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Abstract: Pectin methylesterases (PMEs) are enzymes, encoded by multigene families, that catalyze
the demethylesterification of cell wall homogalacturonans. The removal of methyl groups, if per-
formed block-wise in large series of methylesters, leads to the production of homogalacturonans
that can be cross-linked with calcium bridges. This fine modulation of the methylesterification status
of the pectin network alters the mechanical properties of the cell wall and has been proven crucial
for stomatal complex ontogenesis and function. Considering this significant role of PMEs, as well
as their involvement in numerous plant development processes, we investigated the phenotypic
implications of two Arabidopsis thaliana PME compromised mutants (pme2 and pme3) and the corre-
sponding double mutant (pme2 pme3) in stomatal development and morphology. The cotyledons of
the double mutant were larger and wider, while the ratio of length/width was smaller compared to
that of WT plants. The stomatal patterning was also affected since the pme2 pme3 mutant displayed
a higher number of mature stomata as well as a higher percentage of stomatal clustering. Further-
more, the guard cells of the double mutant displayed a lower ratio of cell length to width, indicating
alterations in the morphology of mature stomata. As far as the cell wall matrix composition is con-
cerned, callose and pectins’ epitope distribution displayed significant differences in pme single and
double mutants compared to WT plants. Taken together, our results underline the indispensable
role of PME2 and PME3 in stomatal development, since their functional disruption affects not only
stomatal patterning but also the morphology and function of the guard cells.

Keywords: Pectimethylesterases; cell wall; pectins; stomata; Arabidopsis

1. Introduction

Guard cell (GC) ontogenesis in both kidney and dumbbell-shaped stomata has been
extensively studied for decades in grasses and dicotyledonous plants [1-3]. In the model
plant Arabidopsis thaliana, stomata developmental pathway is controlled by a number of
cellular components, including peptide ligands, membrane-associated receptors, a num-
ber of kinases, as well as a variety of transcription factors and polarity agents [4]. In Ara-
bidopsis, stomatal ontogenesis commences when a meristemoid mother cell (MMC) orig-
inates from a subset of protodermal cells [5,6]. An asymmetrical division of the MMC
produces a small triangular cell called meristemoid and a larger cell called stomatal-line-
age ground cell (SLGC). An SLGC can finally turn into a lobed pavement cell (PC). When
a second asymmetric spacing division occurs, a satellite meristemoid is produced, which
is always formed opposite to an existing stoma or precursor. The meristemoid becomes a
guard cell mother cell (GCM) and its symmetrical division leads to the formation of the
two guard cells of the stomatal apparatus.
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Pectin is a crucial matrix cell wall polysaccharide component required for cellular
adhesion, extension, and plant growth. Among pectins, homogalacturonans are com-
prised of large chains of galacturonic acids that are methylesterified when leaving the
Golgi apparatus and then are demethylesterified through the action of various PMEs.
These demethylesterified homogalacturonans chains, when demethylesterification occurs
in a block wise manner, are then crosslinked with calcium bridges. When these “egg-
boxes” are formed, the properties of the cell wall matrix change, making it more stiff and
rigid. The demethylesterification status of homogalacturonans seems to be crucial in var-
ious morphogenetic mechanisms, including pavement cell patterning [7], transduction of
the inductive stimuli [8] and mesophyll cells morphogenesis [9]. The pectin network
seems to be important for the fine tuning of the cell wall properties both for the dumbbell-
shaped and the kidney-shaped stomata [10,11]. Recent data reveal that matrix cell wall
components, like different types of pectins and xyloglucans, are also involved in the mech-
anism of stomatal opening and closure [12-15]. In this fine tuning, PMEs seem to play
crucial roles, which are not restricted to the mechanism of stomatal movement but also to
the formation of the stomatal pore [16]. To decipher the role of these enzymes in stomatal
biogenesis, patterning and function, we investigated the phenotypes of the single pme2
and pme3 mutants, as well as the double pme2 pme3 mutant. The length and the width of
each cotyledon of 5-day old plants was measured. Furthermore, the number of stomata
(mature and young) were quantified per surface. Next, the distribution of cell wall matrix
components was studied by using aniline blue for callose staining and immunofluores-
cence to observe the distribution of various homogalacturonans. The changes observed in
stomatal patterning, morphology, and function are discussed in relation to recent studies,
concerning the role of callose and homogalacturonans in both morphogenesis and func-
tion of kidney-shaped stomata.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

In this study A. thaliana (L.) Heynh. (ecotype Col-0) plants were used. The AtPME2
(C52103493 and CS926709), AtPME3 (CS2103492 and CS431531) and the double mutant
(CS2102758) transgenic lines, were obtained from ABRC Arabidopsis stock center.
(52103493, CS926709, CS2103492, and CS431531 lines will be referred from this point on-
wards as pme2-1 (pme2P2), pme2-2 (pme2SLK), Pme3-1 (pme3P1), and pme3-2 (pme3GB), re-
spectively. WT and T2 or T3 transgenic seeds were imbibed for 24h at 4°C, and thereafter
surface sterilized with 70% (v/v) ethanol for 2 min, followed by 15% (v/v) sodium hypo-
chlorite containing 0.1% (v/v) Tween 20 for 6 min. Seeds were then washed several times
with sterile deionized water and sowed on half-strength Murashige and Skoog (MS) me-
dium without sucrose or on medium containing 50 mg/L kanamycin and placed in a
growth chamber to initiate germination. Grown seedling were transferred after 7 days to
soil for further development.

Root growth measurements were carried out on 1 to 8 days-old seedlings grown ver-
tically on % strength MS plates without sucrose. For the germination assays, seeds were
plated on petri dishes containing two layers of water saturated filter paper (Whatman).
The germination frequency (%) was calculated after scoring the seed for root extrusion in
6-h time intervals for up to 48 h. The assays were repeated three times using biological
replicates.

For germination and plant growth, wild-type (WT) and transgenic seeds sown on
soil, as well as on petri dishes, were incubated in a controlled growth chamber at 22 °C
with 60% humidity under long-day conditions (16 h light/8 h dark). Cool-white, fluores-
cent tungsten tubes (Osram, Berlin, Germany), providing illumination of 110 pE m=2 s!
PAR, were used.
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2.2. DNA and RNA Extraction, Synthesis of cDNA and Gene Expression Analysis

The NucleoSpin® Plant II and NucleoSpin® RNA Plant kits were used to extract DNA
and total RNA, respectively, from plant tissues, according to the manufacturer’s instruc-
tions (Macherey Nagel, Diiren, Germany). For cDNA synthesis, 1 pg of total RNA was
used as template and reverse transcribed by using the PrimeScript RT (Takara-Clontech,
Kyoto, Japan). Semiquantitative RT-PCR was carried out with Taqg DNA polymerase (Invi-
trogen, Carlsbad, CA, USA), according to the manufacturer’s instructions. In all PCR re-
action and for RNA calibration, the transcripts of GAPDH or rDNA were monitored as
internal controls. PCR products were separated on 0.8% agarose gels and visualized, after
staining with 80 pg L' ethidium bromide, under UV light. Appendix A Table Al lists all
primers used in this study.

2.3. Bioinformatic and Phylogenetic Analysis

The DNA sequence of the AtPME? (At1g53830) and the AtPME3 (At3g14310) genes
were obtained from TAIR (http://www.arabidopsis.org, accessed on). For the phyloge-
netic analysis and tree construction, the full-length amino acid sequences were obtained
from NCBI (http://www.ncbinlm.nih.gov/pmc/). The sequences were aligned by using
the CLUSTAL OMEGA server at EBI (http://www.ebi.ac.uk/). Protein domain search was
carried out by using the PROSITE database (https://prosite.expasy.org/index.html). For all
other routine bioinformatics analyses the ExPaSy software suite (http://www.expasy.org/)
was used. The phylogenetic tree was constructed by using the PHYLIP package, version
3.65 (Department of Genome Science, University of Washington, Seatle, WA, USA), as
described previously by Beris et al. [17]. Accession numbers and gene model names are
listed in Appendix A Table A2.

2.4. Callose Localization

Callose in living stomatal complexes was performed as described in Giannoutsou et
al. [11].

2.5. Immunolocalization of Homogalacturonans

For immunolabeling of LM20- (homogalacturonans displaying a high degree of
methylesterification), JIM5- (homogalacturonans displaying a lower degree of methyles-
terification), and 2F4 (demethylesterified homogalacturonans interconnected with cal-
cium bridges),- HG epitopes in paradermal hand-made leaf sections the protocol de-
scribed by Giannoutsou et al. [11] was performed.

2.6. Observation and Photography

The specimens were examined with a Zeiss Axioplan microscope equipped with a
UV source, a Differential Interference Contrast (DIC) optical system, and a Zeiss Axiocam
MRGc5 digital camera as described by Giannoutsou et al. [11].

3. Results
3.1. Analysis of PME Insertion Lines and Phylogeny

Both PME2 and PMES3 gene loci are organized in 3 exons and 2 introns, encoding for
pectin methylesterases. To investigate the putative functional role of PME2 and PME3
proteins in stomatal development, two independent T-DNA knock out lines for each gene
were obtained and subjected to molecular and phenotypic analysis. Based on the infor-
mation provided by TAIR, PME2 insertions (C52103493 and CS926709) were mapped
within exon 3, whereas that of PME3 (C52103492 and CS431531) were located within the
1st and 3rd intron, respectively (Figure 1A). Furthermore, a homozygous pme2 pme3 dou-
ble mutant (CS52102758) was obtained, resulted from the cross between CS2103493 (Parent
2 line for PME2) and C52103492 (Parent 1 line for PME3). Transgenic plants were grown
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on MS plates for segregation analysis and to verify the T-DNA insertion loci by PCR. Lines
(CS2103493 (Parent 2 line for PME2), CS2103492 (Parent 1 line for PME3) and CS2102758
(pme2 pme3 double mutant) displayed a segregation of 100% mutant offsprings, indicat-
ing that the parental lines and the double mutant were homozygous. Lines C5926709 (Salk
line for PME2 and CS431531 (GABI line for PME3) displayed a Mendelian segregation of
1:2:1 (WT:heterozygous:homozygous) offspring, indicating that the parental lines were
heterozygous. Several progenies from these heterozygous plants were subjected to further
segregation analysis, in order to obtain homozygous plants. Figure 1B shows the PCR
analysis of five homozygous progeny from each PME3 and PMES3 line, by using an LB
based primer and a gene specific primer or a combination of two gene specific primers
located on either site of the insertions. All homozygous plants displayed a T-DNA inser-
tion band and no amplification with gene specific primers, while in WT plants the ampli-
fication of only the PME2 or PME3 specific band was observed (Figure 1B). Analysis of
the selected homozygous plants by RT-PCR revealed complete absence of AtPME2 and
AtPME3 transcripts, indicating that the lines were total loss of function mutants (Figure
1C). All experiments were carried out by using the above confirmed homozygous lines.

AtPME?2 and AtPME3 encode for a 587 and 592 amino acids protein respectivelly.
BLAST searches revealed that AtPME2 and AtPME3 proteins display an 81% identity and
88% similarity between them, and a 46—64% amino acid identity with other PME homol-
ogous from A. thaliana. Protein domain prediction tool “prosite” at Expasy identified two
pectinesterase signature motifs in each protein sequence at similar positions, while their
active sites are predicted within the second signature motifs (Figure 1D). Based on the
BLAST search, the full-length amino acid homologous sequences from A. thaliana were
used to construct a phylogenetic tree and to examine their evolutionary relationship. The
analysis showed that AtPME2 and AtPME3 are evolutionary highly related and are clus-
tered together in a distinct clade, with a bootstrap support value 1000/1000. The phyloge-
netic tree also showed the most closely related PME homologs from A. thaliana, which
form with a high probability several separated clades (Figure 1E).
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Figure 1. Molecular analysis of pme2 and pme3 T-DNA insertion lines (A-C) and phylogenetic analysis of PMEs (D,E). (A)
Schematic map of the AtPME2 and AtPME3 genes. Exons (black boxes), introns (lines), untranslated regions (white boxes)
and the locations of the T-DNA insertions (arrowheads) in each gene are indicated. (B) PCR genotyping of progeny plants
for each T-DNA insertion line identified five homozygous lines for PME2 (pme2_P2-1, pme2_P2-2, pme2_SLK1, pme2_SLK2,
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pme2_SLK3) and five homozygous lines for PME3 (pme3_P1-1, pme3_P1-2, pme3_GB1, pme3_GB2, pme3_GB3). (C) Semi-
quantitative RT-PCR showing PME?2 and PME3 transcript abundance in the homozygous pme2 and pme3 mutants, respec-
tively, and in WT plants. PME transcripts were undetectable in all homozygous T-DNA insertion lines. Expression of the
GAPDH gene was monitored as a control. (D,E): Phylogenetic relationship of the PME2 and PME3 proteins with selected
PME homologs from Arabidopsis thaliana. The tree was constructed, after Clustal Omega alignment of the full-length pro-
tein sequences, by using the neighbor-joining method of the PHYLIP software. Numbers indicate bootstrap support values
from 1000 replicates. Accession numbers of the protein sequences used are listed in Appendix A Table A2.

3.2. Macroscopic Phenotypes, Root Growth and Germination Rates of pme2, pme3 and pme2
pme3 Mutants

The macroscopic phenotypes of pme2 mutants did not differ from those of Col-0 (Fig-
ure 2A,B). However, the growth of pme3-1 and pme3-2 plants in soil seemed to be stunted
(Figure 2C,D). As far as the pme2 pme3 mutant is concerned, after 30 d of soil growth, the
phenotypes expressed did not display any phenotypic abnormalities or growth retarda-
tion. When seedlings were grown on MS agar, the root length of pme3-1 and pme3-2 was
similar to that of Col-0 (Figure 2H,I). The roots of pme2-1 and pme2-2 as well as that of
the pme2 pme3 mutant were longer after 7 d of growth on MS medium (Figure 2F,G,J
respectively). However, seed germination seemed to be affected in all mutants examined
(Figure 2K,L), since their seeds germinate earlier than those of Col-0.

parcantagect)

Figure 2. Macroscopic phenotypes of pme2, pme3 and pme2 pme3 mutants grown on soil for 30 d (A-E) and on MS agar for
7 d (F-J). Germination indexes of the mutants pme2 and pme2 pme3 (K) and of pme3 mutants (L) when compared to Col-0.
In (C,D), pme3 mutants exhibit retarded growth when compared to Col-0, while in (F,G,J), pme3 and pme2 pme3 mutants
display a longer root than that of Col-0. Germination curves, in (K,L), show that seeds germinate earlier for all mutants
examined.

3.3. Cotyledons Shape, Pavement Cells Morphology and Stomatal Cells Patterning and
Ontogenesis Are Affected in pme Mutants

Cotyledons of pme2pme3 displayed a different shape since they were longer but also
wider than those of Col-0 (Figure 3A—C). As it can be observed in Figure 3E when com-
pared to Figure 3D, the pavement cells at the cotyledon of pme2 pme3 did not form lobes
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and indentations that are typically observed in WT plants. In Figure 3, the increased num-
ber of mature stomata in the pme2 pme3 mutant was obvious (Figure 3E) compared to the
WT (Figure 3D), as well as the density and clustering of the stomatal complexes (circles in
Figure 3F,G), indicating that the one cell spacing rule is clearly compromised. The total
number of mature, young and meristemoids in 5d grown cotyledons were measured and
the results showed a higher number of stomata and meristemoids in the mutant line (Fig-
ure 3H). The changes in stomatal patterning and frequency are in line with the significant
roles of these specific PME genes in the transduction of various stimuli, responsible for
the precise placement of the stomatal meristemoids and their successive differentiation
into guard cells.

Toteat. p = 0.60-13
pme2 pme3

Cotykdon kengthywidth

Cotykedon kngth (mm)
_ Cotykdon wilth (mm) _
- $ H

Col-0 pme2 pme3

z o
£ £
T 300- £
£ £
H EE
8300 8
g £
g H
ng- $xo-
- .
coko pme2 pme3 coko pme2 pme3 colo pme2 pme3

Figure 3. Cotyledons of Col-0 and pme2 pme3 mutant as seen in DIC optics. Epidermis of cotyledons of Col-0 (A) and
pme2pme3 mutant (B), measurement of the length and width of various cotyledons as well as length/width ratio depicted
in (C). Pavement cells and stomata in 7d cotyledons of Col-0 (D) and pme2 pme3 mutant (E), where pavement cells unable
to form lobes can be observed. In (F,G), stomata clustering appearing frequently can be observed, where a pair of guard
cells or three (circle in (F)) or even four (circle in (G)) guard cells are formed. In (H), the number of mature and young
stomata, as well as the number of meristemoids in 5d grown cotyledons is depicted. Asterisks mark the stoma, while
circles mark the clusters. Bars: 100 um (A,B), 20um (D-G).

3.4. Callose Deposition in Stomatal Complexes of Pme2, Pme3 and Pme2 pme3 Mutants

Callose deposition in pme mutants (Figure 4C-K) displayed significant differences
compared to Col-0 (Figure 4A). Aniline blue staining was prominent in young cell plates,
in both Col-0 and pme mutants, while in the mature stomata a strong staining in the polar
ventral cell wall ends was observed (Figure 4A,C). In Figure 4B, the stomata length/width
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length/width(mm)

ration is depicted, where it can be seen, that the pme2pme3 guard cells are wider than
those of Col-0. In pme2pme3 mutant, apart from an intense fluorescent signal at the ledges
of the periclinal cell walls (arrow in Figure 4D), intense callose signal is observed at the
ventral cell walls at the site of the stomatal pore (Figure 4E), which was not observed at
the open stomata of Col-0 (cf. Figure 4A). When stomata clustering was observed, callose
was also present at the dorsal cell walls of the neighbouring guard cells that are in contact
(Figure 4F). Cell wall strands interconnecting two stomata also contained callose (arrow
in Figure 4G). Irregular shape of the stomatal pore was a frequent phenomenon, not only
at pme2pme3 mutant (Figure 4H), but also of the single mutants (Figure 41,]). The ventral
cell wall ends delimiting the stomatal pore are marked with intense callose fluorescent
signal (arrowheads in Figure 4H). Morever, mature stomata where the stomatal pore for-
mation was delayed (pointed arrow in Figure 41 and arrowhead in Figure 4]) or with ir-
regular stomatal pore opening were also observed (Figure 4K).

Stomata Size length/width ratio pme2 pme3

T-test, p 5 0.021

Col-0 pme2 pme3

Figure 4. Aniline staining in Col-0 (A), pme2pme3 (C-H), pme3 (1,]) and pme2 (K) epidermis of cotyledons. (B) Stomatal
length/width ratio is depicted, showing pme2pme3 stomata being wider than those of Col-0. Arrows point to connections
between neighboring cell walls (C,F,G), while arrow in (D) points to ledges of the periclinal cell wall. In (H), an abnormal
opening displaying callose at the sites delimiting the stomatal pore is shown, while the pointed arrow in I and the arrow-
head in (J) mark a delay in the pore formation. Arrowhead in (K) point to irregular stomatal pore opening. Asterisks mark
the stomata. Scale bars: 20 um for (A,C,D,H); 10um for (F-K) and insets in (D,E).

3.5. Homogalacturonans’ Deposition in stomatal Complexes of pme2, pme3 and pme2 pme3
Mutants

Cell wall matrix components distribution was observed in pme mutants mature sto-
mata (Figure 5). In mature Col-0 stomata, the LM20-, homogalacturonan (HG) epitope was
mainly found at the base of the stomatal pore ledges (Figure 5A,B). At the pme2 pme3
mutants the same epitope was distributed at the ventral cell wall (Figure 4C) and also
broadly in the dorsal cell walls of the guard cells at the stomata periphery (Figure 4D).
LM19-HG epitope at Col-0 was mainly observed at the cell wall thickenings of the junction
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sites of the dorsal walls with the ventral wall in mature stomata (Figure 4F), while in
younger ones it was deposited at the polar ends of the ventral cell wall (Figure 4F,G). In
the pme2 pme3 mutant as well as in the pme3 mutant, the signal is intense at the dorsal
cell walls and at the junctions sites with the epidermal cells (Figure 4H,I). The 2F4-HG
epitope showed a prominent distribution at the junction sites of the dorsal cell walls of
the guard cells (Figure 5]) and at the ledges of the periclinal cell walls (Figure 4K) in Col-
0, while in pme2 pme3 mutants, intense fluorescent signal was observed only at the dorsal
cell wall junctions with the epidermal cells and around the periphery of the dorsal cell
wall (Figure 5L-N). No 2F4-HG epitope signal was observed at the thickenings of the
junction site of the dorsal cell walls to the ventral cell wall (arrowheads in Figure 4N).

pme2 pme3

Figure 5. Mature A. thaliana stomata following LM20, LM19, JIM5 and 2F4 homogalacturonans epitope localization. All
pictures taken from paradermal hand-made leaf sections. Localization of the LM20-HG epitope in surface optical sections
of Col-0 (A,B), pme2 pme3 (C,D) and pme2-1 (E) and as seen in DIC optics (insets in (A-E)) respectively. Localization of the
LM19-HG epitope in surface optical sections of Col-0 (F,G), pme2 pme3 (H) and of JIM5-HG epitope in pme 3-1 mutant as
seen in DIC optics (H) respectively. Localization of the 2F4 epitope in surface optical sections of Col-0 (J, K), pme2 pme3 in
L, pme3-1 in M and pme2-1 in N and as seen in DIC optics (inset in (J,K)) respectively. Arrows in (A,B) show immunode-
tection at the ledges of the periclinal cell walls, while brackets in F show fluorescent signal at the thickenings observed at
the junction sites of the dorsal cell walls. Asterisks mark stomata, while arrowheads point to the junction sites. Bar: 20 um
in (A,F-LK,L) and 10 pm in (B-F,J,M,N) and insets.

4. Discussion
4.1. PMEs Role in Regulating Stomatal Patterning and Pavement Cells Shape

Intrinsic cues, comprising developmental programs as well as hromones, seem to
control stomatal patterning [18]. Signaling peptides such as EPIDERMAL PATTERNING
FACTOR1/2 and STOMAGEN activate plasma membrane receptors, like ERECTA and
TOO MANY MOUTHS, to accurately control stomatal distribution and patterning on the
epidermis [18]. When the receptors are activated, the downstream intracellular MAPK ki-
nase pathway consisting of YODA (MAPKKK), MKK4/5, and MPK3/6 is triggered [19,20].
Finally, the differential activation and function of the following three beta helix-loop-helix
transcription factors seem to regulate stomatal cell lineage patterning: (a) SPEECHLESS
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(SPCH), controlling the entry, spacing and amplifying divisions, (b) MUTE required to
terminate asymmetric divisions and promote the differentiation of meristemoids into
guard cell mother cells (GMCs), and (c) FAMA, expressed in GMCs, required to promote
maturation of the GCs [18]. The pectinmethylesterification status of homogalacturonans
has already been implicated in the transduction of the morphogenetic stimulus- probably
auxin- in grasses [1,8]. The establishment of polarity is often accompanied by cell wall
modifications e.g., the stomata lineage of Z. mays [8], but also in fungi, algae and various
angiosperm cell types. In this work, we present data showing that the impairment of two
PMEs genes (PME2 and PMED3) results in stomatal density and distribution changes. The
above result strengthens the notion that the spatiotemporal tuning of the cell wall matrix
materials deposition is important for the establishment of polarity and the following sto-
matal lineage development. Recent data have already revealed the role of selective expan-
sion of cell wall matrix regions in the morphogenesis of mesophyll cells [21,22] as well as
pavement cells [7,23]. The lack of cell lobes and indentations formation, observed (Figure
3E) in the pme2 pme3 double mutant, can be attributed to the failure of the cell wall to
render stiff at specific sites, like the tips of the lobes, compromising, therefore, lobe for-
mation.

4.2. PMEs Role in Stomatal Shape, Stomatal Movement and Homogalacturonans Deposition

Matrix cell wall materials are implicated in stomatal movement [15,24-26]. Xyloglu-
cans and pectins seem to participate in stomatal movement of Arabidopsis thaliana, since
they are associated with controlling cellulose microfibril reorganization accompanying
stomatal movement [15,27]. Arabidopsis guard cell walls are rich in unesterified pectins
[14]. A pectin methylesterase gene that is highly expressed in GCs and is required for
stomatal function was identified, suggesting that the reduction of pectin de-esterification
alters the stiffness of the GCs cell walls, limiting the potential changes in GC size during
stomatal movements. Rui et al. [28] found out that a polygalacturonase gene (PGX3) is
expressed in GC of Arabidopsis thaliana, which, among others, contributes to the proper
opening/closure dynamics of stomata by modifying pectin size and abundance. Carter et
al. [29], using atomic force microscopy analysis, observed in the kidney-shaped stomata
of Arabidopsis thaliana, a radial gradient of stiffness at the middle of GCs and a stiffening
at the polar GC ends, related to demethylesterified homogalacturonans deposition in
these regions. This polar guard cell stiffening, caused partially by accumulation of de-
esterified HGs at specific sites, plays a key role in stomatal function. The guard cell pole
stiffening limits stomatal extension during stomatal movement, thus contributing in sto-
matal pore opening. Our results suggest that the stomatal shape is altered in pme mutants
(Figure 4B), since stomata in the mutant were wider than those of Col-0. This may be at-
tributed to the change in the cell wall composition of the periclinal and dorsal cell walls
and the lack of demethylesterified pectins in these regions, which allows the flexibility
and the change in the cell shape when turgor pressure rises. In Figure 5N, the polar ends
of the guard cells do not display 2F4-HG signaling, suggesting an inability of the guard
cells to fortify the specific regions responsible for stomatal movement. Stomata complexes
had a distorted LM19, JIM5-, 2F4-HG epitope deposition in the cell wall thickenings of the
polar ventral ends in contact with the dorsal cell wall junctions also indicating a lack of
the required stiffness of this area.

4.3. PMEs Affecting Callose and Stomatal Pore Formation

In stomata of the fern Asplenium nidus, callose is implicated in stomatal pore for-
mation, guard cell wall thickenings formation as well as in stomatal function [30-32]. The
deposition of distinct local callose pads on the external periclinal guard cell walls are ob-
served at closed stomata, but they seem to disappear in the opened ones. Experimental
evidence showed that callose is also involved in stomatal movement [32,33]. In Vigna
sinensis as well as in Arabidopsis thaliana [34], callose is detected along the whole surface of
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the polar ventral wall ends but is absent from the regions of the forming stomatal pore, a
distribution maintained after stomatal pore formation. In pme mutants, callose was pre-
sent at the ventral cell wall at the site where stomatal pore is formed, even at mature sto-
mata (Figure 41,]). Furthermore, many abnormalities at the already formed stomatal have
been observed (Figure 4H,K) leading in inability of the stomatal pore to open satisfacto-
rily. Rui et al. [16] have proved that pectin degradation by PMEs is essential for the initi-
ation of the stomatal pore formation. Data indicate that de-methyl-esterified HG and HG-
degrading enzymes become enriched at sites of stomatal pore initiation after exocyst ac-
cumulation at these sites. Subsequently, changes in the demethylesterification status may
have an impact on stomatal pore formation and elongation. The lack of demethylesterified
pectins at this area as well as the presence of callose, which is not degraded at the specific
site, might both severely affect not only stomatal pore formation and elongation but also
the mechanics implicated during stomatal opening.

5. Conclusions

In conclusion, the functional disruption of two pectinmethylesterases (PME2 and
PME3) appears to affect stomatal lineage development at the epidermis of Arabidopsis tha-
liana cotyledons, pavement cells morphogenesis, and stomatal pore initiation. All the
above indicate that the fine tuning of the demethylesterification of homogalacturonans
play a significant role in the spatiotemporal differentation of the cell wall matrix materials.
Among various morphogenetic processes that are controlled by this procedure, stomatal
patterning as well as stomatal formation and movement are severely affected.
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Appendix A

Table A1. Primers used for semi-quantitative RT-PCR.

Gene/Sequence Primer Name Sequence
AtPME2 GSP2F GACGGTAGCACCACTTTCCA
AtPME2 GSP2R CAGCCCGAGTTATGCATTGAC
AtPME3 GSP1F TCTGCCGGAGCTTCAAAAGC
AtPME3 GSP1R ACAGCCACCGTAGTTITCCTG
AtPME3 GSGF GGAGATGGTCGGACGAGAAC
AtPME3 GSGR CAAGGCGCAAAAACCCGCAT
T-DNA (Wisconsin) p745 AACGTCCGCAATGTGTITATTAAGTTGTC
T-DNA (Salk) LBb1.3 ATTTTGCCGATTTCGGAAC
T-DNA (Gabi) 08474 ATAATAACGCTGCGGACATCTACATTTT
T-DNA (Gabi) 08409 ATATTGACCATCATACTCATTGC
AtGAPDH AtGAPDH-F CTGTGAGTAACCCCATTCATTACATACCAAGC
AtGAPDH AtGAPDH-R GCAATGCATCTTGCACTACCACTGTCTTGC

Table A2. Arabidopsis thaliana protein sequences used for the phylogenetic analysis.

Abbreviation Tair ID UniProtKB
PME2 At1g53830 Q42534
PME3 At3g14310 049006
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PME6 At1g23200 049298
PME16 At2g43050 QI9SKX2
PME17 At2g45220 022149
PME22 At3g05620 QIMIW7
PME32 At3g43270 QILXK7
PME33 At3g47400 Q9STY3
PME34 At3g49220 QIM3B0
PME35 At3g59010 QILYT5
PME38 At4g00190 081320
PME39 At4g02300 081415
PMEA40 At4g02320 081301
PME44 At4g33220 QISMY7
PME59 At5g51490 Q9FHN5
PME60 At5g51500 QI9FHN4
PME61 At5g53370 Q9FKO05
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