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Introduction

Homogalacturonan, the most abundant pectin of the plant 
cell wall, can be methylesterified at the C-6 position of the 
galacturonic acid residues.1 Demethylesterification of cell 
wall homogalacturonan is catalyzed by pectin methylesterases 
(PMEs); this process can promote the formation of Ca2+cross-
links along the stretches of the demethylesterified galacturonic 
acid residues.1 Demethylesterification also increases the suscep-
tibility of the modified homogalacturonans to polygalacturo-
nase.2 Evidence is accumulating that biomechanical properties 
affecting growth potential are modified by these changes. 
Recently, a connection between the pectin methylesterification 
status and the biomechanical properties of Arabidopsis stems 
was established.3 This report focuses on some aspects of the 
growth and morphological phenotypes associated with PME 
modulation in Arabidopsis.

Results

Arabidopsis stems mostly grow by cell elongation in the inter-
node regions.4 When cell elongation ceases, secondary cell walls 
are established. Axillary branching can produce lateral shoots 
from the meristems in the leaf axils. These meristems can either 

directly carry an inflorescence, or repeat the pattern of the 
main shoot including secondary branching.5

To study how changes in the extent of methylesterification 
of cell wall pectins affect Arabidopsis growth and development, 
we overexpressed a gene encoding the pectin methylesterase 
inhibitor, PMEI56,7 by use of the Caulif lower mosaic virus 
35S promoter (PMEI5 OE plants). A range of phenotypes are 
affected in the PMEI5 OE plants, including decreased fertility, 
faster seed germination, and larger seed size.7 Here we report 
on other strong morphological phenotypes that were apparent 
in these lines. Contrary to the wild-type (WT) plants, which 
had straight stems (Fig. 1A, C and F), the stems of PMEI5 OE 
plants grew in waves, twists and loops (Fig. 1B and D). These 
aberrant growth patterns appeared to occur almost exclusively 
at branching points, where a side stem carrying a leaf (Fig. 1D) 
or an inflorescence (Fig. 1G and H) failed to separate properly 
from the main stem. This failed separation often led to a thick-
ened fasciated stem (e.g., Figure 1G), and to the stem curling 
inwards around the site of unsuccessful separation to a varying 
extent. We observed that fusion always took place, but to a dif-
ferent extent in individual plants, with some of them showing a 
fusion of all side branches and inhibited internode elongation, 
and some showing only a few side branches or f lowers fused to 
the stem.
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The methylesterification status of cell wall pectins, mediated through the interplay of pectin methylesterases (PMEs) 
and pectin methylesterase inhibitors (PMEIs), influences the biophysical properties of plant cell walls. We found that the 
overexpression of a PMEI gene in Arabidopsis thaliana plants caused the stems to develop twists and loops, most strongly 
around points on the stem where leaves or inflorescences failed to separate from the main stem. Altered elasticity of the 
stem, underdevelopment of the leaf cuticle, and changes in the sugar composition of the cell walls of stems were evident 
in the PMEI overexpression lines. We discuss the mechanisms that potentially underlie the aberrant growth phenotypes.
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The organ fusion phenotype that characterized the PMEI5 
OE lines resembles the phenotypes associated with mutants hav-
ing a defective cuticle.8 Toluidine blue staining is a good indica-
tor of cuticle integrity as this dye is readily washed off from plant 
cell surfaces with an intact cuticle, but is able to penetrate the tis-
sue of plant surfaces with an underdeveloped or otherwise defec-
tive cuticle.9 Staining of leaves showed clear differences in cuticle 
integrity between the WT and PMEI5 OE plants (Fig. 1E): in 
contrast to those of the WT plants, the dye remained associated 

with the leaf tissues of the PMEI5 OE plants even 
after extensive washing, indicative of a cuticle defect. 
The distribution of the non-removable dye on the 
leaf surface was patchy, indicating a discontinuous 
cuticle.9 Microscopy revealed no cracks or tears in 
the epidermis through which the dye could have 
entered. We observed a similar but not as strong dif-
ference in stems.

Measurements of the elasticity of stems revealed 
that those of the PMEI5 OE plants stood up less 
rigorously to different stress loads as compared with 
the stems of WT plants (Fig.  2). Notably the OE 
stems were more difficult to clamp into the device 
for measuring elasticity. However, the difference 
in the stress behavior between the WT and PMEI5 
OE stems was striking, and a calculation of the 
elastic modulus showed a difference of 2 orders of 
magnitude (WT: 596.2+/− 7.4MPa vs. PMEI OE: 
5.5+/− 0.05 MPa).

A comparative analysis of the sugars and sugar 
derivatives of the cell walls of PMEI5 OE stems and 
WT stems revealed that xylose (p < 0.05) was more 
abundant in the former (Fig. 3A, pectin-enriched - 
hot water extracted - fraction). The levels of uronic 
acids, which would largely be galacturonic acids of 
pectins, were not significantly changed. Significantly 
higher amounts of neutral sugars in the residual 
fraction, i.e., rhamnose, fucose and arabinose, were 
found in the cell walls of the OE plants as compared 
with the WT plants (all p < 0.05) (Fig. 3B). Thus 
changes in sugar composition were evident, but the 
pectic uronic acid fraction was unchanged as a result 
of PMEI5 overexpression.

In our previous work we determined that PME 
activity is reduced in all organs (including stems) as 
a result of PMEI5 overexpression.7 Here we deter-
mined that the decreased PME activity directly leads 
to an increased degree of cell wall pectin methyles-
terification in the stem. This was assessed by esti-
mating the amount of methanol released from the 
cell wall materials by saponification and subsequent 
oxidation (Fig. 3C). The methanol would be derived 
solely from methylesters associated with the homo-
galacuronans of the cell wall fraction.

To further investigate the spatial aspects of the 
degree of methylesterification of cell wall pectins, 
WT and PMEI5 OE stems at branching regions 

were analyzed by immunfluorescence, in which they were chal-
lenged with different antibodies specific for homogalacturo-
nans of differing degrees and patterns of methylesterification. 
These included a JIM7-antibody, which binds exclusively to 
highly methylesterified homogalacturonans with dense stretches 
of methylesters;10 JIM5, which recognizes pectins with lower 
degrees of methylesterification and more sporadic methylest-
ers, and the 2F4 antibody, which recognizes homogalacturonan 
stretches that are largely demethylesterified and cross-linked by 

Figure 1. Growth phenotypes and leaf cuticle characteristics of Arabidopsis thaliana 
plants overexpressing the PMEI5 gene. WT plants (A) exhibited straight stems, while 
PMEI OE plants (B) had twisted stems and stunted growth. The WT plants (C, F) showed 
clear organ separation; in PMEI OE plants (D, G, and H) the side stems carrying a leaf or 
inflorescence failed to separate from the main stem. This led to a thickened stem and 
twisting growth around the areas of failed separation. Note that the stem regions asso-
ciated with an unseparated leaf or inflorescence were always on the inside of a twist 
or loop. (E) Comparison of toluidine blue staining of leaves of WT- (left) and PMEI5 OE- 
plants (right) to evaluate the integrity of the cuticle. Toluidine blue cannot penetrate 
an intact cuticle; this dye was readily washed off from the surfaces of the WT leaves 
(E, left). In PMEI OE leaves (E, right), the staining remained after washing, indicating a 
cuticle defect. Also note that the cuticle of the WT leaves appeared as a whitish layer 
under the dissection microscope light.
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calcium bridges.11 The differential binding of the antibodies to 
the OE vs. WT sections did not show much discrimination 
with respect to general fluorescence intensity. However, the OE 
stem sections showed less organization in the distribution of 
antibody binding (i.e., less spatial specificity) as compared with 
the WT. For example, in contrast to the OE, the WT showed 
JIM5 binding only in very specific domains around the epi-
dermal areas of the side branch. The 2F4 antibody also bound 
in a differential fashion to the WT sections, with the highest 
fluorescence signals again occurring in the epidermal regions 
of the side branch, and also in the stem. JIM7 binding to WT 
sections was most tenacious in the stem and the side branch, 
with a decreased intensity of fluorescence in the inner tissues of 
the side branch. Thus the inhibition of PME activity by overex-
pression of PMEI5 caused an increase in methylesterification of 
cell wall homogalacturonans (Fig. 3C), but the changes to cell 
walls were spatially regulated (Fig. 3D).

Discussion

Our findings support the emerging perception that the 
pectin matrix plays a critical and dynamic role in plant develop-
ment and morphology. The regulatory mechanisms underlying 
changes in cell growth and organogenesis that are evident upon 
PME modulation, may be direct, e.g., by changing the biome-
chanical properties of organs, and thus the driving forces for cell 
growth by expansion. Indirect changes may also be relevant, such 
as eliciting changes in non-pectin cell wall components or alter-
ing lignin deposition (and thus cell wall extensibility), or interfer-
ing with the deposition of cuticular waxes.

There is evidence for a role of pectin methylesterification 
in the mechanical characteristics of the stem. For example, an 
Arabidopsis mutant with a defective PME gene (the loss-of-func-
tion mutant pme35) has a “floppy” stem phenotype.3 Yet interest-
ingly, the biomechanical properties of the stems of our PMEI5 
OE plants are clearly the opposite of what is observed for the 
stems of pme35 plants. The overexpression of PMEI5 likely has 
more widespread effects than the loss-of-function mutant (i.e., it 
likely affects the activities of several PMEs with different spatial 
characteristics) and thus the overall effect on the biomechanical 
properties of the stem is different. In addition, the anatomy of the 
side branches will be affected in areas where no separation has 
occurred. For example, the vasculature might remain fused to a 
certain extent, and the distribution of lignins could be altered, 
leading to altered biomechanical properties. Our experiments do 
not allow us to pinpoint the exact biochemical and anatomical 
changes that lead to the altered elasticity and morphology of the 
PMEI5 OE plants.

We observed statistically significant differences in the content 
of 4 neutral sugars. The xylose content was elevated in PMEI 
OE- compared with WT- stems in the hot water extractable pec-
tic fraction, and rhamnose, fucose, and arabinose were elevated 
in the TCA residual fraction, which is derived mainly from hemi-
celluloses and some remaining pectins. Fucose could be derived 
from xyloglucans,12 but as the levels of xylose and other xyloglu-
can components were unchanged in the residual fraction, it is 

unlikely that higher fucose is an indication of higher xyloglucan 
levels. Arabinose could be associated with cell wall pectic arabi-
nans, which have recently been shown to influence the mechani-
cal properties of the stem: arabinan-deficient mutants exhibit 
enhanced rigidity in response to compression stress, and altered 
responsiveness to mechanical stress.13 The changes in sugars may 
be a result of the anatomical changes (e.g., the fusion pheno-
type), as the proportions of different tissues comprising the stem 
may be consequently altered (e.g., vascular vs. cortical tissues). 
Alternatively or additionally, they may reflect an altered distribu-
tion of methylesterified pectins, which may further influence the 
deposition of other cell wall components.

Pectin methylesterases also participate in organ initiation,14,15 
and this has been attributed to changes in the viscoelastic prop-
erties of the meristem cells as a result of altered pectin demethy-
lesterification, which might act as a mechanical signal. Such a 
mechanism may account for the failed separation of side branches 
from the main stem that was evident in our PMEI OE plants. 
It may also account for the failure of the meristems to develop 
proper boundaries between primordia, and thus failed separa-
tion from the main stem. We did not observe an altered phyl-
lotaxis as Peaucelle et al. have found in plants that have an altered 
expression of PME35 in the internodes.16 This may indicate that 
PME35 is not a target of PMEI5. However, we did observe an 
overall shortened phenotype.

At another level of control, brassinosteroids have been 
shown to mediate the plant cell’s attempts to re-establish cell 
wall homeostasis and thus growth in the face of altered PMEI 
expression.6 Brassinosteroid signaling is upregulated as a result 
of PMEI5 overexpression,7 and brassinosteroids have repressive 
effects on organ boundary regulating genes of the shoot meri-
stem.17 This type of mechanism may underlie the lack of organ 
separation observed in the present study for the PMEI5 OE lines.

Stem epidermal cells are normally covered with cutin and 
other waxes; the cuticle is established while the cells grow.18 
Synthesis and deposition of cuticular waxes is rapidly increased 

Figure  2. Stress-strain-curves for stem segments of 3 WT lines as com-
pared with the stem segments of 3 PMEI5 OE lines.
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to thicken the cuticle when bolting sets in.18 This requires the 
transport of the fatty acids that will be integrated into the cuti-
cle through the expanding cell wall. Altered pectin methyles-
terification may have affected lipid transport through changes 
in the porosity of the pectin matrix. In addition, the proportion 
of negatively charged C6 carboxyl groups would be reduced. 
This would lead to reduced Ca2+-bridges, as well as to a lowered 
density of negative charges associated with the galacturonic 
acid residues of the pectins, perhaps leading to a deficiency of 
anchor points for interaction with the lipid transport or cutin 
synthesis machinery. The discontinuous cuticle that we have 
identified by the patchy staining pattern has also been observed 
in other mutants that display organ fusions.9 A normal cuticle 
may be paramount to facilitating organ separation;9 the struc-
turally defective cuticle that characterized the PMEI5 OE 
plants of the present study may well have led to the abnormal 
fusions between the stem and lateral branches, and to a reduced 
elasticity of the stems. Organ fusion defects are very common 
to mutants with defective cuticles.19

Materials and Methods

Plant materials
Arabidopsis wild-type plants (Col-0) (WT) and plants over-

expressing the PMEI5 gene under control of the CaMV (35S) 
promotor7 were grown in soil in pots maintained in a growth 
chamber at 22°C with a 16 h photoperiod (long days).

Cell wall composition analysis and quantification of 
methylesters

Dried stems from mature Arabidopsis plants were ground in a 
ball mill (Retsch, www.retsch.de) to a fine powder and cell wall 
material was prepared as described.7 The pellet was resuspended 
in water and heated to 60°C for 15 min under constant agitation 
to extract the pectins. This procedure was repeated twice and the 
pectin-rich supernatants were pooled (hot water fraction). The 
remaining pellet was treated as described.7 The content of neu-
tral monosaccharides was determined by GC-MS analysis of the 
respective alditol acetates, as previously described.20 Methylester 
quantification on stem sections of PMEI OE and WT plants was 
performed as described.7

Immunofluorescence analyses
Stem sectioning of WT and PMEI OE plants, sample prepara-

tion, immunostaining, and microscopy were performed as described.7

Evaluation of Elasticity
Measurements of WT and PMEI OE stems were performed 

on a Microtest 200 (Gatan, UK) with a load cell range of 2N. 
The pre-dried stems were cut into segments (5 cm) including 2 
internodes each, and attached to the tester frame with clamps 
on both ends. The test length between the clamps was 3 cm. 
A strain rate of 0.5 mm/min was applied. The experiment was 
stopped when the samples detached at the clamps or in the case 
of the PMEI OE stems, they broke off at the nodes. The linear 
part of the stress/strain curves was used to calculate the elastic-
ity modules (WT: between 0.5 and 2 MPa, PMEI OE: between 

Figure 3. Sugar composition of cell walls of WT- and PMEI5 OE- stems and immunostaining of stem sections to detect homogalacturonans of differing 
methylesterification. (A) Glycosyl residues in the hot water soluble fraction and (B) residual fraction. The data are based on the average of 5 replicates 
(+/− SD). An asterisk over a column indicates a significant (p < 0.05, paired t-test) difference between PMEI5 OE and WT. (C) Estimate of esterification 
levels through quantification of methanol released on saponification. The average of 4 biological replicates (+/− SE) are shown. (D) Representative 
immuno-staining of sections of stem branching points of the PMEI5 overexpressor (OE) and wild-type (WT) plants. Sections stained with toluidine blue 
were immunostained with the antibodies 2F4 (binds to homogalacturonan stretches that are largely demethylesterified and cross linked by calcium 
bridges), JIM5 (binds to highly methylesterified pectin with a loose sequence of methyl groups), and JIM7 (binds to highly methylesterified homogalac-
turonans with dense stretches of methylesters).
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0.05 and 0.2 MPa) as previously described.21 The diameter of the 
PMEI OE stems was approximately twice that of the WT stems. 
The exponential phase occurred later in the PMEI OE stems, as 
they were straightened first.
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