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Abstract Plant cell growth is controlled by the balance
between turgor pressure and the extensibility of the cell
wall. Several distinct classes of wall polysaccharides and
their interactions contribute to the architecture and the emer-
gent features of the wall. As a result, remarkable tensile
strength is achieved without relinquishing extensibility.
The control of growth and development does not only
require a precisely regulated biosynthesis of cell wall com-
ponents, but also constant remodeling and modification after
deposition of the polymers. This is especially evident given
the fact that wall deposition and cell expansion are largely
uncoupled. Pectins form a functionally and structurally di-
verse class of galacturonic acid-rich polysaccharides which
can undergo abundant modification with a concomitant
change in physicochemical properties. This review focuses
on homogalacturonan demethylesterification catalyzed by
the ubiquitous enzyme pectin methylesterase (PME) as a
growth control module. Special attention is drawn to the
recently discovered role of this process in primordial devel-
opment in the shoot apical meristem.
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While turgor pressure is the driving force behind plant
growth, the parameter solely responsible for the control
of cell expansion is the extensibility of the cell wall
(Geitmann and Ortega 2009; Boudaoud 2010; Baskin
2005). The plant cell wall is a highly complex and
dynamic structure composed of polysaccharides, struc-
tural proteins and phenolic compounds (Cosgrove 2005;
Somerville et al. 2004). It can be regarded as a fiber-
enforced composite material, in which tensile strength is
conferred by cellulose microfibrils which are embedded
and cross-linked in a matrix composed of hemicelluloses
and pectins (Dick-Perez et al. 2011; Kerstens et al.
2001), with a contribution from structural proteins
(Lamport et al. 2011; Cannon et al. 2008). Pectins are
characterized as a heterogenous group of galacturonic
acid-rich polysaccharides which form up to 35% of
dicot and nongrass monocot primary walls (Mohnen
2008). Both structurally and functionally, pectins are
the most complex wall components and have a major
impact on the physicochemical characteristics of the cell
wall. One way in which pectin seems to exert an effect
on wall properties is through its role during cellulose
deposition (Shea et al. 1989; Yoneda et al. 2010). In
vitro reconstruction of cellulose/pectin composite networks
using cellulose-producing bacteria grown in the presence of
pectin suggested that pectin strongly increased the extensibil-
ity of the composite compared to cellulose alone, an effect
which prevailed even after removal of pectin from the network
(Chanliaud and Gidley 1999). In addition, cross-linking of
pectin subdomains by the essential plant micronutrient boron
is required for normal growth and development (O'Neill et al.
2001; Noguchi et al. 1997; Bonin et al. 1997). This review
focuses on the dynamic modification of homogalacturonan
(HG), a pectin subclass, which has recently emerged as a vital
regulator of plant growth.
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Homogalacturonan and plant development

HG, the most abundant pectin (23% of the dry weight of
total leaf cell wall in Arabidopsis (Caffall and Mohnen
2009)) can undergo major modification after deposition in
the cell wall. It is polymerized in the Golgi apparatus by
glycosyl transferases, substituted with methyl groups at the
C6 position and secreted to the cell wall in a highly methyl-
esterified state (Zhang and Staehelin 1992; Li et al. 1997;
Sterling et al. 2006). In the wall, and potentially en route,
pectin methylesterase (PME) can remove the methyl groups,
dramatically altering the physical properties of the polymer
(Wolf et al. 2009). As a result of PME activity, free carbox-
ylic acid groups are created, and methanol and protons are
released (Fig. 1a). Given the fact that HG is the most
abundant pectin and that it becomes largely demethylesteri-
fied during the course of development, substantial amounts
of methanol are produced. The fate of this methanol is still
not entirely clear. A part of it will certainly evaporate and
escape via stomata as it is a volatile (boiling point 65°C)
compound (Fall and Benson 1996). Feeding studies with
[13C]methanol indicate that plant cells can slowly metabo-
lize CH3OH to serine and methionine via formaldehyde
dehydrogenase. However, this seems not to be the major
cause of methanol loss, as higher plants do not possess
methanol oxidase, the key enzyme for methanol fixation
(Gout et al. 2000). In contrast, methylobacteria do not only
possess this enzyme but can also survive with volatile C1
compounds as the sole carbon source. These bacteria are
frequently found on leaf surfaces, potentially relying on the
emitted methanol. In addition, a model of mutual symbiosis
was proposed, as some methanol-consuming bacteria are
able to produce and secrete cytokinins and auxin (Kutschera
2007).

Depending on regulatory factors such as pH, ion avail-
ability, methyl esterification state of the substrate and po-
tentially intrinsic differences in mode of action of the
respective isoforms, PME activity leads to a multitude of
different methyl esterification patterns (Cameron et al. 2008;
Cameron et al. 2011; Catoire et al. 1998; Denes et al. 2000;
Willats et al. 2001). These patterns, or epitopes, differ both
in terms of mechanical properties and degradability, which
makes it difficult to transfer in vitro findings to the in vivo
situation. Various pectin methyl esterification epitopes are
recognized, in many cases somewhat promiscuously
(Clausen et al. 2003), by an array of pectin-specific anti-
bodies, which have greatly promoted the research in the
field. Naturally, labeling with antibody probes directed
against pectins provides only a snapshot of pectin dynamics,
and it is difficult, if not impossible, to deduce with confi-
dence a prediction for the mechanical properties of the cell
wall, since HG is only one part of its composite structure.
Moreover, since demethyl esterification precedes degradation

(Francis et al. 2006; Wakabayashi et al. 2000; Wakabayashi et
al. 2003), a seemingly rigid wall epitope could, in fact, repre-
sent an early stage of degradation. The use of techniques
which allow the direct measurement of mechanical properties
at high resolution such as microindentation and Atomic Force
Microscopy (AFM) would allow, at least, the comparison of
cell wall properties as a whole with the abundance and local-
ization of certain pectic methyl esterification epitopes in the
same respective tissue.

Despite the above-mentioned caveats, it can be safely
stated that a low level of pectin methyl esterification is often
associated with reduced wall extensibility and the cessation
of growth, e.g., in pollen tubes and hypocotyls (Derbyshire
et al. 2007; Parre and Geitmann 2005; Bosch et al. 2005;
Pelletier et al. 2010). It is conceivable that Ca2+-mediated
cross-linking of demethylesterified HG chains represents a
means to abolish cell wall creep, prevent embedded cellu-
lose microfibrils from sliding and, hence, render the (poten-
tially elastic) initial extension of the cell wall permanent
(plastic). However, this wall consolidation is only one of the
possible consequences of PME activity (Fig. 1). As men-
tioned above, pectin demethyl esterification might also lead
to wall loosening through enabling the action of HG degrad-
ing polygalacturonase, which has important consequences
for cell adhesion. For example, mutation of the PME
QUARTET1 (QRT1), prevents the degradation of primary
cell wall material connecting the microspores in a pollen
tetrade by QRT3, a polygalacturonase (Francis et al. 2006).
In addition, breakdown of demethylesterified HG can liber-
ate oligogalacturonides (OGA), which function as signaling
molecules during defense and normal plant development
(Branca et al. 1988; Bellincampi et al. 1996; Ayers et al.
1976; Hahn et al. 1981; Davis et al. 1986). Lastly, demethyl
esterification promotes wall hydration and decreases the pH
of the wall which, in turn, has several potential direct and
indirect consequences for wall properties and enzyme activ-
ities (Pelloux et al. 2007).

Wall consolidation and beyond

PME-mediated demethyl esterification of HG as a wall
consolidation mechanism apparently evolved before plants
developed multicellularity, based on the presence of HG
methyl esterification epitopes in present-day taxa of the
charophycean green algae (Domozych et al. 2007; Eder
and Lutz-Meindl 2008). This mechanism seems to be still
operational in higher plants, perhaps most prominently in
the pollen tube with its reduced wall complexity. Here, a
good correlation between antibody labeling, deduced me-
chanical properties and actual measurements of cell wall
stiffness by microindentation has been observed (Fayant et
al. 2010; Zerzour et al. 2009; Parre and Geitmann 2005;
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Bosch et al. 2005). The pollen tube grows by massive
incorporation of secretory vesicles into the plasma mem-
brane exclusively at the tip (Bosch and Hepler 2005;
McKenna et al. 2009). Notably, only highly methyl-
esterified pectin is present in the growing apex, whereas
demethylesterified pectin is found along the shank of the
tube in accordance with a role of the latter type in wall
consolidation (Parre and Geitmann 2005; Bosch et al.
2005). Based on protein localization studies, a possible
mechanism for the maintenance of this distribution was
proposed (Rockel et al. 2008). A PME inhibitor protein
(PMEI) is exclusively localized at the pollen tube tip wall,
where it could interact with the ubiquitous PME, thus pre-
venting PME activity here. PMEI undergoes selective endo-
cytosis, presumably near the transition region between tip
and shank, thereby liberating PME for its wall solidifying
role in the lateral cell wall (Rockel et al. 2008).

In accordance with the role of pollen PMEs in wall
consolidation, mutation of VGD1, a highly expressed

Arabidopsis pollen PME isoform, results in unstable tubes
which lack the mechanical integrity to successfully pene-
trate the female tissue (Jiang et al. 2005). Similar effects,
albeit to a weaker extent, were observed after genetic inter-
ference with other pollen PMEs in tobacco and Arabidopsis
(Tian et al. 2006; Bosch and Hepler 2006). Conversely,
ubiquitous overexpression of VGD1, leading to ectopic
labeling of demethylesterified pectin, results in dwarf plants,
a phenotype which could be explained by reduced cell wall
extensibility (Fig. 2a). Interestingly, labeling with an anti-
body directed against HG with a low degree of methyl
esterification showed a high abundance of this epitope in
the outer epidermal wall of stem sections, whereas it is
apparently undetectable in these walls in the wildtype
(Fig. 2b). This is noteworthy with respect to the discussion
on growth control exerted by the epidermis over the inner
tissues (Savaldi-Goldstein et al. 2007).

However, genetic interference with PME expression and
activity does not always result in effects as clear as observed

Fig. 1 Schematic representation of homogalacturonic acid demethyl
esterification. a The reaction catalyzed by pectin methylesterase (PME)
leads to a free carboxylic acid group and the release of methanol and a
proton, respectively. PMEI can block the reaction through interaction
with PME. b Possible consequences of PME activity. 1 The decrease in
pH caused by the reaction outlined in a might alter cell wall properties
indirectly through changing the activity of cell wall remodeling
enzymes. 2 Continuous demethyl esterification of more than nine
galacturonic acid residues can lead to the Ca2+ cross-linking of two

adjacent HG molecules, which in vitro, leads to gelation and stiffening
of the pectin. 3 Demethyl esterification can promote hydration, which
in turn leads to a reduction in wall stiffness. 4 PME activity is a
prerequisite for HG degradation by polygalacturonase (PG). In addi-
tion to the wall loosening effect of pectin removal, PG activity can
result in the production of oligogalacturonides (OGAs), which can act
as signaling molecules during pathogen attack and normal
development
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with VGD1. The overwhelming majority of PME mutants
analyzed do not seem to show a morphological growth
phenotype. While this can certainly, at least in part, be
attributed to genetic redundancy (there are 66 PME isoforms
in Arabidopsis), evidence for feedback regulation has been

observed (unpublished data). With this respect, it is interest-
ing to note that an increase in pectin abundance and a
decrease in the degree of methyl esterification is a hallmark
of the response to interference with cellulose biosynthesis
(Burton et al. 2000; Manfield et al. 2004; His et al. 2001),
indicating that the state of the cell wall is under surveillance
of cell wall integrity signaling pathways.

HG methyl esterification and the mechanical forces
shaping the plant

Recently, phyllotactic patterning at the shoot apical meri-
stem (SAM) has been identified as a novel function of
regulated pectin demethyl esterification. Labeling of SAM
sections with antibodies specific for demethylesterified pec-
tin showed that in the meristem dome, the degree of methyl
esterification appears to be relatively high, whereas primor-
dial outgrowths and incipient primordia are strongly labeled,
indicating strong PME activity at these sites (Peaucelle et al.
2008). Furthermore, using SAM-expressed PME and PMEI
isoforms, the authors demonstrated that elevated PME levels
resulted in an increased number of primordia and disturbed
phyllotactic patterning, whereas overexpression of a PMEI
completely blocked lateral organ formation and led to a
naked meristem phenotype. Most intriguingly, deposition
of a sepharose bead loaded with PME resulted in a new
primordium which developed into a normal floral meristem.
In contrast to similar and now classic experiments with
expansin-loaded beads (Fleming et al. 1997), application
of PME beads to the meristem strongly disturbed both

Fig. 2 Effects of ectopic overexpression of VGD1, a pollen-specific
PME. aMorphological phenotype of 35S:VGD1 plants compared with
the Col-0 wildtype. b Immunolabeling of Col-0 and VGD1 stem
sections with antibodies raised against pectin with a low degree of
methyl esterification (DM, upper panel) and high DM (lower panel).
Note the ectopic appearance of demethylesterified pectin in the outer
epidermal wall of 35S:VGD1 plants and the absence of a strong label
for highly methylesterified pectin in the parenchyma

Fig. 3 Schematic representation of mechanical properties and degree
of pectin methyl esterification in shoot apical meristems and pollen
tubes, respectively. In the SAM (upper left panel), pectin demethyl
esterification is initiated in the L2 layer of incipient primordia and
afterwards spreads to the L1. This pectin modification is accompanied
by a reduction of stiffness (apparent Young's modulus EA) as measured
by AFM (Peaucelle et al. 2011a; Peaucelle et al. 2008). Conversely, in
pollen tubes (lower left panel), reduced methyl esterification in the
shank of the pollen tube is associated with an increase in stiffness
(Zerzour et al. 2009). In the case of elevated PME activity (middle
panels), EA is decreased and ectopic primordia are formed in the SAM,
whereas pollen tube growth is reduced or arrested, and thickening/
stiffening of the apical wall occurs (Peaucelle et al. 2011a; Rockel et al.

2008; Parre and Geitmann 2005; Bosch et al. 2005; Peaucelle et al.
2008). In response to reduced PME activity through PMEI overexpres-
sion (right panels), primordium formation is blocked in the SAM with
a concomitant rise in stiffness (Peaucelle et al. 2011a; Peaucelle et al.
2008). In pollen tubes, overexpression of PMEI results in increased
elongation (Rockel et al. 2008). Pectin distribution and mechanical
properties have not been analyzed in tubes overexpressing PMEI.
Pectin methyl esterification in SAMs was analyzed with 2F4 antibody,
whereas JIM7 and JIM5 were used with pollen tubes. Cell walls with
high degree of HG methyl esterification are represented by gray color;
low degree of HG methyl esterification is represented by red color. M
meristem dome, P primordium, IP incipient primordium, EA apparent
Young's modulus
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phyllotactic patterning and plastochrone (timing of primor-
dium formation). In summary, these results strongly suggest
that PME-mediated pectin demethyl esterification is neces-
sary and sufficient for triggering primordium formation. The
relation between pectin methyl esterification and other
known SAM regulators such as auxin (Reinhardt et al.
2003) and microtubules (Hamant et al. 2008) remains to
be established.

In a follow-up study, Peaucelle et al. analyzed the elastic
properties of meristem cell walls by recording the apparent
Young's modulus over the length and width of plasmolyzed
SAMs through the use of AFM (Peaucelle et al. 2011a).
Marked differences between the meristem dome, the primor-
dia and the incipient primordia were observed. Both primor-
dia and incipient primordia showed a lower apparent
Young's modulus (or reduced stiffness) compared to the
meristem center (summarized in Fig. 3). Interestingly, this
suggests that a very low degree of methyl esterification does
not necessarily lead to wall stiffening. As mentioned above,
pectin turnover could possibly explain apparent discrepan-
cies between expected and measured mechanical properties.
In addition, the availability of calcium ions might influence
pectin mechanics. Clearly, more work is needed to under-
stand the differing properties of demethylesterified pectin in
the SAM and the pollen tube (Fig. 3).

Extending their analysis to transgenic plants, Peaucelle et
al. established that meristems with elevated PME activity
had an overall increased elasticity similar to what is ob-
served in WT primordia, whereas overexpression of PMEI
resulted in lower elasticity similar to what was observed in
the WT meristem dome. Furthermore, by using two different
sizes of beads connected to the AFM's cantilever, Peaucelle
et al. suggest that the pectin-inflicted changes in mechanical
properties are initiated in the L2 rather than the epidermal
L1 layer (Peaucelle et al. 2011a).

Further, strengthening the link between pectin methyl
esterification and phyllotaxis, a recent study showed that
in bellringer-6 (blr-6), a transcription factor mutant with
disturbed phyllotactic patterning, a PME (PME5, the same
isoform used in the above-mentioned studies) is deregulated
in the SAM. This leads to an increase of meristematic PME
activity and reduced methyl esterification, as determined with
antibody labeling and FTIR microspectroscopy (Peaucelle
et al. 2011b). Introduction of a PME5 knockout allele
into the blr-6 background was sufficient to revert phyl-
lotactic patterning to near WT phenotype, supporting the
notion that ectopic and elevated PME5 activity is the
main determinant of the phyllotactic defect in blr-6 (Peaucelle
et al. 2011b). These studies demonstrate spectacularly that
demethyl esterification can have profound impact on plant
development and that great caution has to be taken when
inferring mechanical properties based on data concerning
degree and pattern of methyl esterification.
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