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ABSTRACT

Pectins are abundant in the cell walls of eudicot plants and have been implicated in determining the development and bi-
omechanics of stomatal guard cells, which expand and contract dynamically to open and close stomatal pores on the plant
surface, modulating photosynthesis and water transport. Pectic homogalacturonan is delivered to the cell wall in a methyles-
terified form but can be demethylesterified in the wall by pectin methylesterases, increasing both its ability to form crosslinks
via calcium and its susceptibility to degradation by endogenous pectinases. Although a few pectin methylesterases have
been implicated in stomatal development and function, this large family of proteins has not been fully characterized with
respect to how they modulate stomatal guard cells. Here, we characterized the function of PECTIN METHYLESTERASES1
(PMES51), a pectin methylesterase—encoding gene that is expressed in developing guard cells, in stomatal morphogenesis in
seedlings and adult plants of Arabidopsis thaliana. Overexpressing PMES5] led to smaller adult plants with smaller stomatal
complexes and subtle changes in initial responses to opening and closure stimuli, whereas knocking out PME5I resulted in
smaller stomatal complexes and longer roots in seedlings. We observed changes in pectin labeling in knockout and overex-
pression plants that imply a specific function for PME51 in modulating the degree of methylesterification for homogalac-
turonan. Together, these findings expand our understanding of how pectin modification by pectin methylesterases affects
the development and function of stomatal guard cells, which must maintain a balance of strength and flexibility to optimize
plant growth.

| Introduction temperature, and water availability can also affect stomatal

Stomata are pores in the plant epidermis that are important for
regulating CO, uptake and water movement in plants and play
an important role in photosynthesis and transpiration. Stomatal
conductance is controlled by an array of hormones and signaling
cascades that alter turgor pressure in the guard cells that flank
stomatal pores (Liu et al. 2022). Environmental factors like CO,,

opening and closing (Wu et al. 2017). The optimal modulation
of stomatal conductance relies on the ability of the plant to open
its stomatal pores fast enough to enable CO, entry for efficient
photosynthesis but close fast enough to minimize unnecessary
water loss (Drake et al. 2013). These qualities are especially im-
portant in plants that grow under water limiting conditions: If
the plant can open and close its stomata fast enough, the plant
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should be able to reduce water loss and will be better equipped
to survive in drought conditions (Kim et al. 2010).

Like almost all plant cells, stomatal guard cells are encased in
polysaccharide-based cell walls, but the walls of guard cells
must remain both strong enough to withstand the high turgor
pressures generated in these cells and flexible enough to allow
for guard cell expansion and contraction during stomatal
opening and closure, respectively (Keynia et al. 2023). Pectin,
which is one of the most abundant wall polysaccharides in
plants, makes up around 50% of the walls of growing cells in
Arabidopsis thaliana (Zablackis et al. 1995). Pectin is made
up of homogalacturonan (HG), which is an unbranched poly-
mer of a-(1-4) linked galacturonic acid (GalA) residues, along
with other pectin domains that contain side branches (Harholt
et al. 2010). HG is initially synthesized in a high methylester-
ified state, but once it is delivered to the cell wall, it can be
demethylesterified by pectin methylesterases (PMEs). PMEs
cleave the methylester group from the C6 position on GalA,
releasing methanol and protons to create negatively charged
carboxyl groups on GalA residues (Caffall and Mohnen 2009).
When HG is demethylesterified, stretches of GalA residues in
adjacent HG chains can be crosslinked by calcium ions (Ca2+),
which leads to a stiffer cell wall (Limberg et al. 2000; Liners
et al. 1989).

A total of 66 open reading frames encoding putative or con-
firmed PMEs have been annotated in the genome of A. thali-
ana. Among these 66 PMEs, some have been found to function
in plant development, stomatal dynamics, abiotic stress re-
sponses, and plant immunity (Micheli 2001; Wu et al. 2018).
Many PME genes encode PRE-PRO proteins that include PME
peptide motifs. The PRE domain consists of a signal peptide
and a transmembrane domain and is responsible for the ex-
port of PMEs to the cell wall. The PRO region inhibits PME ac-
tivity and helps prevent the premature demethylesterification
of HG (Bosch and Hepler 2006; Wolf et al. 2009). There are
two types of PMEs: Type 1 PMEs have 1-3 PRO domains and
2-3 introns, whereas Type 2 PMEs lack PRO domains and are
made up of 5-6 introns (Manmohit Kalia 2015; Micheli 2001).
PMES5], the gene we characterize here, encodes a Type 2 PME
(Sénéchal et al. 2014).

The characterization of PME51 is of interest because pectic
polymers in the guard cell wall are influential in promoting
or slowing stomatal movement (Jones et al. 2003). Guard cell
walls in A.thaliana contain high levels of demethylesterified
HG, suggesting that PMEs might play important roles in stoma-
tal function (Amsbury et al. 2016). PME6 is highly expressed in
guard cells, and pme6 knockout mutants show decreased sto-
matal conductance (Amsbury et al. 2016). PME51 (At5g09760)
is also expressed in stomatal guard cells (Hachez et al. 2011).
To better understand the function of PMES5I, we characterized
its expression through a PME51pro::GUS reporter line and ex-
amined knockout (pme5I1-1), overexpression (PME51-OE), and
complementation (PMES5I-comp) lines for this gene in A. thali-
ana. We observed that PME5] is widely expressed across the
plant and detected differences in rosette area in pme51-1 and
PMES5I-OE plants when compared with Col-0 controls. pme51-1
seedlings had longer roots compared with Col-0 and PME51-OE
plants. Stomata in 6-day-old and 3-week-old pme5I-1 plants

had smaller pore lengths than Col-0 controls. In 3-week-old
PMES5I1-OE plants, stomatal pore width, length and area were
smaller than Col-0. We also observed subtle changes in abscisic
acid (ABA) induced, fusicoccin (FC)-induced, dark-induced,
and light-induced stomatal responses across the PME5I geno-
types, implying that stomatal responses and/or wall architec-
ture might be partially influenced by PMES51 activity, but that
wall architecture and/or other guard cell properties are modu-
lated to compensate for altered PME51 expression to retain sto-
matal function.

2 | Methods
2.1 | Transgenic Lines

The PMES5I (At5g09760) coding sequence was amplified from
cDNA and cloned into pEarleyGatelOl (Earley et al. 2006)
to generate a PMES5I-OE construct containing 35S promoter
with Gateway cloning. PME5I-comp was Gateway cloned into
pMDC110/GFP-6xHis cassette B with a 2kb fragment of the
native promoter (At5g09760) with coding sequence and no stop
codon. Transgenic lines were selected with 60 pug/mL kanamy-
cin on 1% sucrose 2 MS plates. The mutant line pme51-1 was
SALK_069468. Primers used for generating transgene con-
structs are shown in Table 1.

2.2 | Plant Growth

A.thaliana seeds were sterilized for 20min in a solution of
30% bleach (v/v)+0.1% SDS (w/v), washed four times in sterile
water, and resuspended in sterile 0.15% agar (w/v). Sterilized
seeds were stored in 4°C in the dark for 3-10days. Seeds were
sowed on Murashige and Skoog (MS) plates containing 2.2 g/L
MS salts (Caisson Laboratories, North Logan, UT, USA), 0.6g/L
2-(N-Morpholino) ethanesulfonic acid (MES, Sigma, St Louis,
MO, USA), and 0.8% agar (Sigma, St Louis, MO, USA), pH5.6.
Seedlings were grown at 22°C under 24-h light at ~800 photo-
synthetic photon flux density for 10 days before being transferred
to Fafard C2 soil (Griffin Greenhouse) containing Miracle-Gro
(The Scotts Company). Plants were grown in 16-h light/8-h dark
conditions at 22°C until they were 3-weeks-old.

2.3 | Root Length Measurements

Forty A. thaliana seedlings per plate were grown on 1% sucrose
12 MS plates at 22°C under 24-h light. The plate was taken

TABLE1 | Primers used in this study.

PMES51-OE F TTCCTTAGCTCAGGTTTATGAGC
PME51-OE R GGTTATGATTAAGAGACAGAAGC
pme51-1 F TAGATCACGAGCCATGAATCC
pme51-1 R TTGTAACGCAACTCGTTACCC

PMES5I1-comp F ATGTCCTCCATTCTCATCCTTCT

PME5I-comp R AGCAGACATCGAAGCCCACT
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out of the growth chamber every day on days 3-7 of growth
and imaged with a Nikon D5100 DSLR camera. Images were
analyzed using FIJI, measuring the length of the root from
the cotyledon (marking the top of the root) to the bottom of
the root.

2.4 | PIStaining and Measurements of Stomatal
Geometry

Six-day-old A.thaliana seedlings grown under 24-h light con-
ditions and epidermal peels from 3-week-old A. thaliana leaves
were placed under light for 2.5h at 22°C prior to staining.
Seedlings were immersed in 0.1% PI (w/v) solution for 15min in
a 12-well plate. For 3-week-old images, an epidermal peel was
collected from the abaxial side, and the samples were placed in
a 0.1% PI solution for 15min in a 12-well plate. Samples were
mounted on microscope slides with 70uL of water. Stomata
were imaged using a Zeiss Cell Observer SD spinning disk con-
focal microscope with a 63X oil immersion objective, a 561-nm
excitation laser, and a 617/73 emission filter. Images were ana-
lyzed in FIJT using Z-project after enhancing contrast to 0.35%
pixel saturation.

2.5 | GUS Staining

Tissues of 6-day-old and 3-week-old ProPMES51:GUS transgenic
A.thaliana plants were stained in 50-mM sodium phosphate,
pH7.2, 0.2% (v/v) Triton X-100, and 2-mM X-Gluc in the dark at
37°C overnight. Tissues were then destained with 70% ethanol
by shaking overnight until they became clear, and images were
collected with a Zeiss Discovery V12 fluorescence dissecting
microscope. Epidermal peels of 3-week-old plants were also ob-
served on a Zeiss Cell Observer SD spinning disk confocal mi-
croscope using a 63x oil immersion objective.

2.6 | Rosette Area Measurements

Rosette images collected with a Nikon D5100 DSLR camera
were processed in FIJI by converting images to a BW color
threshold to isolate the rosette foreground from the background.
The wand tool in ImageJ was then used to measure the area of
the 3-week-old rosettes.

2.7 | Stomatal Dynamics Analysis
for 3-Week-01d Plants

To analyze abscisic acid (ABA)-induced stomatal closure, leaves
from 3-week-old plants were pre-incubated for 2.5h in a 12-well
plate containing a solution of 20-mM KCI, 1-mM CaCl,, 5-mM
MES-KOH, pH6.15 under light to induce stomatal opening.
Solution was pipetted repeatedly to ensure that bubbles were
present in the solution. After pre-incubation, epidermal peels
were collected from leaves and were incubated in 20-mM KCl,
1-mM CacCl,, 10-mM MES-KOH, pH 6.15 with 50-uM ABA in a
12-well plate to induce stomatal closure. Images were taken on
a brightfield epifluorescence microscope with a 63x oil immer-
sion objective. Images were collected from separate leaves every

30min after the addition of ABA. To analyze fusicoccin (FC)-
induced stomatal opening, leaves were pre-incubated for 2.5h
in solution in a 12-well plate covered with aluminum foil con-
taining 50-mM KCI, 0.1-mM CaCl,, 10-mM MES-KOH, pH6.15
to induce stomatal closure. Solution was pipetted repeatedly to
ensure that bubbles were present in the solution. After prein-
cubation, epidermal peels were collected from leaves and were
incubated in a solution containing 50-mM KClI, 0.1-mM CaCl,,
10-mM MES-KOH, pH6.15 with 1-uM FC in a 12-well plate to
induce stomatal opening.

2.8 | COS*3 Labeling and Immunolabeling

For COS*88 labeling, 3- to 4-week-old rosette leaves were stained
with COS*88 diluted at 1:100 in ¥2 MS, pH 5.7, for 30 min, washed
with and mounted in 2 MS media. A 488-nm excitation laser
and a 525/550-nm emission filter were used for detection of
COS*38 signal. Fluorescence intensities of COS*%® were quanti-
fied as described previously (Rui et al. 2017) with a region of
interest defined in Figure 6a. Immunolabeling of guard cells
was performed as described by Rui et al. (2017), with the fol-
lowing modifications. 3- to 4-week-old Arabidopsis rosette
leaves of Col-0, pme51-1, PME51-OE, and PME5I-comp plants
were first trimmed into 3 X 3-mm squares and fixed in 4% para-
formaldehyde in PEM buffer (0.1-M PIPES, 2-mM EGTA, and
1-mM MgS04, pH 7.0) with vacuum infiltration for 1h. Leaf cuts
were then rinsed in PEM buffer, dehydrated in an ethanol se-
ries (25%, 50%, 70%, 80%, 85%, 90%, 95%, and 100% ethanol), and
infiltrated with a series of LR White resin (a polyhydroxylated
aromatic acrylic resin) (Electron Microscopy Sciences; 50, 75,
and 100%) diluted in ethanol and incubated at 4°C for at least
4h each. Samples were embedded vertically in 100% LR white
resin in gelatin capsules (Ted Pella) and resin polymerization
was performed at 60°C for 24 to 48 h. Thin sections (2 um thick)
were cut on a Leica UC6 ultramicrotome with a glass knife. For
immunolabeling with LM19 (PlantProbes, University of Leeds;
catalog no. LM19) and LM20 (PlantProbes; catalog no. LM20),
sections were first blocked in KPBS buffer (0.01-M K3PO4 and
0.5-M NaCl, pH7.1) with 3% BSA for at least 3h. Sections were
then incubated with a primary antibody at 1:10 dilution in KPBS
buffer with 3% BSA at room temperature for 24h in a humid-
ified chamber. Samples were rinsed with KPBS buffer three
times and incubated with Alexa Fluor 488-conjugated goat anti-
rat IgG (H + L) (Jackson ImmunoResearch Laboratories; catalog
no. 112-546-003) at 1:100 dilution in KPBS buffer with 3% BSA
in the dark for 16 h. Sections were rinsed again with KPBS buf-
fer three times before visualization. Images of immunolabeled
sections were collected on a Zeiss Axio Observer microscope
with a Yokogawa CSU-X1 spinning disk head and a 100x1.4
NA oil immersion objective, with a 488-nm excitation laser and
a 525/550-nm emission filter for Alexa Fluor 488 signals. For a
given primary antibody, the same settings of laser power, ex-
posure time, and CCD gain values were always applied to both
primary antibody-incubated sections and control sections across
genotypes. Immunolabeling fluorescence intensities were ana-
lyzed as described previously (Chen et al. 2021). The ROIs se-
lected for guard cells are as indicated in Figure 6f. Threshold
function in ImageJ was used to select the areas with signal
for quantification. The fluorescence intensity of each antibody
was presented as a ratio of raw integrated density to area. The
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FIGURE 1 | The PMES5I promoter drives GUS expression throughout the plant, including in guard cells. (a-k) Images of GUS stained
ProPMES51::GUS transgenic plants. (a) Six-day-old light grown seedling; (b) close up view of 6-day-old hypocotyl; (c) close up view of 6-day-old cot-
yledons; (d) close up view of 6-day-old root tip. (e-g) Stomatal guard cells from 3-week-old rosette leaves; (h) 3-week-old rosette leaf; (i) 6-week-old
flower; (j) silique from 6-week-old plant; (k) mature, dry seed. Scale bars are 1 mm for (a-d,i), 20um (e-g), 200 um (h,k), and 100 um (j).

fluorescence intensity in guard cell walls incubated without pri-
mary antibody was used as a negative control to subtract back-
ground fluorescence.

2.9 | Data Analysis

Image analysis was performed using FIJI software (FIJI).
Statistical tests were performed using Prism 9 (Graphpad).
ANOVA followed by Tukey's test were used to analyze data.

3 | Results
3.1 | PMES5I Is Widely Expressed in A. thaliana

Based on transcriptome data, PME5I has been reported to
be expressed in stomatal guard cells (Hachez et al. 2011). To
examine the expression pattern of PME5] in detail, we fused
the upstream 2kb preceding the PMES5I coding sequence to
B-GLUCURONIDASE (GUS) and transformed this construct

into Col-0 plants. GUS staining was evident in the roots
(Figure 1a,b,d), and top and base of hypocotyls (Figure 1a,c)
of 6-day-old seedlings, and in 3-week-old rosette leaves
(Figure 1h). GUS staining in epidermal peels from 3-week-old
leaves showed expression in guard cells (Figure le,f,g), but
the gene is not guard cell-specific as some GUS activity was
also seen in neighboring pavement cells. GUS signals were ob-
served in localized regions of 6-week-old siliques (Figure 1j)
but were not seen in mature seeds (Figure 1k). Thus, PME51
is likely expressed widely across seedlings and adult plants,
including in stomatal guard cells.

3.2 | Overexpression of PME5] Resultsin a
Smaller Exposed Rosette Leaf Area in Adult Plants

We next examined adult plant growth in a T-DNA line with an
insertion in the first exon of PME51 (SALK_069468, named
pme5I-1), a PMES5] overexpression line where PMES5I expres-
sion was driven by the 35S promoter (PMES5I-OE), and a com-
plementation line in which a construct containing the PME5]1
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FIGURE 2 | Overexpressing PMES5I results in smaller rosettes whereas knocking out PMES51 results in longer roots. (a-d) Representative images
of 3-week-old Arabidopsis thaliana rosettes. Scale bar=1cm (a) Col-0; (b) pme51-1; (c) PME51-OE; (d) PME51-comp. () Measurements of average
3-week-old rosette area. (f) Representative images of 7-day old A. thaliana roots taken by Nikon D5100 camera. Scale bar is 0.25cm. (g) Average root
length in Col-0, pme51-1, PME51-OE, and PME51-comp lines in 7-day old A. thaliana seedlings and in (h) 3- to 7-day seedlings grown at 22°C under
24-h light conditions. Bars indicate mean across three independent experiments and letters represent significantly different groups (n > 85 plants per
genotype); p <0.05, ANOVA followed by Tukey's significance test.
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CDS driven by a 2-kb region upstream of the PMES5I transla-
tional start site was transformed into the pme51-1 background.
Measuring the area of exposed rosette leaves (hereafter referred
to as rosette area) in these lines and Col-0 controls showed that
PMES5I-OE plants had significantly smaller rosette areas than
Col-0 plants (Figure 2a,c,e). pme51-1 and PME5I-comp plants
showed no significant difference in rosette area when com-
pared with Col-0 plants (Figure 2a,d,e), although pme5I-I plants
had slightly larger rosette areas, (Figure 2a,b). Root length
(Figure 2g,h) was also measured during the third through
seventh day of growth of seedlings. As shown in Figure 2f-g,
pme51-1 seedlings had longer roots on day 7 than Col-0 con-
trols. PMES5I-OE lines had similar root lengths to Col-0 seed-
lings whereas PME51-comp had the longest roots. Col-0 showed
shortest roots until day 6 where both Col-0 and PMES51-OE lines
had similar roots lengths and by the day 7, pme5I1-1 and PME5I-
comp roots showed significantly longer roots than both Col-0
and PMES5I-OE seedlings (Figure 2h). Overall, knocking out
PMES5] leads to elongated roots but overexpressing PME5] leads
to reduction in the rosette area.

3.3 | Stomatal Pores Are Smaller in pme51-1
Seedlings

Because PMES5] is expressed in stomatal guard cells, we next
tested for differences in stomatal pore and complex size using
propidium iodide staining of 6-day old Col-0, mutant and
overexpression seedlings followed by confocal microscopy
(Figure 3b-d). Plants were placed in light conditions for 2.5h
prior to staining to ensure that stomatal pores were open. In
6-day old cotyledons pore width, pore length, and pore/com-
plex length ratio were smaller in pme51-1 complexes than in
Col-0 complexes (Figure 3e,f,h). When comparing PME5I-OE
to Col-0 complexes, there were no significant differences in
pore and complex dimensions except for longer pore length
in PME5I1-OE line (Figure 3f). These data indicate that loss of
PMES5] inhibits the expansion of stomatal pores in seedling
cotyledons.

3.4 | Stomatal Pores Are Shorter in Adult pme51-1
Plants and Smaller in PME51-OE Plants

Because stomata might develop and function subtly differ-
ently in cotyledons versus true leaves, we next examined
stomatal morphology in adult plants (Figure 4). Stomatal
pores in pme5I-1 leaves had similar width as in Col-0
leaves, but PME5I-OE pores were narrower than Col-0 pores
(Figure 4a-e). Stomatal complexes in both pme5I-1 and
PME51-OE leaves had smaller pore length, pore area, complex
length and pore length: complex length ratio than in Col-0
complexes (Figure 4f-i). The smaller pore length: complex
length ratio in 3-week-old pme51-1 plants (Figure 4i) are con-
sistent with the results found in 6-day-old plants (Figure 3h).
In addition, pore length, pore area, complex length, and pore
length:complex length ratio were all smaller in PME51-OE
complexes than in Col-0 complexes in 3-week-old leaves
(Figure 4), in contrast to 6-day-old seedlings where these val-
ues did not differ from Col-0 controls.

3.5 | PMES51-OE Stomata Are More Closed at

the Beginning of Stomatal Closure Assays and Show
Faster Initial Responses to Light-Related Closure
and Opening Stimuli

To examine the functional importance of PMESI in modulating
stomatal dynamics, stomatal responses were assessed using clos-
ing (abscisic acid, ABA, or dark) or opening (fusicoccin, FC, or
light) assays in 3-week-old A. thaliana leaves across four different
genotypes (Figure 5). PME5I-OE and PMES5I-comp complexes
had a smaller pore area immediately after the pre-incubation pe-
riod of 2.5h in light or dark, respectively, for both the closing and
opening experiments (with the exception of light-induced open-
ing) as compared with Col-0 and pme51-1 complexes. However,
by the end of the 120min of exposure to ABA or FC, all geno-
types had similar pore areas, with the exception of Col-0 stoma-
tal pores being smaller after 120min of light-induced opening
(Figure 5d). We noted that PME51-OE complexes showed more
rapid closure or opening in the first 30min of light-related as-
says (Figure 5a-d). The rate of closure in the first 30 min for
PMES51-OE was —0.00123um?/min for dark-induced closure
and —0.00103 pm?/min for Col-0. The rate of opening in the first
30min for PME51-OE was 0.00647 um?/min for light-induced
opening and 0.0034 um?/min for Col-0. Since the final pore areas
in all genotypes were generally similar to those of Col-0 com-
plexes, manipulation of PME51 does not seem to significantly af-
fect the limits of stomatal opening or closure but might affect the
initial response rates of stomata to external stimuli.

3.6 | PMES51 Influences the Methylesterification
Status of HG in Guard Cells

To probe demethylesterified HG and its distribution in guard
cells as a function of PMES5]I expression, we applied a chitosan-
oligosaccharide-Alexa 488 probe, COS*%%, which recognizes
and binds to negatively charged carboxyl groups on stretches of
demethylesterified GalA residues in HG (Mravec et al. 2014).
COS*38 was applied prior to immunolabeling because the im-
munolabeling procedure is incompatible with imaging intact
cells. In contrast, COS*38, being a small molecule, can pene-
trate the cuticle, enabling labeling of intact guard cells with-
out the need for fixation or sectioning. In our experiments,
COS*#8-labeled the walls of guard cells, with more fluorescence
at guard cell junctions (Figure 6a-€). Quantification of COS*38
labeling intensity in individual cells revealed that labeling in
pme51-1, PMES51-OE, and PME5I-comp cells were significantly
less intense than in Col-0 controls (Figure 6a-e,n), implying
that less COS*®8 binding sites are present in those guard cell
walls. To further validate the results from COS*3® labeling,
we also performed immunolabeling in cross sections of ro-
sette leaves of 3- to 4-week-old Col, pme51-1, PME5I-OE, and
PMES51-comp plants using antibodies that recognize different
forms of HG (Figure 6f-m). LM19, which recognizes demeth-
ylesterified HG (Verhertbruggen et al. 2009); LM20, which
recognizes methylesterified HG (Verhertbruggen et al. 2009).
Our results indicated that LM19 labeled the guard cell surface
more uniformly (Figure 6f-i), whereas LM20 showed more
punctate labeling (Figure 6j-m). To quantify the differences
in immunolabeling, we recorded the raw integrated density of
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images of PI stained 6-day-old cotyledons grown in 24-h light conditions. (e-h) Measurements of PI-stained stomata in 6-day-old light-grown seed-

lings: (e) pore width (bracket 1), (f) pore length (bracket 2), (g) complex length (bracket 3), and (h) pore length to complex length ratio (bracket 2/

bracket 3). Bars indicate mean, and lowercase letters represent significantly different groups (n > 120 stomata per genotype from at least six seedlings

per genotype across three independent experiments; p <0.05, ANOVA followed by Tukey's statistical test).

fluorescence associated with the secondary antibody in each
section, subtracted background autofluorescence from control
sections (labeled with only the secondary antibody), and cal-
culated the background-corrected intensity per area as an es-
timate of antibody labeling intensity (Figure 60,p). However,
based on LM19 labeling, we did not observe differences in the
levels of low methyl-esterified HG across all four genotypes,
unlike for the COS*88 labeling results. (Figure 6f-i,0). On the

other hand, PME51-OE showed significantly higher labeling
with LM20 as compared with Col-0, pme51-1, and PME5I-
comp lines, indicating increased detection of methylesterified
HG in PME51-OE (Figure 6j—m,p). This indicates that PMES51
fine tunes the status of both methylesterified and demethyles-
terified HG in guard cell walls, providing a molecular expla-
nation for the altered stomatal dynamics observed in PME51
knockout and overexpression plants.
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FIGURE 4 | Stomatal dimensions are abnormal in pme5I-1 and PME51-OE leaves. (a) Representative image showing stomatal dimensions
measured. Scale bar =10um. Bracket 1 represents pore width, bracket 2 represents pore length, bracket 3 represents pore area and bracket 4 rep-
resents complex length. (b-d) Representative images of PI stained 3-week-old Arabidopsis thaliana cotyledons grown in 24-h light conditions. (e-i)
Measurements of 3-week-old light grown PI-stained Col-0, pme51-1, and PME5I-OE. (e) pore width (bracket 1), (f) pore length (bracket 2), (g) pore
area (bracket 3), (h) complex length (bracket 4), and (i) pore length to complex length ratio (bracket 2/4). Bars indicate mean, and lowercase letters
represent significantly different groups. (n>120 stomata from at least six seedlings per genotype across three independent experiments; p <0.05,

ANOVA followed by Tukey's statistical test).

4 | Discussion

In this study we characterized the expression pattern and
functions of a putative pectin methylesterase, PMES5I, that
is expressed in stomatal guard cells and more widely across
other tissues (Figure 1). As shown in the rosette area data
and representative images of 3-week-old plants (Figure 2a-e),
PME5I-OE plants have smaller rosette areas than Col-0,
pme5I1-1, and PME5I-comp plants. Conversely, knocking out

PMES5] did not have significant effects on leaf expansion, po-
tentially reflecting partial functional redundancy with other
pectin methylesterases, although we did observe slightly
larger leaves in pme51-1 plants (Figure 2a,b). Based on these
data we hypothesized that the more highly methylesterified
state of HG in pme5I-1 plants might be less cross-linkable and
cause the cell walls to be looser and more expandable, leading
to larger rosettes, whereas more demethylesterified HG might
enable cross-linking to stiffen the cell walls and inhibit cellular

8 of 12

Plant Direct, 2025



a b
ABA FC
25 25+
20 20 @
& a & a a
S a £ a a
= 159 a Z 15 a a a
g b a g a a
< _ a a < a a
o 10 a b . o 10 a .
[*) b a a o) a a
o 5_ b a a o 5_?) a
b : b
0 T T T 1 0 T T T 1 -®- Col-0
0 30 60 920 120 0 30 60 90 120 = pme51-1
Minutes Minutes -4 PME51 OE
C d . ¥ PMES51 Com
Dark 40- Light P
20
& & 30~
£ a g_
= 15 b ab : a
S 16 a a o a b
g b ab a a % 201 . : °
ab b a )
o a b S a E ab b
s ab a
£ 104 P L
a a b
a b
a
0 T I 1 1 0 1 1 I 1
0 30 60 90 120 0 30 60 90 120
Minutes Minutes

FIGURE 5 | PMES5I-OE stomata have smaller pore areas at the beginning of stomatal closure and opening assays. Graphs represent average pore
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objective on an epifluorescence microscope. n>120 stomata per timepoint, nine plants per genotype across three independent experiments, p <0.05,

ANOVA statistical significance test followed by Tukey's test.

expansion in PMES5I-OE plants (Wu et al. 2018); however, our
COS*8, LM19, and LM20 experiments indicated slightly con-
trasting results (Figure 6, S1). Our results indicate that in the
absence of functional PMES5], as seen in the pme51-1 mutants,
there was reduced COS*® staining, which aligns with the
idea that less PMES] activity leads to fewer demethylesteri-
fied HG regions available for COS*®® binding. Interestingly, in
PME5I1-OE plants, we observed reduced COS*®® staining but
increased LM20 labeling, which suggests that higher PME51
activity might enable HG degradation, leaving a form of par-
tially methylesterified HG in the cell wall material that may
no longer be an accessible substrate for PMES51 or pectinases,
but is able to be bound by LM20. However, the precise LM20
epitope remains to be defined.

Seedling root lengths for pme51-1 were longer than those of
Col-0 and PMES5I-OE plants by the seventh day, but PME5I-OE
seedling roots were not smaller than those of Col-0 seedlings
by the seventh day (Figure 2f,g). These data indicate that lack

of PMES5] activity might lead to changes in the physical or sig-
naling status of pectins that enhance the growth of roots. Our
GUS staining results (Figure 1) show that PME5] is expressed
in the roots, however since PME5I-OE root lengths did not sig-
nificantly differ from Col-0, it is not evident that PME5I plays a
significant role in root elongation but may facilitate or moderate
the functions of other PMEs in roots.

PI staining of stomatal complexes showed geometric differences
across PMES51 genotypes as well as across developmental time.
PI staining in 6-day-old pme5I-1 cotyledons showed smaller
pore widths, pore lengths, and pore/complex length ratios than
in Col controls (Figure 3). In addition to being important for pec-
tin crosslinking, pectin methylesterase activity also makes HG
susceptible to cleavage by polygalacturonases and pectase lyases
(Peaucelle et al. 2012). The reduction in stomatal dimensions
in pme5I-1 seedlings was similar to results for pgx3 knockout
seedlings, which lack a polygalacturonase and show a higher
pectin molecular mass (Rui et al. 2017). Thus, the expansion of
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(n) COS*88 fluorescence intensities quantified in the walls of individual guard cells in 3- to 4-week-old Col, pme51-1, PME51-OE, and PMES51-comp
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ANOVA and Tukey's test.

stomatal guard cells in seedlings might depend more on HG deg-
radation than changes in HG crosslinking.

Stomatal complexes in 3-week-old PME51-OE plants exhibited
smaller pore widths, pore length, pore area, complex lengths,
and pore/complex length ratios compared with Col-0. This
change in stomatal complex dimensions in the overexpression
line might reflect stiffening of the cell walls in stomata that
function more actively in soil-grown plants than in seedlings,

which are grown in a water-rich environment. In adult plants,
demethylesterification of HG might result in enhanced Ca?*
crosslinking, leading to wall stiffening (Limberg et al. 2000).
However, neither our COS*38 staining nor LM19/LM20 immu-
nolabeling experiments support this hypothesis. We speculate
that in the absence of PMES51, pectin might be less susceptible
to degradation by PGs/PLs, and this inhibits pore enlargement
without affecting guard-cell size. In PME51-OE plants, the sur-
viving pectin might be highly methylesterified (Figure 6j—m)
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and therefore also less susceptible to degradation, resulting
in smaller pores. However, the stronger signal observed in
PMES51-OE with LM20 labeling suggests that these methyles-
terification patterns may not be detectable by PMES1 but are
easily recognized by LM20 which recognizes methylesterified
pectin, even in samples treated with pectin lyase, with an ef-
ficiency of about 66% (Verhertbruggen et al. 2009). A previous
study (Rui et al. 2019) provides evidence for pectin degradation
being important for pore formation/enlargement. However, it
is unknown at this point what causes the observed difference
in stomatal geometry between seedling and adult plants in the
PMES51-OE line. Possibly calcium cross-linking enabled by de-
methylesterification of HG is more predominant in 3-week-old
PMES51-OE plants and inhibits HG degradation and/or pore ex-
pansion. GUS staining (Figure 1) shows a higher expression of
ProPMES51:GUS in 3-week-old rosette leaves than in 6-day-old
cotyledons. This correlates with the changes in stomatal dimen-
sions shown in Figures 3 and 4.

Although the endpoints of stomatal opening or closure assays
did not differ between PMES5I genotypes (Figure 5), stomatal
complexes at the beginning of both the ABA and FC assays had
smaller initial pore areas in PMES5I-OE plants, and thus the first
phase of stomatal response differed from Col-0 controls. It is ev-
ident that PMESI is expressed in the guard cells (Figure le-g)
via GUS staining and that it might play a role in determining
stomatal pore and complex dimensions (Figures 3 and 4); these
effects should impinge on stomatal conductivity even when the
ability of the guard cells to respond to opening or closing stimuli
is not compromised. Additionally, enhanced PME activity in the
PMES51-OE plants might tune the response mechanics of these
guard cells to make them more flexible during the initial stages of
stomatal opening, in a way that differs from the effects of PME51
overexpression on guard cell growth. The effects of PMES5I on
stomatal conductance might not show differences over this 2-h
period, but the rapidity of stomatal response is an important de-
terminant of water use efficiency in plants (Lawson and Vialet-
Chabrand 2019); future whole-plant physiological measurements
and mechanical analyses of guard cell walls (Chen et al. 2021;
Keynia et al. 2023) in different PMES5I genotypes could be per-
formed to test this idea. Under dark and light conditions, stoma-
tal pores in all genotypes were closed more slowly compared with
ABA-induced closure. As found in Figure 5, PME51-OE com-
plexes experienced more rapid stomatal responses. PME5I-OF
complexes were found to be smaller than the other genotypes.
Smaller stomata have been found to have faster changes in sto-
matal conductance, which might explain why these stomata re-
spond more in the first 30 min of assays (Drake et al. 2013).

In summary, the above data demonstrate that PMES5I inhibits
plant growth when overexpressed, functions in stomatal mor-
phogenesis, and has a subtle influence on stomatal dynamics.
Further physiological and biomechanical studies and analyses
of cell wall structure and pectin status could provide more detail
regarding the impacts of this gene on stomatal development and
function, as well as whole-plant growth. It will also be interest-
ing to study the effects of PME5]I orthologs on stomatal function
in other plant species to expand our knowledge of how pectin
demethylesterification modulates the properties of the plant cell
wall to tune stomatal responses.
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