAKI is expressed most in the vasculature while
WAK? is also expressed in organ junctions, abscission zones
and meristems (Anderson et al., 2001; Wagner and Kohorn,
2001; Kohorn and Kohorn, 2012). Subsequent experiments
using purified WAK1 and WAK?2 showed that the extracel-
lular domains bound OGs of dp 9-15 with far higher affinity
than longer pectin polymers (Decreux and Messiaen, 2005;
Decreux et al., 2006; Kohorn et al., 2006, 2009). This in vitro
binding was dependent upon a series of lysines and hence
presumably the interaction of this positive charge with the
negatively charged pectin. This is supported also by the find-
ing that WAKSs bind de-esterified pectins with higher affin-
ity than those that are esterified. However, it remains to be
determined how WAKSs bind pectins, as no structural similar-
ity has been found with other carbohydrate-binding protein
domains. It is not known if the WAK pectin binding domains
are modified by sugar addition, although they do contain pre-
dicted N- and O-linked glycosylation signals (He et al., 1999).

WAKSs and the response to pectin

It has been known for some time that WAKs are required
for both cell expansion and response to pathogens. But it
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is only recently that these biological roles have been linked
and understood in the context of their binding to both cross-
linked pectin in the cell wall and to OGs generated by path-
ogens. Several types of WAK mutants indicate WAKs are
required for cell expansion. Antisense RNA directed to all
five WAKs reduced WAK protein levels to 50% of wild type
and led to a loss of leaf cell expansion (Lally e al., 2001;
Wagner and Kohorn, 2001). Mutants of wak2 alone cause
shorter roots, and a reduction in vacuolar invertase, raising
the possibility that WAKs indirectly control turgor-driven
expansion (Kohorn et al., 2006, 2009; Kohorn and Kohorn,
2012). On the other hand, a dominant allele of WAK2,
WAK2°™? has a hyperactive receptor that induced a stress
response. Mutations in the pectin-binding domain or kinase
catalytic site of the dominant allele affected receptor activ-
ity, indicating that both pectin binding and kinase activity
are required. Moreover, the WAK2™” phenotype was sup-
pressed by a null allele of pme3, suggesting that de-esterified
pectin was activating the receptor. Additional genetic analy-
sis of the Arabidopsis WAKs has been hampered by their
close linkage, which makes it difficult to combine alleles.
That individual loss-of-function alleles have weak or no phe-
notype may be due to redundancy within the WAK family,
but may also be due to other genes and signaling systems
that compensate for the loss of WAK. The use of CRISPR
cas9 technology should help to resolve this issue (Feng et al.,
2014).

Since WAKs bind pectin both in vivo and in vitro, it is rea-
sonable to suggest that WAKs might be pectin receptors,
and this receptor activity might explain the mutant pheno-
types. The idea is corroborated by several reports. The first
was the observation that pectin induced the transcription
of numerous genes in a WAK2-dependent fashion in proto-
plasts. Secondly, when the WAK1 extracellular domain was
fused to the EFR cytoplasmic kinase domain and transiently
expressed in tobacco leaves (Brutus ez al., 2010), OGs induced
events indicative of the EFR kinase activation. This report
suggested that the WAK extracellular domain was respond-
ing to OGs.

An explanation of the two apparent roles of WAK — regu-
lating cell expansion and a response to pathogens — may lie
in the two types of pectin that WAKs bind. We suggest that
the developmental role (cell expansion) involves binding of
WAKSs to native pectin in cell walls. It is not clear if this pec-
tin is at all digested by plant modifying enzymes, nor is it
known how this signaling pathway is activated, except that it
requires MPK3 and invertase induction (Kohorn et al., 2006,
2012). When OGs are generated by pathogens that target
de-esterified pectins, we proposed that WAKs, with a dem-
onstrated higher in vitro affinity for OGs over longer pectin
polymers, bind these newly released fragments and activate a
stress response. The model predicts that plants compromised
in their ability to de-esterify pectin (pme3 mutants) would
be more responsive and bind to OGs as the WAKs would
be released more readily from native pectins since they had
lower affinity for the esterified polymers. Indeed this is what
was observed when the transcription of FADIlox was used
as a reporter to measure the transcriptional effects of OG

treatments of Arabidopsis wild type and pme3 mutant seed-
lings (Kohorn et al., 2014; Kohorn, 2015).

Signal pathway components

The puzzle is how one receptor type can distinguish and respond
in different ways to different types of pectin, during develop-
ment and the response to environmental disturbance. The goal
is to understand if this is achieved through different WAKSs
each binding different pectins, and in combination with differ-
ent co-receptors and ligands to activate alternate pathways.

To identify proteins involved in WAK-mediated signal
transduction the genetic interaction between WAK alleles and
over 30 candidate genes were explored (Kohorn et al., 2014).
We found that null alleles of mpk6, edsl, pad4 suppressed
the WAK2‘™” hyperactive dominant allele that induces
dwarfism, curled leaves and a constitutive stress response.
Surprisingly mpk6 but not mpk3 suppressed WAK2™* | indi-
cating that these kinases, thought previously to be redundant,
have distinguishable functions (Kohorn et al., 2012). The
transcription factors EDS1 and PAD4 regulate the response
to pathogens, showing that the WAK and other pathogen-
sensing pathways might converge at this step (Heidrich ez al.,
2011). A model for how these proteins are involved in WAK
signaling is shown in Fig. 1.

To further identify how WAKSs might activate events in the
cytoplasm that lead to a response to OGs, a phospho-prot-
eomic analysis identified 50 proteins that were induced to be
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Fig. 1. A model for WAK perception of pectin. Pectin polymers (brown)
can be cross-linked in the cell wall with Ca**, and WAKSs (green) bind these
pectins and signal via the activation of vacuolar invertase and numerous
other induced proteins to aid in cell expansion. The methyl esterification
state of the pectin is modulated by pectin methylesterases (PMEs) and
WAKSs bind de-methylated pectin with higher affinity. Pectin is fragmented
by biotic and abiotic events and the oligo-galacturonides (OGs), have a
higher affinity for the WAKs and induce a stress response. Speculative
components downstream of WAK are shown in blue (see text for details).
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phosphorylated by OG exposure, relative to untreated plants
(Kohorn, unpublished). Some but not most of these are also
phosphorylated when plants are exposed to the bacterial elic-
itor Flg22 indicating that OGs activate events that are in com-
mon to other elicitors and therefore the signal transduction
pathways share common mechanisms. However, most of the
new phosphorylation events were unique to OG treatment
indicating that this signal transduction pathway is in part dis-
tinct from others. Genetic analysis of these OG-induced phos-
phorylation events confirmed that two cytoplasmic kinases,
two membrane associated scaffold proteins of the Remorin
family, a phospholipase C, a CDPK, an unknown cadmium
response protein, and a motor protein were required for an
efficient OG-induced response. Further studies will help to
place these proteins into an OG-induced signal transduction
scheme, and this is modeled in Fig. 1.

Protein ligands?

While WAKs do bind to pectin and this activates a response, it
remains to be determined whether WAKs also bind additional
ligands. One possible candidate is Glycine-Rich Protein 3
(GRP3). The Arabidopsis WAKI extracellular domain binds
to GRP3 in a yeast two-hybrid assay (Park et al., 2001), but the
remaining four WAKs do not (Anderson et al., 2001). GRP3
and WAKI are found in a 450kDa complex (Park ez al., 2001)
although it is not clear how the insoluble WAKs were released
from the wall so as to be isolated in such a complex. GRPs
are characteristically high in glycine and represented by over
50 genes in Arabidopsis. Whereas many of these GRPs are
nuclear, at least half have signal sequences that direct them to
be secreted (Anderson et al., 2001; Mousavi and Hotta, 2005;
Mangeon et al., 2010). Of these secreted GRPs, only six genes
have any amino acid identity to GRP3 outside of the glycine-
rich domain, and these are clustered on one 90kb locus on
chromosome 2. Of these GRP3-like genes, one (GRP3S) has
83% identity while the five others have ~65% identity with
GRP3. GRP3S is shorter than GRP3 due to a deletion of
29 amino acids, and binds to WAK1 but not WAK2 in vitro.
Seven of the GRPs that do not contain similarity to GRP3
beyond the glycine-rich domain do not bind to WAK1 in vitro,
indicating that glycine richness is not sufficient for binding
(Anderson and Kohorn, unpublished). GRP3 and GRP3S
expression, as assayed by in situ hybridization and RTPCR,
overlaps that of WAKI (Anderson et al., 2001). Arabidopsis
lines homozygous for T-DNA insertions in either the GRP3
or GRP3S gene show no obvious phenotype. It is tempting to
speculate that the tandem array of GRPs that include GRP3
and GRP3S might act as corresponding binding partners
to the tandem array of WAKSs and the relationship between
GRP, pectin and WAKs warrants further exploration.

WAK-like genes

The five Arabidopsis WAKSs are characterized by their con-
served EGF containing the extracellular domain, a trans-mem-
brane region, and a conserved kinase domain. Importantly,

they are cell wall-associated, and evidence suggests that this
is due to a region of the amino terminus that has conserved
lysine residues promoting interaction with pectin (Decreux
et al., 2006; Kohorn et al., 2012). The Arabidopsis genome
also contains 21 other receptor-like proteins whose extracel-
lular domains show little sequence similarity to the WAKs
except for the presence of both conserved and degenerate
EGF repeats, and their kinases are similar (Verica and He,
2002). Since the conservation appears to be in the EGF and
kinase domains they may instead comprise an EGF super-
family, with the WAKs forming a subset of this superfamily
that specifically binds to the cell wall. Indeed no reports have
demonstrated if the WAKLs are wall associated but further
characterization may well find some that do (Verica and He,
2002; Verica et al., 2003).

WAK protein is detected in numerous angiosperms, but not
in algae (He et al., 1996), and indeed WAK-like genes have
also been identified in numerous flowering plants including
maize, rice, and tomato (Zhang et al., 2005; Rosli et al., 2013;
Hurni et al., 2015; Zuo et al., 2015). The criterion used to
identify the WAKSs in other species includes the identification
of a predicted coding region for a WAK-like receptor kinase,
and EGF repeats in the encoded extracellular region, but no
reports yet indicate these encoded proteins are cell wall-asso-
ciated. Until these WAK-like genes are fully characterized it
may be more useful to classify them as an EGF-containing
receptor kinase superfamily since subfamilies may encode
receptors of different functions. The maize and rice WAK-like
( WAKL) genes are far more numerous (over 100) than those
in Arabidopsis and are present in multiple tandem arrays.
Significantly, a number of reports demonstrate a direct role
of the WAKLs in disease resistance (Diener and Ausubel,
2005; Zhang et al., 2005; Li et al., 2009; Hurni et al., 2015;
Zuo et al., 2015). The disease-related maize and rice WAKLs
are distinguished from the WAKSs in Arabidopsis not only
in the diverged extracellular domain but also by their non-
RD kinases domains, implying the kinases act via different
signaling pathways. In the one case tested, the maize WAKLs
are not cell wall-associated as they easily fractionate with the
plasma membrane, suggesting that while these receptors are
part of the EGF superfamily, they are not WAKs (Zuo et al.,
2015). Indeed, while there is very low similarity between the
pectin-binding domain (termed GUB for galacturonic acid
binding) of Arabidopsis WAK2 and the maize WAK2-like,
the critical lysines residues (Decreux et al., 2006) are missing
in the maize isoform. However, it is very intriguing that like
WAK?2 in Arabidopsis, the maize WAK that confers patho-
gen resistance may also control turgor (Zuo et al., 2015). The
significance of the similarities and differences may well be
understood upon further characterization of the maize and
Arabidopsis mechanisms of WAK/WAKL signal transduc-
tion. Thus it seems that in the very least the plant EGF recep-
tor superfamily serves to perceive pathogen invasion, and that
the WAKSs may be a specific subset of this EGF family that
bind pectins. Like some of the WAKLs, WAKs are involved
in the response to pathogens; further studies revealing the
role of WAKLs in pathogenesis may provide insight into the
Arabidopsis WAK cluster of five isoforms. Of most interest
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would be the identification of a similar, functional pectin-
binding domain in a WAKL cluster of maize or rice.

Summary

The WAKSs appear to be regulating both cell expansion and
response to pathogens, and these two disparate events are
related by the affinity of WAKSs for pectin. An association of
undefined nature with cross-linked cell wall pectin is required
for a WAK-dependent cell expansion involving MPK3 and
vacuolar invertase. But the generation of OGs leads to the
binding of WAKSs to these pectin fragments and the develop-
ment of a stress response.

A model suggests that newly generated pectin fragments
compete with longer pectins to alter the WAK-dependent
responses so as to regulate cell expansion or switch to a stress
response. The question now remains as to how the two dif-
ferent types of pectins can trigger one receptor type to acti-
vate different paths. It is possible that part of the mechanism
lies in the heterogeneity of the WAK family, as there are five
WAKSs tightly clustered in a 30 kb Arabidopsis locus. But it is
also possible that WAKSs associate with different co-receptors
to distinguish the pectin, and these receptor complexes have
different downstream partners. Perhaps the WAKLs serve
as some of these co-receptors, and this idea can be tested.
In addition, the relationship between WAK-activated path-
ways and the growing number of cell wall integrity receptors
needs to be explored as there is as yet no apparent overlap.
One could also predict that in addition to sites of pathogen
invasion WAKs would be influenced at locations of devel-
opmentally controlled pectin fragmentation, such as abscis-
sion zones and lateral root emergence, both locations where
WAK? is abundant. This raises the possibility that pectin
fragment activation of WAKs does not always lead to a stress
response, and represents an intermediate in a continuum of
pectin perception, from polymers to small fragments, thereby
acting as a sensor of the pectin component of the cell wall.

References

Anderson CM, Wagner TA, Perret M, He ZH, He D, Kohorn BD.
2001. WAKS: cell wall-associated kinases linking the cytoplasm to the
extracellular matrix. Plant Molecular Biology 47, 197-206.

Benedetti M, Pontiggia D, Raggi S, Cheng Z, Scaloni F, Ferrari S,
Ausubel FM, Cervone F, De Lorenzo G. 2015. Plant immunity triggered
by engineered in vivo release of oligogalacturonides, damage-associated
molecular patterns. Proceedings National Academy of Sciences, USA 112,
5533-5538.

Bethke G, Grundman RE, Sreekanta S, Truman W, Katagiri F,
Glazebrook J. 2014. Arabidopsis PECTIN METHYLESTERASEs
Contribute to immunity against Pseudomonas syringae. Plant Physiology
164, 1093-1107.

Bosch M, Cheung AY, Hepler PK. 2005. Pectin methylesterase, a
regulator of pollen tube growth. Plant Physiology 138, 1334-1346.

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 (WAKT1) as a receptor of oligogalacturonides. Proceedings National
Academy of Sciences, USA 107, 9452-9457.

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

Davidsson PR, Kariola T, Niemi O, Palva ET. 2013. Pathogenicity of
and plant immunity to soft rot pectobacteria. Frontiers in Plant Science 4,
191.

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

Decreux A, Thomas A, Spies B, Brasseur R, Van Cutsem P,
Messiaen J. 2006. In vitro characterization of the homogalacturonan-
binding domain of the wall-associated kinase WAK1 using site-directed
mutagenesis. Phytochemistry 67, 1068-1079.

Denoux C, Galletti R, Mammarella N, Gopalan S, Werck D, De
Lorenzo G, Ferrari S, Ausubel FM, Dewdney J. 2008. Activation of
defense response pathways by OGs and FIg22 elicitors in Arabidopsis
seedlings. Molecular Plant 1, 423-445.

Diener AC, Ausubel FM. 2005. RESISTANCE TO FUSARIUM
OXYSPORUM 1, a dominant Arabidopsis disease-resistance gene, is not
race specific. Genetics 171, 305-321.

Engelsdorf T, Hamann T. 2014. An update on receptor-like kinase
involvement in the maintenance of plant cell wall integrity. Annals of Botany
114, 1339-1347.

Espino JJ, Gutierrez-Sanchez G, Brito N, Shah P, Orlando R,
Gonzalez C. 2010. The Botrytis cinerea early secretome. Proteomics 10,
3020-3034.

Feng Z, Mao Y, Xu N, et al. 2014. Multigeneration analysis reveals

the inheritance, specificity, and patterns of CRISPR/Cas-induced gene
modifications in Arabidopsis. Proceedings National Academy of Sciences,
USA 111, 4632-4637.

Ferrari S, Savatin DV, Sicilia F, Gramegna G, Cervone F, Lorenzo
GD. 2013. Oligogalacturonides: plant damage-associated molecular
patterns and regulators of growth and development. Frontiers in Plant
Science 4, 49.

Guo H, Li L, Ye H, Yu X, Algreen A, Yin Y. 2009a. Three related
receptor-like kinases are required for optimal cell elongation in Arabidopsis
thaliana. Proceedings National Academy of Sciences, USA 106,
7648-7653.

Guo H, Ye H, Li L, Yin Y. 2009b. A family of receptor-like kinases are
regulated by BES1 and involved in plant growth in Arabidopsis thaliana.
Plant Signaling and Behavior 4, 784-786.

Hamann T. 2015. The plant cell wall integrity maintenance mechanism
— a case study of a cell wall plasma membrane signaling network.
Phytochemistry 112, 100-109.

Hamann T, Denness L. 2011. Cell wall integrity maintenance in plants:
lessons to be learned from yeast? Plant Signaling and Behavior 6,
1706-1709.

Harholt J, Suttangkakul A, Vibe Scheller H. 2010. Biosynthesis of
pectin. Plant Physiology 153, 384-395.

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.

He ZH, Cheeseman |, He D, Kohorn BD. 1999. A cluster of five cell
wall-associated receptor kinase genes, Wak1-5, are expressed in specific
organs of Arabidopsis. Plant Molecular Biology 39, 1189-1196.

He ZH, Fujiki M, Kohorn BD. 1996. A cell wall-associated, receptor-like
protein kinase. Journal Biological Chemistry 271, 19789-19793.

Heidrich K, Wirthmueller L, Tasset C, Pouzet C, Deslandes L,
Parker JE. 2011. Arabidopsis EDS1 connects pathogen effector
recognition to cell compartment-specific immune responses. Science 334,
1401-1404.

Hematy K, Hofte H. 2008. Novel receptor kinases involved in growth
regulation. Current Opinions in Plant Biology 11, 321-328.

Hematy 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.

Hurni S, Scheuermann D, Krattinger SG, et al.2015. The maize
disease resistance gene Htn1 against northern corn leaf blight encodes
a wall-associated receptor-like kinase. Proceedings National Academy of
Sciences, USA 112, 8780-8785.

Keegstra K. 2010. Plant cell walls. Plant Physiology 154, 483-486.

¥20z udy Gz uo 1sanb Aq 9687882/681/2/.9/2191E/qXI/Wwo2 dnoolwapeoe//:sdyy woly papeojumoq



494 | Kohorn

Kohorn BD. 2000. Plasma membrane-cell wall contacts. Plant Physiology
124, 31-38.

Kohorn BD. 2001. WAKSs; cell wall associated kinases. Current Opinions
in Plant Biology 13, 529-533.

Kohorn BD. 2015. The state of cell wall pectin monitored by wall
associated kinases: a model. Plant Signaling and Behavior 10, e1035854.

Kohorn BD, Johansen S, Shishido A, Todorova T, Martinez R,
Defeo E, Obregon P. 2009. Pectin activation of MAP kinase and gene
expression is WAK2 dependent. Plant Journal 60, 974-982.

Kohorn BD, Kobayashi M, Johansen S, Riese J, Huang LF, Koch
K, Fu S, Dotson A, Byers N. 2006. An Arabidopsis cell wall-associated
kinase required for invertase activity and cell growth. Plant Journal 46,
307-316.

Kohorn BD, Kohorn SL. 2012. The cell wall-associated kinases, WAKSs,
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. Journal Biological Chemistry 289,
18978-18986.

Kohorn BD, Kohorn SL, Todorova T, Baptiste G, Stansky K,
McCullough M. 2012. A dominant allele of Arabidopsis pectin-binding
wall-associated kinase induces a stress response suppressed by MPK6
but not MPK3 mutations. Molecular Plant 5, 841-851.

Kumpf RP, Shi CL, Larrieu A, Sto IM, Butenko MA, Peret B, Riiser
ES, Bennett MJ, Aalen RB. 2013. Floral organ abscission peptide IDA
and its HAE/HSL2 receptors control cell separation during lateral root
emergence. Proceedings National Academy of Sciences, USA 110,
5235-5240.

Lally D, Ingmire P, Tong HY, He ZH. 2001. Antisense expression of a
cell wall-associated protein kinase, WAK4, inhibits cell elongation and
alters morphology. Plant Cell 13, 1317-1331.

Li H, Zhou SY, Zhao WS, Su SC, Peng YL. 2009. A novel wall-
associated receptor-like protein kinase gene, OsWAKT1, plays important
roles in rice blast disease resistance. Plant Molecular Biology 69, 337-346.

Malinovsky FG, Fangel JU, Willats WG. 2014. The role of the cell wall in
plant immunity. Frontiers in Plant Sciences 5, 178.

Mangeon A, Junqueira RM, Sachetto-Martins G. 2010. Functional
diversity of the plant glycine-rich proteins superfamily. Plant Signaling and
Behavior 5, 99-104.

Miyazaki S, Murata T, Sakurai-Ozato N, Kubo M, Demura T, Fukuda
H, Hasebe M. 2009. ANXUR1 and 2, sister genes to FERONIA/SIRENE,
are male factors for coordinated fertilization. Current Biology 19, 1327-1331.

Mohnen D. 2008. Pectin structure and biosynthesis. Current Opinion in
Plant Biology 11, 266-277.

Mousavi A, Hotta Y. 2005. Glycine-rich proteins: a class of novel
proteins. Applied Biochemistry and Biotechnology 120, 169-174.

Park AR, Cho SK, Yun UJ, Jin MY, Lee SH, Sachetto-Martins G,
Park OK. 2001. Interaction of the Arabidopsis receptor protein kinase
Wak1 with a glycine-rich protein, AtGRP-3. Journal Biological Chemistry
276, 26688-26693.

Peaucelle A, Braybrook S, Hofte H. 2012. Cell wall mechanics and
growth control in plants: the role of pectins revisited. Frontiers in Plant
Sciences 3, 121.

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

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.

Sampoli Benitez BA, Komives EA. 2000. Disulfide bond plasticity in
epidermal growth factor. Proteins 40, 168-174.

Seifert GJ, Blaukopf C. 2010. Irritable walls: the plant extracellular matrix
and signaling. Plant Physiology 153, 467-478.

Shih HW, 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.

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

Verica JA, Chae L, Tong H, Ingmire P, He ZH. 2003. Tissue-specific
and developmentally regulated expression of a cluster of tandemly
arrayed cell wall-associated kinase-like kinase genes in Arabidopsis. Plant
Physiology 133, 1732-1746.

Verica JA, He ZH. 2002. The cell wall-associated kinase (WAK) and
WAK-like kinase gene family. Plant Physiology 129, 455-459.

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

Willats WG, McCartney L, Mackie W, Knox JP. 2001. Pectin: cell
biology and prospects for functional analysis. Plant Molecular Biology 47,
9-27.

Winship LJ, Obermeyer G, Geitmann A, Hepler PK. 2010. Under
pressure, cell walls set the pace. Trends in Plant Science 15, 363-369.

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

Wolf S, Hofte H. 2014. Growth control: a saga of cell walls, ros, and
peptide receptors. Plant Cell 26, 1848-1856.

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

Wolf S, van der Does D, Ladwig F, et al.2014. A receptor-like protein
mediates the response to pectin modification by activating brassinosteroid
signaling. Proceedings National Academy of Science, USA 111,
15261-15266.

Yamazaki N, Fry SC, Darvill AG, Albersheim P. 1983. Host-pathogen
interactions: XXIV. Fragments isolated from suspension-cultured sycamore
cell walls inhibit the ability of the cells to incorporate [c]leucine into
proteins. Plant Physiology 72, 864-869.

Zhang S, Chen C, Li L, Meng L, Singh J, Jiang N, Deng XW, He

ZH, Lemaux PG. 2005. Evolutionary expansion, gene structure, and

expression of the rice wall-associated kinase gene family. Plant Physiology
139, 1107-1124.

Zuo W, Chao G, Zhang N, et al. 2015. A maize wall-associated kinase
confers quantitative resistance to head smut. Nature Genetics 47,
151-157.

¥20z udy Gz uo 1sanb Aq 9687882/681/2/.9/2191E/qXI/Wwo2 dnoolwapeoe//:sdyy woly papeojumoq



