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The degree of methylesterification (DM) of homogalacturonans (HGs), the main constituent of pectins in Arabidopsis
thaliana, can be modified by pectin methylesterases (PMEs). Regulation of PME activity occurs through interaction with
PME inhibitors (PMEIs) and subtilases (SBTs). Considering the size of the gene families encoding PMEs, PMEIs and SBTs,
it is highly likely that specific pairs mediate localized changes in pectin structure with consequences on cell wall
rheology and plant development. We previously reported that PME17, a group 2 PME expressed in root, could be
processed by SBT3.5, a co-expressed subtilisin-like serine protease, to mediate changes in pectin properties and root
growth. Here, we further report that a PMEI, PMEI4, is co-expressed with PME17 and is likely to regulate its activity. This
sheds new light on the possible interplay of specific PMEs, PMEIs and SBTs in the fine-tuning of pectin structure.

In the plant cell wall of dicotyledonous plants such as Arabi-
dopsis thaliana, pectins are major non-cellulosic compounds,
which play a key role in mediating changes in the mechanical
properties of the cell wall.1,2 They are constituted of several poly-
saccharides including the simplest and most abundant homoga-
lacturonan (HG), a linear chain of galacturonic acids (gal-A)
linked in a-(1-4).3-6 HGs are synthesized in the Golgi apparatus
and secreted into the cell wall in a fully methylesterified form,
where they are demethylesterified by pectin methylesterases
(PMEs), which constitute a multigenic family of 66 members in
Arabidopsis.7-11 Within the PME family, the analysis of protein
sequences has shown that PMEs can be classified into 2 groups:
group 1 PMEs, which possess a mature part (PME domain,
Pfam01095), and group 2 PMEs, which contain both the mature
part and an N-terminal extension, the so-called PRO part (PMEI
domain, Pfam04043).7,12 Conserved RR(K)LL basic motifs can
be recognized by subtilases (SBTs), enabling cleavage of the PRO
part of group 2 PMEs, and thus the release of active isoforms
into the apoplasm.12 Consequently, in addition to the reported
control of PME activity by PME inhibitors (PMEIs) through the
formation of PME:PMEI stoichiometric complexes, the degree

of methylesterification (DM) of HGs is likely to be controlled by
the SBT-mediated processing of PMEs.13,14

Over recent years, the control of plant development by
changes in the structure of pectins, mediated by PME-PMEI and
PME-SBT, has been demonstrated using genetic approaches. In
particular, PMEIs have been shown to be involved in develop-
mental processes as diverse as pollen tube growth,15 seed muci-
lage extrusion,16 radicle emergence at the onset of germination,17

elongation of root and etiolated hypocotyl18,19 and primordia
emergence at the shoot apical meristem.20-22 In parallel, a
role for SBTs in the regulation of PME activity during seed muci-
lage extrusion14 and root development23 has been described. In
the latter study, the contribution of PME17 and SBT3.5, which
are both co-expressed in roots, to changing pectin structure and
affecting root development was investigated. The characterization
of pme17 and sbt3.5 mutants highlighted a role for PME17 and
SBT3.5 in modulating pectin properties and affecting root
growth. The processing of PME17 by SBT3.5 was also demon-
strated,23 suggesting that SBTs co-expressed with group 2 PMEs
could play a role in the processing of the proteins in planta.
Among PME and PMEI genes known to be expressed in
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Figure 1. For figure legend, see page 3.
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root,18,24 PMEI4 was strongly up-regulated in the pme17 KO
mutant, suggesting a possible interplay between PME17 and
PMEI4.23 Despite the wealth of publications concerning the reg-
ulation of plant development by PME-PMEI, much remains to
be discovered, notably the identification of specific PME-PMEI
pairs and the role of the PME-PMEI balance in the control of
total PME activity.

Following previous results showing a role for PME17 (and
SBT3.5) in the control of root growth,23 we now report a possi-
ble contribution of PMEI4 to the regulation of PME17.

Potential Regulation of PME17 Activity by PMEI4

We first localized the expression of PMEI4 in an Arabidopsis
transgenic plant harboring the construct where the PMEI4 pro-
moter drives the expression of the PMEI4 coding sequence fused
with GFP (pPMEI4::GFP).18 Using confocal laser microscopy,
the PMEI4 promoter was active, similarly to the results for
PME17 and SBT3.523 in the outer cell layer of roots from light-
grown seedlings, particularly in the root-hair zone (Fig. 1A). The
analysis of the PMEI4 promoter sequence with AtcisDB software
(Arabidopsis cis-regulatory element database, http://arabidopsis.
med.ohio-state.edu/AtcisDB/) revealed that specific transcription
factor binding sites were conserved when PME17 and SBT3.5
promoters were compared.23 These transcription factors (TFs),
which are known to regulate the expression of genes encoding
proteins involved in the control of cell-wall modifications and
plant development through auxin and brassinosteroid signaling
pathways,25-29 include ARF (auxin response factor) and BES1/
BIM1-3 (BRI1 EMS suppressor 1/BES1 interaction MYC-like
1-3), which could partly explain the overlapping expression pat-
terns of all 3 genes.

The overlapping promoter activity of PME17 and PMEI4
prompted us to investigate the potential regulation of PME17 by
PMEI4. For this purpose, we used pmei4-1, a KO mutant line
previously described in Pelletier et al.18 We first showed that,

while PME17 expression was lower in the pmei4-1 KO line com-
pared to the wild type (Col-0), SBT3.5 expression showed the
opposite trend (Fig. 1B). In contrast, the expression of other
PMEs (PME2, PME3, PME32), known to be expressed in roots
at the transcript and protein levels, was not modified. The dereg-
ulation of the expression of one gene (PMEI4) is likely to have
some consequences on the transcriptional regulation of other
genes involved in the same biochemical pathway. If confirmed at
the protein level, the increased expression of SBT3.5 could con-
tribute to releasing a higher amount of processed, active, PME17
isoforms.

In root cell wall-enriched protein extracts, an increase in total
PME activity (C33%) was measured in pmei4-1 compared to the
wild type (Fig. 1C). Together with the results for dark-grown
hypocotyls,18 this strongly suggests that PMEI4 can target root-
expressed PMEs. Next, we separated proteins according to pH by
isoelectric focusing (IEF), then the PME activities of the sepa-
rated isoforms were revealed by incubation with pectin and stain-
ing with ruthenium red (Fig. 1D). At basic pH (9.6), a band of
PME activity, corresponding to the presumed PME17 isoform,
which was absent in pme17-1 and was characterized by proteomic
analyses,23 was shown to be more intense in pmei4-1. This
strongly suggests that in the wild type, PMEI4 could regulate
PME17 activity, among other PME isoforms. A significant
increase in root length was measured in pmei4-1 compared to the
wild type (wild type D 5.75 cm § 0.13 and pmei4-1 D 6.18 §
0.12), further showing that PME-mediated changes in pectin
structure had consequences on plant development. In particular,
depending on the organs considered and on the balance between
deregulated PMEs and PMEIs, an alteration in total PME activ-
ity is likely to modulate pectin properties and plant growth dif-
ferentially.23,24 Considering these results and the role of SBT3.5
in mediating the processing of PME17,23 the regulation of PME
is likely to be highly complex, involving both transcriptional reg-
ulation of potential specific partners (PME, PMEI, SBT) and
protein-protein interactions to mediate the fine-tuning of its
activity. This complex mechanism is probably a way to mediate

Figure 1 (See privous page). Localization of PMEI4 expression, characterization of the pmei4-1 KO mutant and hypothetical model of root growth
regulation by PMEI4, PME17 and SBT3.5. (A) Confocal laser microscopy on 4-day-old light-grown seedlings of pPMEI4::GFP transgenic plants. Localization
of PMEI4, tagged with GFP, was achieved by imaging with a confocal laser-scanning microscope Zeiss LSM 780 (Zeiss Jena, Germany). References Images
of GFP were collected by excitation at 488 nm with emissions collected at 493-549 nm. Captured images were analyzed by the ZEN 2011 software (Zeiss),
and assigned false coloring: green for GFP fluorescence. Autofluorescence of the wild type was subtracted. Scale bar: 200 mm. (B) Relative expression of
root-expressed PMEs and SBT3.5. Relative gene expression of PME2, PME3, PME17, PME32 and SBT3.5 was quantified in 10-day-old light-grown roots of
the pmei4-1 KO mutant compared to the wild type (Col-0), using the reference gene CLA. Data represent the means § SE. (C) Total PME activity in cell
wall-enriched protein extracts from 10-day-old light-grown roots of Col-0 and the pmei4-1 KO mutant. Data represent the means § SE. Significant differ-
ences were determined by the non-parametric Mann-Whitney test (***, p < 0.001). (D) Isoelectric focusing (IEF) of cell wall-enriched protein extracts
from 10-day-old light-grown roots of Col-0 and the pmei4-1 KO mutant. The same PME activities (15 mU) were loaded for each condition. After IEF, PME
activities were detected by incubation in a pectin (DM> 85 %) solution, followed by ruthenium red staining. (E) Hypothetical model of root growth regu-
lation by PMEI4, PME17 and SBT3.5. At the biochemical level, proPME17 is processed by cleavage of the PRO part by SBT3.5. Processed PME17 could act
on methylesterified HG to perform processive demethylesterification and produce pectate. In the presence of Ca2C ion, processively demethylesterified
HG could become the target of Ca2C-dependent pectin-degrading enzymes, such as some polygalacturonases (PGs) and pectate lyases (PLs), to form oli-
gogalacturonides (OGs), or bind through the Ca2C link forming the so-called “egg box." Several plasma membrane (PM) receptor-like kinases, such as
WAKs (wall-associated kinases) and RLKs (receptor-like kinases), could be involved directly or indirectly in signal perception of OGs, pectate and cross-
linked HGs,30,31 subsequently activating a signal transduction cascade in the cell. At the transcriptional level, signal transduction could lead to activation
and/or inactivation of common TFs (ARF, BES1/BIM1-3) to regulate the expression of PMEI4, PME17 and SBT3.5. Secreted PMEI4 could inhibit PME17 activ-
ity. This transcriptional and biochemical pathway would allow the fine-tuning of HG structure with consequent effects on cell wall plasticity and root
growth.
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highly localized, temporally and spatially, changes in pectin
structure, with consequent effects on cell wall rheology and
growth. A schematic diagram of the potential roles of the inter-
play between PME17, PMEI4 and SBT3.5 in the control of pec-
tin structure affecting root development is shown (Fig. 1E).
Considering the size of the gene families encoding PMEs (66
members), PMEIs (76 members) and SBTs (56 members), this
opens up new exciting perspectives in the identification of inter-
acting isoforms, both in vitro and in planta.
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