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Abstract
The mechanical properties of guard cell (GC) walls are important for stomatal development and stomatal response to
external stimuli. However, the molecular mechanisms of pectin synthesis and pectin composition controlling stomatal
development and dynamics remain poorly explored. Here, we characterized the role of two Arabidopsis (Arabidopsis
thaliana) galacturonosyltransferases, GAUT10 and GAUT11, in plant growth, stomatal development, and stomatal dy-
namics. GAUT10 and GAUT11 double mutations reduced pectin synthesis and promoted homogalacturonan (HG)
demethylesterification and demethylesterified HG degradation, resulting in larger stomatal complexes and smaller pore
areas, increased stomatal dynamics, and enhanced drought tolerance of plants. In contrast, increased GAUT10 or
GAUT11 expression impaired stomatal dynamics and drought sensitivity. Genetic interaction analyses together with
immunolabeling analyses suggest that the methylesterified HG level is important in stomatal dynamics, and pectin
abundance with the demethylesterified HG level controls stomatal dimension and stomatal size. Our results provide
insight into the molecular mechanism of GC wall properties in stomatal dynamics, and highlight the role of GAUT10
and GAUT11 in stomatal dimension and dynamics through modulation of pectin biosynthesis and distribution in GC
walls.

Introduction
Stomata are formed by pairs of uniquely differentiated guard
cells (GCs) in the epidermis, which regulate gas and water
exchange between plants and the environment. Stomata un-
dergo repeated and reversible opening and closing in re-
sponse to various external environmental changes and
intracellular signals. For example, darkness, elevated concen-
trations of CO2, drought, and abscisic acid promote stoma-

tal closure, whereas light and reduced concentrations of
CO2 induce stomatal opening (Webb et al., 2001; Kim et al.,
2010; Kollist et al., 2014). These processes are achieved by re-
versible expansion and contraction of GCs, which is con-
trolled by dynamic balance between intracellular turgor
pressure and the physical resistance of the GC wall.
Adequate GC wall elasticity and strength are needed to
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ensure the functional demands of stomatal dynamics
(Cosgrove, 2016). Thus, understanding the molecular mecha-
nisms of synthesis, modification, deposition, and degradation
of GC wall components is fundamental to exploring the re-
lationship between GC structure and stomatal function (Rui
et al., 2016, 2018; Rui and Anderson, 2016; Woolfenden et
al., 2018; Yi et al., 2018).

The plant cell wall is 3D and consists of celluloses, hemi-
celluloses, pectins, and structural proteins, which are assem-
bled into a rigid, flexible, and dynamically organized network
(Somerville et al., 2004; Voiniciuc et al., 2018a). Pectins are
the most complicated polysaccharide in dicots and nongra-
minaceous monocots primary cell walls, accounting for 50%
of the Arabidopsis (Arabidopsis thaliana) leaf cell walls
(Ridley et al., 2001; Jones et al., 2005; Vogel, 2008). Among
the three major pectin polysaccharide types (homogalactur-
onan [HG], rhamnogalacturonans I (RG-I) and RG-II)
(Mohnen, 2008; Caffall and Mohnen, 2009). HG, a linear ho-
mopolymer of a-1,4-linked galacturonic acid, accounts for
�65% of pectins (Atmodjo et al., 2013). The HG backbone
is synthesized in the Golgi apparatus in a highly methyles-
terified form by galacturonosyltransferases (GAUTs) and
pectin methyltransferases, respectively, and then is secreted
into the apoplast and demethylesterified in the cell wall by
pectin methylesterases (PMEs) (Zablackis et al., 1995;
Sterling et al., 2001; Mouille et al., 2007; Mohnen, 2008;
Driouich et al., 2012; Atmodjo et al., 2013). PME inhibitors
inhibit the activity of PMEs by direct binding (Jolie et al.,
2010; Sénéchal et al., 2015). Pectins with blockwise demethy-
lesterification tend to crosslink with Ca2 + , leading to wall
stiffening and flexibility, whereas those with random deme-
thylesterification are more susceptible to degradation by pol-
ygalacturonases (PGs) or pectate lyases (PLs), thus
contributing to wall loosening (Xiao et al., 2014; Hocq et al.,
2017; Rui et al., 2018).

GC walls are rich in pectins and have a profound effect
on stomatal function. Pectin modification and degradation
in GC walls are important in stomatal development and dy-
namics in response to different stimuli. HG methyltransfer-
ase QUASIMODO2 mutation reduced cell adhesion in the
cotyledon, with more detached GC pairs (Du et al., 2020).
PMEs, PME6, and PME34 are required for normal mainte-
nance of pectin methylesterification in GC walls. pme6 mu-
tation caused impaired stomatal dynamics to elevated CO2

and drought sensitivity (Negi et al., 2013; Amsbury et al.,
2016), and pme34 showed a defect in stomatal aperture dur-
ing heat stress conditions via altering PME and PG activity
(Huang et al., 2017; Wu et al., 2017). PG INVOLVED IN
EXPANSION3 (PGX3), an endogenous wall-degrading pecti-
nase, is essential for pore dimensions and stomatal dynamics
by modulating pectin molecular mass and abundance (Rui
et al., 2017). Pectin degradation, particularly in the middle
lamella, can facilitate pore formation between two sister
GCs during the last stomatal developmental step (Rui et al.,

2019). Polar stiffening contributed by pectins in GCs leads
to more efficient stomatal response to altered turgor pres-
sure, and loss of polar stiffening by PG treatment leads to a
large decrease in pore aperture under any given pressure
(Carter et al., 2017). Furthermore, treatment with arabina-
nase and feruloyl esterase impeded stomatal opening (Jones
et al., 2003). However, the underlying molecular mechanisms
of pectin modification and degradation in GC walls that
modulate stomatal development and dynamics still remain
poorly understood. Moreover, which pectin composition,
the methylesterified HG or demethylesterified HG, plays the
primary role in determination of stomatal development or
stomatal dynamics is not known.

GAUTs function in cell wall pectin biosynthesis, by trans-
ferring GalA from uridine-diphosphate-GalA (UDP-GalA)
onto HG acceptors (Sterling et al., 2006; Caffall et al., 2009).
GAUTs with confirmed HG:GalA transferase activity, such as
GAUT1:GAUT7 complex, GAUT4 and GAUT11, have been
reported to function in plant cell wall pectin biosynthesis
(Atmodjo et al., 2011; Amos et al., 2018; Biswal et al., 2018;
Voiniciuc et al., 2018b). Other GAUTs with putative GAUT
activity regulate cell wall properties in Arabidopsis. For ex-
ample, GAUT8 and Irregular Xylem8 (IRX8)/GAUT12 directly
affect cell adhesion and cell wall integrity (Bouton et al.,
2002; Leboeuf et al., 2005; Orfila et al., 2005; Pe~na et al.,
2007; Persson et al., 2007). GAUT10 is auxin responsive and
regulates sugar-mediated root meristem maintenance (Pu et
al., 2019). Pollen-expressed GAUT13 and GAUT14 function
redundantly in pollen tube shape and growth (Wang et al.,
2013), and GAUT5, GAUT6, and GAUT7 are also required for
HG synthesis in growing pollen tubes and HG deposition at
the pollen tube apex (Lund et al., 2020). However, their
functions in HG biosynthesis in GC walls are elusive, and
whether or how pectin synthesis would affect pectin abun-
dance and distribution in GC walls, thus influencing stoma-
tal development and dynamics, remain unexplored.

We identified that closely related GAUT10 and GAUT11
are highly expressed in GCs and involved in pectin
synthesis in GC walls. They function redundantly and
play major roles in plant development, stomatal size and
dimension, and stomatal dynamics to environmental
changes.

Results

Identification of GAUT10 and GAUT11 in GCs
To determine whether pectin level or pectin abundance in
GC walls influences stomatal function, we mainly focused
on GAUTs that are highly expressed in GCs. There are 15
GAUT members in Arabidopsis (Caffall et al., 2009).
Expression-level analyses in GC linage cells from the public
dataset (Winter et al., 2007) showed that GAUT10, GAUT11,
GAUT12, GAUT13, and GAUT14 were highly expressed in
guard mother cells, young and mature GCs (Figure 1A).
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GAUT12, GAUT13, and GAUT14 were reported to be in-
volved in pollen tube growth and shape (Persson et al.,
2007; Wang et al., 2013; Hao et al., 2014). We then focused
on GAUT10 and GAUT11, which are closely related homolo-
gous genes (Figure 1A).

To confirm that GAUT10 and GAUT11 are expressed in
GCs, we generated transgenic plants expressing the GUS re-
porter gene controlled by the GAUT10 or GAUT11 pro-
moter, respectively. GAUT10 and GAUT11 showed similar
and broad expression patterns in embryo, cotyledons, hypo-
cotyls, vascular strands, rosette leaves, roots, flowers, and sili-
ques (Supplemental Figure S1A). At the cellular level, both
GAUT10 and GAUT11 were strongly expressed in the stoma-
tal lineage cells during GC development, including meriste-
moids, guard mother cells, and both young and mature GCs
(Figure 1B; Supplemental Figure S1B), consistent with the

microarray data (Figure 1A). These results confirm that
GAUT10 and GAUT11 are greatly expressed in GCs and sug-
gest their possible involvement in stomatal biology.

GAUT10 and GAUT11 localize in Golgi and
participate in pectin synthesis
GAUT10 and GAUT11 belong to the glycosyltransferase fam-
ily, which are considered as Golgi-localized type II membrane
protein (Sterling et al., 2001, 2006; Yin et al., 2010). To deter-
mine the subcellular localizations of GAUT10 and GAUT11,
the GAUT10 and GAUT11 CDS (coding sequence) fused
with a YFP tag at the C-terminus were transiently expressed
in Nicotiana benthamiana epidermal cells. YFP fluorescence
overlapped well with the Golgi-localized marker GONST1
(Baldwin et al., 2001), with punctuate distribution pattern in
the transiently expressed epidermal cells and mesophyll cell

Figure 1 Closely related homologous genes GAUT10 and GAUT11 are highly expressed in GCs. A, Phylogenetic analysis of GAUT proteins in
Arabidopsis and relative expression of GAUTs in stomatal lineage cells based on the eFP Browser (Winter et al., 2007). Phylogenetic tree was con-
structed by MEGA X with the neighbor-joining method. The tree is drawn to scale, with branch lengths measured in genetic distance. For each
gene, the expression level in meristemoids was set as 1.0 (green), and the expression levels in other cell types are relative to meristemoids.
Different colors represent the abundance of transcripts, from low (green) to high (magenta). B, GUS staining of stomatal lineage cells at several
stages of the stomatal development in pGAUT10::GUS and pGAUT10::GUS transgenic plants. Bars = 10 mm.
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(MC) protoplasts (Figure 2A; Supplemental Figure S1C).
These results confirmed that GAUT10 and GAUT11 localize
to the Golgi apparatus where pectin synthesis is known to
take place (Sterling et al., 2001), and are thus consistent
with the possible roles of GAUT10 and GAUT11 in pectin
biosynthesis.

To elucidate that GAUT10 and GAUT11 function as
GAUTs in pectin biosynthesis, two T-DNA insertion
mutants, gaut10-3 (SALK_092577) (Pu et al., 2019) and
gaut11-3 (SAIL_567_H05; Voiniciuc et al., 2018b), were or-
dered from the Arabidopsis Biological Resource Center
(ABRC; www.arabidopsis.org; Supplemental Figure S2A).
Reverse transcription-quantitative PCR (RT-qPCR) analyses
revealed that gaut10-3 was a knockout mutant, while
gaut11-3 was a knock-down mutant (Supplemental Figure
S2, B and C; Supplemental Table S1). A gaut10-3gaut11-3
(g10g11) double mutant was then generated and pectin
content in the single and double mutant plants was deter-
mined. In this assay, alcohol-insoluble residue (AIR) was
extracted from the rosette leaves and used for uronic acid
content determination. gaut11-3 exhibited a reduced total

uronic acid level compared to Col-0, consistent with a previ-
ous study (Voiniciuc et al., 2018b), while gaut10-3 exhibited
a uronic acid level comparable to Col-0. However, g10g11
double mutant had much lower amount of total uronic
acid level compared to Col-0 (Figure 2B). These results sug-
gest that GAUT10 and GAUT11 function redundantly in
pectin biosynthesis.

To further determine their effects on pectin synthesis, the
constructs containing GAUT10 or GAUT11 genomic DNA
driven by their native promoter were introduced into the
g10g11 mutants, respectively. Two independent transgenic
lines expressing GAUT10 or GAUT11 (G10com

3# and
G10com

5#, G11com
5# and G11com

6#), whose transcript levels
were comparable or greater to that of the wild-type (WT;
Supplemental Figure S2, D and E), were selected for pectin
level analyses. Expression of GAUT10 or GAUT11 rescued the
reduced uronic acid level of g10g11 plants (Figure 2C), sug-
gesting that GAUT10 and GAUT11 are functional GAUTs
and involved in pectic HG synthesis. When GAUT10 or
GAUT11 were overexpressed in Col-0 (G10OE

4# and G10OE
13#,

G11OE
7# and G11OE

13#; Supplemental Figure S2, F and G), the

Figure 2 GAUT10 and GAUT11 are Golgi-localized GAUTs and participate in pectin biosynthesis. A, YFP-tagged GAUT10 and GAUT11 fusion
proteins are co-localized with GONST1-OFP (Golgi apparatus marker) in Golgi in MC protoplasts of N. benthamiana leaves. The signals were visu-
alized with a laser confocal microscope. Bars = 10mm. B, Uronic acid measurements in leaves from 4-week-old Col-0, gaut10-3, gaut11-3, and
g10g11 plants. Values are means ± SE (three biological replicates). P5 0.05, one-way ANOVA and Tukey’s test. C, Uronic acid measurements in
GAUT10 or GAUT11 complementation lines. Values are means ± SE (three biological replicates). P5 0.05, one-way ANOVA and Tukey’s test. D,
Cellulose content measurements by Updegraff method from leaves of 4-week-old Col-0 and g10g11 plants. Values are means ± SE (two biological
replicates). No significant difference (ns), P5 0.05; Student’s t test.
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pectin levels detected by this method were not significantly
increased (Supplemental Figure S3A). Because cellulose is a
major cell wall structural component and is considered to
be closely interacted with pectins (Broxterman and Schols,
2018), we also examined cellulose content in the g10g11
plants by Updegraff method (Rui and Anderson, 2016). The
cellulose content was not changed in the g10g11 cell wall
(Figure 2D). These results demonstrate the redundant role
of GAUT10 and GAUT11 in pectic HG synthesis.

GAUT10 and GAUT11 are required for plant growth
and development
We determined the plant morphology of gaut10-3,
gaut11-3, and g10g11. The gaut10-3 and gaut11-3 single
mutants did not show any obviously altered morphologies
at our growth conditions, such as plant size at both seed-
ling and adult stages either in the half strength Murashige
and Skoog (1/2 MS) medium (1% sucrose) or soil, plant
height, primary root length, and seed size, compared to
Col-0 (Figure 3). However, g10g11 plants were slightly
smaller than the WT at both seedling and adult stages,

with no substantial difference in plant growth rate, plant
height, and leaf number compared to Col-0 (Figure 3A;
Supplemental Figure S4, A and B). g10g11 had slightly
shorter primary root length at normal growth conditions
and shorter hypocotyl length in darkness, the flowering
time was similar to Col-0 but the fertility was severely im-
paired (Figure 3, B–E), suggesting GAUT10 and GAUT11
mutations inhibit plant growth. Furthermore, the seed
size and seed germination rate of g10g11 were substan-
tially reduced (Figure 3F; Supplemental Figure S4C), and
Ruthenium Red staining analyses showed both soluble
mucilage and adherent mucilage were almost undetect-
able in the g10g11 seeds, compared to the reduced muci-
lage levels observed in the gaut10-3 and gaut11-3 single
mutants (Figure 3G), further supporting the functional re-
dundancy between GAUT10 and GAUT11 in pectin syn-
thesis. Additionally, when the expanded leaves were
bending down 180�, around 80% of leaf petioles or mid-
ribs were broken in the g10g11 double mutant, however,
these were almost intact in Col-0 (Figure 3H). These
results suggest the essential role of GAUT10 and GAUT11

Figure 3 GAUT10 and GAUT11 function in plant development. A, Eight-day-old seedlings of Col-0, gaut10-3, gaut11-3, and g10g11. Bar = 5 mm. B,
Etiolated g10g11 seedlings (6-d-old) exhibited shorter hypocotyls. Bar = 1 cm. C, Light-grown g10g11 seedlings (9-d-old) exhibited shorter primary
root length. Bar = 1 cm. D, Statistical analyses of hypocotyl and primary root length in (B) and (C). Values are means± SE (n5 30 seedlings per ge-
notype per experiment). Three independent experiments; ***P5 0.001 compared to Col-0, Student’s t test. E, g10g11 plants exhibited reduced fer-
tility compared to Col-0 plants. Bar = 2 cm. F, Mature seeds of Col-0, gaut10-3, gaut11-3, and g10g11 plants. Bars = 200mm. G, Ruthenium red
staining of mucilage surrounding the seeds of Col-0, gaut10-3, gaut11-3, and g10g11. Seeds were stained directly ([a] to [d]) or after imbibition for
1 h in water ([e] to [h]) or EDTA ([i] to [l]). Bars = 200 mm. H, Statistical analyses of broken petioles for brittleness of g10g11 mutant leaves. Fully
expanded leaves of 4- to 5-week-old plants were bent by 180� so that the adaxial surface of the leaf was parallel with the soil. Broken leaf petioles
were considered brittle. Values are means ± SE (n5 30, ***P5 0.001 compared to Col-0, Student’s t test).
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in plant growth, and the growth inhibition in g10g11
plants may be due to the reduced pectin level, which
changes the cell wall expansion and flexibility.

GAUT10 and GAUT11 mutations result in a larger
stomatal complex and smaller pore area
GAUT10 and GAUT11 are highly expressed in the stomatal
lineage cells (Figure 1; Supplemental Figure S1B), we then
assessed the role of GAUT10 and GAUT11 in stomata. No
significant differences in stomatal density and index were
found in mature g10g11 leaves under normal growth condi-
tions (Supplemental Figure S4, D and E). However, g10g11
mutant plants exhibited a larger stomatal complex size in
both mature leaves and cotyledons (Figure 4A;
Supplemental Tables S2 and S3). In particular, the stomatal
pore length and the ratio of pore length to stomatal com-
plex length, as well as stomatal complex length and GC
width, were all significantly greater in g10g11 than in Col-0
controls (Figure 4B). In addition, g10g11 exhibited a reduced
pore width under normal conditions, resulting in smaller
pore area and reduced transpiration rate (Figure 4, B–D).
Consistent with these phenotypes, leaf temperature of
g10g11 plants was higher than Col-0 controls (Figure 4, E

and F). These phenotypes were all recovered to the WT level
in the GAUT10 or GAUT11 complementation lines (Figure 4;
Supplemental Table S2). However, in the GAUT10- or
GAUT11-overexpression lines, stomatal size, and dimension
did not differ from that of Col-0 (Supplemental Table S4).
These results suggest that GAUT10 and GAUT11 influence
GC size and stomatal pore dimension.

Changes in GAUT10 and GAUT11 expression alter
stomatal dynamics to environmental changes
We next determined the stomatal conductance changes in
intact leaves of 3- to 4-week-old WT and g10g11 mutant
plants in response to changes in light intensity and CO2

concentrations. Light and reduced [CO2] treatments pro-
moted stomatal opening and thus increased stomatal con-
ductance, and further shifts to darkness and elevated [CO2]
facilitate stomatal closing in the Col-0 controls (Figure 5, A
and B; Supplemental Figure S5, A and B). In contrast, the
increases of stomatal conductance during light and reduced
[CO2] treatments were greater in the g10g11 mutant plants,
and further stomatal closure induced by darkness and high
[CO2], respectively, in g10g11 was also faster (Figure 5, A
and B; Figure S5, A–D). These results suggest that g10g11

Figure 4 GAUT10 and GAUT11 control stomatal size and pore dimension. A, Stomata in 3- to 4-week-old Col-0, g10g11, G10com5#, and G11com6#

plants. Bars = 10 mm. B, Measurements of stomatal complex length (1), GC width (2), pore length (3), pore width (4), and the ratio of pore length
to stomatal complex length (3:1) in 3- to 4-week-old Col-0 and g10g11 plants. Values are means ± SE (n5 60 stomata from at least six plants per
genotype, ***P5 0.001; **P5 0.01; Student’s t test). C, Measurements of stomatal pore area in 3- to 4-week-old Col-0 and g10g11 plants under
normal growth conditions. Values are means ± SE (n5 50 stomata from at least six plants per genotype, ***P5 0.001; Student’s t test). D,
Measurements of leaf transpiration rate (mmol m–2 s–1) using a LI-6400XT gas exchange system in 3- to 4-week-old Col-0 and g10g11 plants.
Values are means ± SE, P5 0.05, one-way ANOVA, and Tukey’s test. E, Thermal imaging of well-watered Col-0, g10g11, G10com5#, and G11com6#

plants. F, Statistical analysis of leaf temperature from thermal images of Col-0, g10g11, G10com5#, and G11com6# plants. Error bars indicate ± SE,
n5 6, P5 0.05, one-way ANOVA, and Tukey’s test.
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stomata are more sensitive and have a larger range of
motions in response to environmental changes in [CO2]
shifts, and dark to light transitions. G10com

3#, G10com
5#,

G11com
5#, and G11com

6# complementation lines behaved sim-
ilar to WT with respect to stomatal dynamics to these envi-
ronmental changes (Figure 5, C and D; Supplemental Figure
S5, E and F), suggesting that GAUT10 and GAUT11 muta-
tions cause the g10g11 stomatal hypersensitivity. To further
test whether altered stomatal dynamics in the g10g11 ma-
ture leaves was due to the changes in stomatal dimension,
we measured stomatal dynamics in the GAUT10- and
GAUT11-overexpression lines, in which stomatal size and di-
mension were not significantly different from that in Col-0
(Supplemental Table S4). Interestingly, G10OE

4#, G10OE
13#,

G11OE
7#, and G11OE

13#-overexpression lines showed greatly
impaired stomatal dynamic response to [CO2] shifts and
dark to light transitions (Figure 5, E and F; Supplemental
Figure S5, G and H), suggesting that the stomatal dynamics
correspond with GAUT10 and GAUT11 expression, but not
with stomatal dimension changes.

Because g10g11 displayed reduced transpiration rate and
increased stomatal response to environmental stimuli, we
then performed drought stress assays of g10g11, and
GAUT10 or GAUT11 complementation and overexpression
lines. g10g11 double mutant plants showed enhanced
drought tolerance during exposure to drought stresses and
water recovery (Figure 5G), matching well with the reduced
stomatal pore area and increased stomatal dynamics

Figure 5 GAUT10 and GAUT11 are involved in stomatal dynamics and drought performance. A and B, Relative stomatal conductance of 3- to 4-
week-old Col-0 and g10g11 mutant in response to shifts in light intensity or CO2 concentrations. Values are means ± SE, n5 3 leaves per genotype
per experiment. Experiments are repeated 3 times. C–F, Relative stomatal conductance of 3- to 4-week-old Col-0, g10g11, G10com5#, G11com6#,
G10OE4

#, and G11OE7
# plants in response to shifts in light intensity or CO2 concentrations. Values are means ± SE, n5 3 leaves per genotype per ex-

periment. Experiments are repeated 3 times. G and H, Drought performance of 3-week-old Col-0, g10g11, G10com5#, G11com6#, G10OE4
#, and

G11OE7
# plants under drought stresses and water recovery. Images were obtained before drought (top), drought stress for 10 d (middle) in (G) and

8 d in (H), and 2 d after re-watering (bottom).
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(Figures 4C and 5, A and B). GAUT10 or GAUT11 expression
rescued the drought insensitive phenotypes (Figure 5G), and
GAUT10 or GAUT11 overexpression lines were more sensi-
tive to drought stresses (Figure 5H). These results suggest
that GAUT10 and GAUT11 are essential for stomatal behav-
ior and drought performance. These results also suggest that
pectin synthesis by GAUT10 and GAUT11 modulates sto-
matal dynamics. The reduced pectin level might accelerate
cell wall expansion during stomatal opening, whereas excess
pectin level limits cell wall expansion.

GAUT10 and GAUT11 modulate HG de-
methylesterification and demethylesterified HG
abundance in GCs
GC pectin methylesterification status affects GC wall stiff-
ness and stomatal dynamics (Amsbury et al., 2016). To ex-
plore whether reduced pectin synthesis changes the pectin
methylesterification degree in the g10g11 cell walls, we mea-
sured total PME activity in the leaves of 3- to 4-week-old
Col-0, g10g11, and GAUT10 or GAUT11 complementation
plants. g10g11 mutant plants exhibited greater PME activity

than Col-0, while GAUT10 or GAUT11 complementation
lines exhibited comparable PME activity as Col-0
(Figure 6A). These results suggest that GAUT10 and GAUT11
mutations increase pectin demethylesterification. To further
determine that GAUT10 and GAUT11 function in GC walls,
we performed immunohistochemical assays using specific
antibodies that recognize different HG forms in GC walls of
Col-0, g10g11, G10com5#, and G11com6# plants. Calcofluor
White staining, which binds to beta-1,3 and beta-1,4 glucan
chains, showed that cell wall thickness and structure were
not changed in g10g11 (Figure 6, B and C). LM19 and LM20
recognize demethylesterified HG and highly methylesterified
HG, respectively. The WT GC walls were rich in demethyles-
terified pectins indicated by LM19 binding, and had much
lower amount of methylesterified HG indicated by LM20
binding (Figure 6, B–D). Interestingly, in contrast, the immu-
nolabeling pattern was altered in g10g11 GC walls, in which
LM19 binding was much weaker and LM20 binding was
brighter than in Col-0 (Supplemental Figure 6, B–D).
Moreover, G10com5# and G11com6# exhibited WT-like pectin
distribution patterns (Figure 6, B–D). Control sections that
were only incubated with secondary antibodies (without

Figure 6 GAUT10 and GAUT11 modulate pectin demethylesterification and abundance in GC walls. A, PME activity in the leaves of 4-week-old
Col-0, g10g11, G10com3#, G10com5#, G11com5#, and G11com6# plants. Values are means ± SE, three biological replicates; P5 0.05, one-way ANOVA,
and Tukey’s test. B, Immunolabeling of demethylesterified HG (labeled with LM19) of GC walls from WT, g10g11, G10com5#, and G11com6# plants
visualized by a confocal microscope. Top panels, LM19 labeling; bottom panels, LM19 labeling (green) merged with Calcofluor White signal
(magenta).PC, pavement cell. Bars = 5mm. C, Immunolabeling of highly methylesterified HG (labeled with LM20) of GC walls from WT, g10g11,
G10com5#, and G11com6# plants. (Top), LM20 labeling; bottom, LM20 labeling (green) merged with Calcofluor White signal (magenta). Bars = 5mm.
D, LM19 and LM20 immunolabeling fluorescence intensity in the GC walls of 3- to 4-week-old Col-0, g10g11, G10com5#, and G11com6# plants.
Values are means ± SE and letters represent significant difference (n5 20 GCs per genotype; P5 0.05, one-way ANOVA and Tukey’s test). E, PG
activity in the leaves of 4-week-old Col-0, g10g11, G10com3#, G10com5#, G11com5#, and G11com6# plants. Values are means ± SE, three biological repli-
cates; P5 0.05, one-way ANOVA, and Tukey’s test.
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primary antibodies) showed a very low level of fluorescence
in the green channel (Supplemental Figure S6). These results
suggest that GAUT10 and GAUT11 mutations alter the pec-
tin methylesterification degree in GC walls.

Demethylesterified HG can be degraded by HG-degrading
enzyme PGs (Xiao et al., 2014; Rui et al., 2017). The very re-
duced demethylesterified HG in g10g11 GC walls (Figure 6B)
may be resulted from the reduced HG synthesis, or also the
contribution of demethylesterified HG degradation. We then
measured PG activity in g10g11. Surprisingly, the total PG ac-
tivity was significantly increased in g10g11 and its level was re-
covered to the WT-like level in GAUT10 or GAUT11
complementation lines (Figure 6E). These results indicate that
demethylesterified HG degradation contributes to the ex-
tremely reduced demethylesterified HG level in g10g11.
Demethylesterified HG degradation together with the reduced
HG level might lead to efficient binding of LM20 on highly
methylesterified HG and brighter LM20 fluorescence in
g10g11 than Col-0 (Figure 6, B and C). Similar phenomena
were observed in the PGX3 overexpression plants (Rui et al.,
2017). These results suggest that GAUT10 and GAUT11 mod-
ulate not only pectin biosynthesis, but also HG de-
methylesterification and degradation in GC walls, providing
molecular evidence for the altered stomatal dynamics in the
g10g11 mutant.

PME6 mutation rescues the increased stomatal
dynamics in g10g11
PME6 and PME34 are vital PMEs that are highly expressed
in GCs and crucial for stomatal movement (Amsbury et al.,
2016; Huang et al., 2017). We, therefore, examined PME6
and PME34 expression in Col-0, g10g11, and GAUT10 or
GAUT11 complementation lines. RT-qPCR analyses showed
that PME6 expression was significantly greater in g10g11,
and recovered to a similar level as Col-0 in the GAUT10 or
GAUT11 complementation lines (Figure 7A). However,
PME34 expression was not altered in g10g11 (Supplemental
Figure S7A). These results suggest that PME6 upregulation
may be a cause for the increased PME activity and stomatal
dynamics in g10g11.

To prove this, we generated a new pme6 allele, pme6-c, us-
ing a CRISPR-Cas9 system (Ma et al., 2015). pme6-c had a
648-bp deletion in the PME6 genomic DNA, which prevented
normal PME6 translation (Supplemental Figure S8, A and B).
Immunolabeling assays showed that pme6-c had a reduced
level of demethylesterified pectin indicated by LM19 binding
and a greater level of highly methylesterified pectin by LM20
binding compared with Col-0 (Figure 7, B–D), consistent with
a previous study (Amsbury et al., 2016). The methylesterified
and demethylesterified pectin levels in g10g11 were less than
those in pme6-c (Figure 7, B–D), in accordance with the re-
duced pectin synthesis in g10g11 (Figure 2B). The demethyles-
terified HG was still extremely reduced in g10g11pme6-c GC
walls, similar to g10g11. However, a strong distribution of
highly methylesterified pectins was observed in g10g11pme6-c
GC walls, more than that in pme6-c (Figure 7, B–D),

suggesting that PME6 mutation increases the methylesterified
HG level in g10g11 GC walls.

Interestingly, PME6 mutation complemented the increased
stomatal dynamic response in g10g11 to CO2 changes, as
well as dark to light transition (Figure 7, E and F;
Supplemental Figure S9, A and B). Because GAUT10 and
GAUT11 mutations altered the stomatal dimension and size,
we also observed stomatal morphology in g10g11pme6-c
plants. g10g11pme6-c plants had a stomatal complex size
similar to g10g11 (Supplemental Table S5), in agreement
with a previous study that pme6 mutation did not alter the
stomatal dimension (Amsbury et al., 2016). These results
suggest that PME6 upregulation is the main cause for the in-
creased stomatal dynamics in g10g11, but not a major con-
tribution for stomatal size and dimension. These findings
demonstrate that GAUT10 and GAUT11 control GC wall
flexibility, at least partially, through PME6 modulation on
pectin methylestrification to mediate stomatal dynamics.

PGX3 mutation cannot restore stomatal dimension
and dynamics in g10g11
PME6 mutation rescued g10g11 stomatal dynamics, but not
the stomatal size and dimension (Figure 7; Supplemental
Table S5), and g10g11 exhibited greater PG activity
(Figure 6E), indicating that increased PG activity and deme-
thyesterified pectin degradation may contribute to stomatal
size and dimension changes. To determine which enzyme
contributes to the increased PG activity, we first analyzed
several PG genes that were reported to regulate plant
growth and development. RT-qPCR analyses showed that
the expression levels of PGX2, PGX3, ADPG2, and QRT2
genes were increased in g10g11 (Figure 8A; Supplemental
Figure S7B), indicating that upregulation of these PGs could
be partially responsible for the increased PG activity in
g10g11, which may degrade the demethylesterified HG in
g10g11 GC walls. PGX3 modulates stomatal pore dimensions
and stomatal dynamics, whose overexpression led to a larger
stomatal size in cotyledons and accelerated stomatal open-
ing (Rui et al., 2017), similar to g10g11 (Figures 4 and 5). We
then generated a PGX3 mutation by a CRISPR–Cas9 system
in the g10g11 background (Wang et al., 2015), in which 460
bp was deleted in the PGX3 genomic DNA, resulting in a
mutated form of PGX3 (Supplemental Figure S8, A and B).
The phenotypic characterization of the isolated pgx3-c mu-
tant by crossing with Col-0 showed that the mutated PGX3
gene was dysfunctional, in which stomatal dimension in
cotyledons was reduced and cotyledon shape was changed
(Supplemental Figure S10), consistent with a previous study
(Rui et al., 2017). Immunolabeling assays showed that PGX3
mutation slightly increased LM19 fluorescence in the g10g11
GC walls (Figure 8, B–D), demonstrating that PGX3 upregu-
lation contributes to demethylesterified HG degradation and
extremely reduced demethylesterified HG level in g10g11 GC
walls. However, the g10g11pgx3-c triple mutant showed
comparable [CO2] or light-induced stomatal opening com-
pared with g10g11 (Figure 8, E and F; Supplemental Figure
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S9, C and D), suggesting that PGX3 upregulation is not the
major reason for the increased stomatal dynamics in g10g11.
Furthermore, g10g11pgx3-c triple mutant exhibited a similar
stomatal morphology in both mature leaves and cotyledons
(Supplemental Tables S3 and S5). Since PGX3 regulation of
stomatal morphology is only in cotyledons and the total PG
activity was not significantly decreased in g10g11pgx3-c
(Supplemental Figure S11C), these results indicate that there
could be other PGs or functional redundancy in PGs, such
as PGX2, ADPG2, and QRT2 identified here, which are re-
sponsible for the increased PG activity in the g10g11 GC
walls and stomatal morphology.

Discussion
GC development involves differential cell divisions and cell
wall thickening. As the major cell wall constituents, the

pectin composition determines cell wall mechanical proper-
ties, which play a crucial role in regulating cell growth and
movement in various plant physiological and developmental
processes. In this study, we identify that two GAUTs
GAUT10 and GAUT11, are involved in GC pectin synthesis
and essential for stomatal development and stomatal dy-
namics in Arabidopsis (Figure 9).

GAUT1-related proteins are key players in the synthesis of
pectins in plant primary cell walls (Mohnen, 2008; Caffall
and Mohnen, 2009). Defects in cell wall structures have
been observed in several reported GAUT1-related mutants,
such as gaut13gaut14 heterozygous (Wang et al., 2013), irx8
(Persson et al., 2007), qua1 (Bouton et al., 2002), gatl5 (Kong
et al., 2013), and gaut5–/–gaut6–/–gaut7 + /– mutants (Lund et
al., 2020), resulting in defective plant growth phenotypes.
GAUT10 and GAUT11 belong to the GAUT family, and are
essential for sugar-mediated root meristem maintenance

Figure 7 PME6 mutation rescues the stomatal hypersensitivity of g10g11. A, PME6 expression level in Col-0, g10g11, GAUT10, or GAUT11 comple-
mentation plants. Values are means ± SE, three biological replicates; P5 0.05, one-way ANOVA, and Tukey’s test. B, Immunolabeling of demethy-
lesterified HG (LM19) of GC walls from Col-0, g10g11, pme6-c, and g10g11pme6-c plants. Top, LM19 labeling; bottom, LM19 labeling (green)
merged with Calcofluor White signal (magenta). Bars = 5mm. C, Immunolabeling of highly methylesterified HG (LM20) of GC walls from Col-0,
g10g11, pme6-c, and g10g11pme6-c plants. Top panels, LM20 labeling; bottom panels, LM20 labeling (green) merged with Calcofluor White signal
(magenta). Bars = 5 mm. D, LM19 and LM20 immunolabeling fluorescence intensity in the GC walls of 3- to 4-week-old Col-0, g10g11, pme6-c, and
g10g11pme6-c plants. Values are means ± SE, and letters represent significant difference (n5 20 GCs per genotype; P5 0.05, one-way ANOVA and
Tukey’s test). E and F, Relative stomatal conductance in 3- to 4-week-old Col-0 controls, g10g11, pme6-c, and g10g11pme6-c plants in response to
shifts in light intensity or CO2 concentrations. Experiments are repeated 3 times. Values are means ± SE, n5 3 leaves per genotype per experiment.
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and release of seed coat mucilage (Voiniciuc et al., 2018b; Pu
et al., 2019), respectively. We show that GAUT10 and
GAUT11 play important roles in plant growth and develop-
ment. The g10g11 double mutant showed reduced pectin
level and exhibited growth retardation, with slightly smaller
plant size, shorter hypocotyl, and primary root, reduced fer-
tility, and smaller seed size. g10g11 also exhibited fragile leaf
blades. However, no obvious growth defects were found in
the gaut10-3 and gaut11-3 single mutants at our growth
conditions (Figure 3), suggesting the functional redundancy
of GAUT10 and GAUT11 in these processes. Considering
that GAUT10 and GAUT11 exhibited consistent expression
patterns in various tissues at different plant development
stages and their involvement in pectin synthesis (Figure 2B;
Supplemental Figure S1A), and the phenotypes were rescued
by GAUT10 or GAUT11 expression (Figure 2C), we conclude
that GAUT10 and GAUT11 have functional overlap in mul-
tiple physiological and developmental processes through

regulation of cell wall physical properties and are required
for plant growth and development.

High expression of GAUT10 and GAUT11 in the stomatal
lineage cells (Figure 1) indicates their involvement in pectin
deposition in GC walls during stomatal development. The
g10g11 double mutant exhibited an increased stomatal di-
mension compared with Col-0 (Figure 4, A and B) and these
phenotypes were recovered by GAUT10 or GAUT11 expres-
sion (Supplemental Table S2), suggesting that the reduced
pectin level may loosen the cell wall and increase cell expan-
sion, leading to a larger stomatal size in g10g11 (Figure 4A).
pme6 mutation did not affect stomatal morphological phe-
notypes in g10g11 (Supplemental Table S5), suggesting that
the methylesterified HG level is not the main reason for the
increased stomatal size and dimension. There is increasing
evidence that the degradation of demethylesterified pectins
by HG-degrading enzymes (e.g. PGs and PLs) and GC pres-
surization make contributions to pore initiation and

Figure 8 PGX3 mutation cannot restore the hypersensitive stomatal dynamics of g10g11. A, PGX3 expression level in 3-week-old rosette leaves
from Col-0, g10g11, G10com5#, and G11com6# plants. Values are means ± SE, three biological replicates; P5 0.05, one-way ANOVA, and Tukey’s test.
B, Immunolabeling of demethylesterified HG (LM19) of GC walls from Col-0, g10g11, and g10g11pgx3-c plants. Top panels, LM19 labeling; bottom
panels, LM19 labeling (green) merged with Calcofluor White signal (magenta). Bars = 5mm. C, Immunolabeling of highly methylesterified HG
(LM20) of GC walls from Col-0, g10g11, and g10g11pgx3-c plants. Top panels, LM20 labeling; bottom panels, LM20 labeling (green) merged with
Calcofluor White signal (magenta). Bars = 5 mm. D, LM19 and LM20 immunolabeling fluorescence intensity in the GC walls of 3- to 4-week-old
Col-0, g10g11, and g10g11pgx3-c plants. Values are means ± SE and letters represent significant differences (n5 20 GCs per genotype; P5 0.05,
one-way ANOVA and Tukey’s test). E and F, Relative stomatal conductance in 3- to 4-week-old Col-0, g10g11 and g10g11pgx3-c plants in response
to shifts in light intensity or CO2 concentrations. Experiments are repeated 3 times. Values are means ± SE, n5 3 leaves per genotype per
experiment.

2830 | PLANT PHYSIOLOGY 2021: 187; 2820–2836 Guo et al.

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab432#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab432#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab432#supplementary-data


enlargement (Rui et al., 2017, 2019). g10g11 had increased
total PME and PG activities (Figure 6, A and E), and in-
creased expression of PME6 and PGs (Supplemental Figure
S7), which may contribute to the increased stomatal size
and pore enlargement. Knocking out PGX3, whose overex-
pression produced a larger stomatal dimension in cotyle-
dons as in g10g11 (Rui et al., 2017), slightly increased
demethyesterified HG level in GC wall (Figure 8, B–D), but
did not restore g10g11 stomatal morphology in either coty-
ledons or mature leaves (Supplemental Tables S3 and S5).
Considering that the genes encoding PMEs, PGs, and PLs ex-
ist in large families (Kim et al., 2006; González-Carranza et
al., 2007; McCarthy et al., 2014; Sénéchal et al., 2014) and
several PG encoding genes, such as PGX2, ADPG2, and QRT2,
were upregulated in g10g11 (Supplemental Figure S7B), abla-
tion of one gene might not be enough to have a significant
effect on stomatal dimension in the g10g11 background, in
which the pectin level was reduced. Higher-order mutations
of PGs and PLs in the g10g11 background need to be further
generated and investigated in the future. The uronic acid
levels in GAUT10- or GAUT11-overexpression lines were not
obviously increased in our assay, possibly because the uronic
acid assays we used are not sensitive enough to detect the
small increase of pectin content in the overexpressed plants,

since overexpression of GAUT10 and GAUT11 had opposite
effect on stomatal behavior and drought performance
(Figure 5). GAUT10 or GAUT11 overexpression may have in-
creased pectin content in a very low amount that is not de-
tectable by the assay we used here, and therefore enhanced
the cell wall stiffness very slightly, which lead to similar sto-
matal size in the GAUT10- or GAUT11-overexpressing and
Col-0 plants (Supplemental Table S4).

Decrease in pectin synthesis and abnormal stomatal mor-
phology may influence stomatal behavior under various
environments. g10g11 mutants showed an increased stoma-
tal dynamic response to external stimuli such as CO2 and
light intensity changes (Figure 5, A and B; Supplemental
Figure S5, A–D), while GAUT10 or GAUT11 overexpression
showed reduced ability to respond to these environmental
changes (Figure 5, E and F; Supplemental Figure S5, G and
H). Consistent with this, g10g11 plants showed enhanced
drought tolerance, whereas GAUT10 or GAUT11-overex-
pressing plants were sensitive to drought stresses (Figure 5,
G and H). The opposite stomatal behavior and drought per-
formance correspond with GAUT10 and GAUT11 expression
levels, suggesting the essential role of GAUT10 and GAUT11
and pectin abundance in stomatal dynamics. The simulta-
neous loss of GAUT10 and GAUT11 promoted HG demethy-
lestrification and degradation, which were caused by the
increased PME and PG activity and enzyme expression
(Figure 6, A and E; Supplemental Figure S7). Therefore, the
more flexible g10g11 stomatal movement could be the com-
bined result of these multiple factors. The synergistic actions
of PME and PG activity are important for the maintenance
of cell wall integrity, PME activity is spatially and temporally
modulated in response to environmental changes, HG
demethylesterification provides substrates for HG-degrading
enzymes (PGs and PLs), and releases protons that promote
PG activity, resulting in demethylesterified HG degradation
and cell wall loosening (Moustacas et al., 1991; Hocq et al.,
2017). Increased PME activity accompanied by an increased
PG activity has been reported to promote pectin degrada-
tion and stomatal dynamics in both feeding assays and ge-
netic mutants. For example, treatment with both PME and
PG enzymes promoted wider stomatal opening during fusi-
coccin application, and reversed the impaired stomatal
movement caused by arabinan degradation (Jones et al.,
2003, 2005). A pme34 mutant had greatly increased PME ac-
tivity under a lethal heat-stress treatment and also an irreg-
ular increase of PG activity, which allows pectin degradation
and increased stomatal opening (Huang et al., 2017; Wu et
al., 2017). Similar to heat stress, reduced pectin synthesis in
g10g11 may also be a stress for plants, which produces a
feedback that promotes upregulation of PMEs and random
HG demethylesterification, leading to the enhanced PG ac-
tivity on demethylesterified HGs degradation and GC wall
loosening, thus increasing the stomatal dynamic response to
environmental changes (Figure 5, A and B; Supplemental
Figure S5, A–D). Further mutation of PGX3 increased the
demethylesterifed HG level in g10g11, suggesting that PGs

Figure 9 Model of GAUT10 and GAUT11 in regulation of stomatal
development and dynamics. Pectin is synthesized by GAUTs
(GAUT10 and GAUT11) in a highly methylesterified form in Golgi ap-
paratus and then delivered to the GC wall. Highly methylesterified HG
is demethylesterified by PMEs (e.g. PME6), demethylesterified HG can
either be cross-linked with Ca2 + or be degraded by PGs (e.g. PGX3),
which coordinate to control cell wall property. In Col-0 plants, the
mechanical properties of GC wall are maintained at normal levels due
to the normal amounts of methylesterified and demethylesterified
HG, allowing well-controlled stomatal development and dynamics. In
g10g11 mutant, reduced pectin synthesis promotes PME6 expression
and HG demethylesterfication, which is in favor of PGs upregulation
and PG activity on demethylesterfied HG degradation, finally leading
to reduced methylesterified and demethylesterfied HG levels in GC
walls. The reduced pectins together with the reduced demethylester-
fied HG level loosen the cell wall and increase cell expansion, leading
to enlarged stomatal dimension and size. A reduction in pectin syn-
thesis combined with a major contribution of reduced methylesterfied
HG level and minor contribution of demethylesterfied HG level leads
to increased stomatal flexibility. PME6 and PGX3 in bold mean their
expressions are activated. The thick arrows indicate the processes are
enhanced and the thin arrows indicate the processes are reduced.
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act downstream of PMEs to regulate pectin modification in
cell walls. Our results together with these previous findings
suggest that coordination of PME and PG are important in
regulating GC wall flexibility and stomatal response.

A pme6 mutant had increased levels of highly methyles-
terified pectin and impaired stomatal dynamics (Amsbury et
al., 2016). Knocking out PME6 in g10g11 not only enhanced
the methylesterified HG level indicated by LM20 in GC walls,
but also greatly restored the increased stomatal dynamics
(Figure 7). Together with that demethylesterified HG was
still absent in the GC walls of g10g11pme6-c (Figure 7, B–D),
these results suggest that the rescue of stomatal dynamics
in g10g11pme6-c mutant may be mainly due to the increase
of highly methylesterified HG level in GC walls (Figure 7, C
and D). PGX3 overexpression showed increased stomatal dy-
namics (Rui et al., 2017), similar to the g10g11 mutant
(Figure 5, A and B; Supplemental Figure S5, A–D), whose
mutation in g10g11 increased demethylesterified HG level
but did not recover the increased stomatal dynamics
(Figure 8). These findings support the previous studies that
HG demethylesterification helps increase cell wall elasticity
and elevated HG methylesterification inhibits cell growth
and movement (Peaucelle et al., 2011; Amsbury et al., 2016;
Jonsson et al., 2021). This further suggests the key determi-
nant role of the methylesterified HG level in regulation of
stomatal dynamics at the genetic level. Our results also sug-
gest that the increased stomatal dynamics in g10g11 are not
associated with stomatal morphological changes (Figure 5;
Supplemental Tables S2 and S4). In the GAUT10 or GAUT11
overexpressing plants, stomatal dimension, and PME activity
were not changed (Supplemental Figure S3B; Supplemental
Table S4), but stomatal dynamics were impaired (Figure 5, E
and F; Supplemental Figure S5, G and H). It is possible that
excessive pectin can regulate the GC wall matrix and embed
more pectin polymers in the cell wall frame, thus changing
the cell wall properties and limiting the stomatal response
to stimuli.

Mutations of GAUT10 and GAUT11 resulted in reduced
pectin synthesis and enhanced HG demethylesterification in
g10g11 mutant plants (Figures 2, B and 6, A).
Demethylesterified HG can be degraded by pectin-degrading
enzymes and pectin/PLs (Xiao et al., 2014; Hocq et al., 2017;
Rui et al., 2018), our experimental results showed that PG
activity was increased in g10g11 (Figure 6E). Thus the re-
duced pectin synthesis and degradation of demethylated
pectin led to the extremely reduced demethylesterified HG
level (LM19) in g10g11 (Figure 6, B and D). g10g11 should
have reduced level of methylesterified HG in GCs; however,
our immunolabeling assay showed brighter LM20 labeling
(Figure 6, C and D). Similar phenomena have been reported
in other studies, in which overexpression of PGX3 also led to
enhanced LM20 labeling (Rui et al., 2017), and a higher de-
gree of HG methylesterification was observed in the PGX1AT

cell walls (Phyo et al., 2017). The brighter LM20 labeling in
g10g11 may be caused by the extremely low level of deme-
thylesterified HG, which lead to the highly methylesterified

HG being more accessible to LM20 for efficient labeling, or
that highly methylesterified HG could not be degraded by
pectin degrading enzymes. A recent report has shown that
Arabidopsis PL gene PL LIKE12 (PLL12) is required for nor-
mal stomatal dynamic by modulating GC wall modulus and
turgor pressure and fine-tuning the levels of calcium cross-
linked pectin (Chen et al., 2021). Although both PG and PL
enzymes degrade demethylesterified HG, PLL12, and PGX3
alter stomatal dynamics differently, and the substrate specif-
icity between PG and PL might be different (Rui et al., 2017;
Chen et al., 2021). In this study, we did not examine
whether expression levels of PL genes and calcium cross-
linked pectin levels were changed in the g10g11 mutant. It is
worthwhile to explore whether PL genes play a role in sto-
matal function of g10g11 mutant in the future.

In conclusion, our findings identify two components that
regulate HG synthesis and modulate stomatal development
and dynamics, through modulation of PME6 and PGs ex-
pression (Figure 9). In Col-0 plants, methylesterified and
demethylesterified HG in GC walls is maintained at normal
levels, which cause well-controlled stomatal development
and dynamics. Mutations of GUAT10 and GAUT11 reduce
pectin synthesis, which increases the expression levels of
PME6 and PGs, thus leading to the reduced methylesterified
and demethylesterfied HG levels in GC walls. The reduced
demethylesterfied HG level loosens the cell wall and
increases cell expansion, leading to enlarged stomatal dimen-
sion and size. A reduction of pectin synthesis, together with
reduced methylesterfied and demethylesterfied HG levels
leads to increased stomatal flexibility. Our findings also pro-
vide insight into the mechanisms of pectin synthesis, pectin
modification, and degradation in GC walls to regulate sto-
matal development and dynamics. Additionally, we show
that the methylesterfied HG is important in stomatal dy-
namics but not in stomatal development, such as stomatal
size and dimension.

Materials and methods

Plant materials and growth conditions
Arabidopsis (A. thaliana) mutant seeds (gaut10-3 and
gaut11-3 [Col-0 background]), were ordered from the ABRC
(www.Arabidopsis.org). Surface-sterilized seeds were sown
on 1/2MS plates (0.5 g/L MES, 2.2 g/L MS salts, 1% [w/v] su-
crose, and 0.8% [w/v] agar, pH 5.6) or pots containing a
mixture of perlite, vermiculite, and peat, and kept at 4�C in
dark for 3–5 d. Plants were grown in a well-controlled
growth room at 21�C with 60% relative humidity under
long-day conditions (16-h light/8-h dark).

Phylogenetic analyses and gene expression profile
analyses
Arabidopsis GAUT sequences were obtained from
Araport11 (Cheng et al., 2017). Alignments were performed
using the MUSCLE method, and phylogenetic tree was con-
structed by MEGA X using the neighbor-joining method
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(Kumar et al., 2018). Tree reliability was evaluated by the
bootstrap method (2,500 replicates). For expression profile
analyses of GAUTs in stomatal lineage cells, the microarray
data were extracted from the eFP Browser (Winter et al.,
2007). For each GAUT, its expression level in meristemoids
was set as 1, and the heat map was constructed by TBtools
(Chen et al., 2020).

RNA isolation and gene expression analyses
Rosette leaves from 3- to 4-week-old Arabidopsis were used
to isolate RNA for transcript analyses. Leaf tissues were
ground to a fine powder in liquid nitrogen for total RNA
extraction by Trizol regent (Simgen, Hangzhou, China).
Genomic DNA was removed by DNase I (TaKaRa, Shiga,
Japan) treatment and first-strand cDNAs were synthesized
from 2mg DNase-treated RNA using the Reverse
Transcription kit (Promega, Madison, WI, USA). Real-time
PCR was performed using a CFX96 TM Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA) according to
the manufacturer’s instructions. ACTIN7 was used as an in-
ternal control.

GUS expression and staining
The spatial expression patterns of GAUT10 and GAUT11
were examined by GUS expression analyses. About 2-kb frag-
ment upstream of the start codon was used to generate the
pGAUT10::GUS and pGAUT10::GUS constructs. For GUS
staining, plant tissues were immersed in buffer containing
50 mM sodium phosphate, pH 7.2, 0.2% (v/v) Triton X-100,
2 mM 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid, and
cyclohexylammonium salt (X-Gluc), and incubated at 37�C
in the dark for 2–16 h. Tissues were decolorized in 70% etha-
nol for several times, and images were captured using a mi-
croscope (TS100, Nikon, Japan).

Measurement of stomatal complex and pore size
To measure the stomatal complex size and pore dimension,
abaxial epidermal layers from 3- to 4-week-old leaves were
imaged by a microscope (TS100, Nikon, Japan). Stomatal
pore area, stomatal pore length, GC pair height, and GC
width were measured by ImageJ software. At least 60 sto-
mata were counted.

PME activity assay
PME activity assay was carried out according to a previous
study (Richard et al., 1994). Rosette leaves of 3- to 4-week-
old plants were ground to a fine powder in liquid nitrogen,
then 200mL PME extraction buffer (0.1 M citrate acid, 0.2 M
Na2HPO4, and 1 M NaCl, pH 5.0) was added. The homoge-
nate was incubated on ice for 1 h and the supernatant was
collected by centrifugation at 4�C with 12,000 rpm for
15 min. Protein extracts were incubated in 1 mL of substrate
solution containing 0.5% citrus pectins (Sigma-Aldrich, St
Louis, MO, USA), 0.2 M NaCl, and 0.002% methyl red, pH
6.8, at 37�C for 1 h. The absorbance of the solution was
measured by a spectrophotometry at 525 nm. A calibration
curve was obtained by replacing the protein extracts with

5–30mL of 0.01 M HCl to 1 mL of substrate solution. PME
activity (nmol H + /min/mg protein) was calculated based on
this standard curve.

PG activity assay
Protein was extracted according to a previous study (Xiao et
al., 2014). Briefly, leaf tissues were ground into a fine powder
in liquid nitrogen and then mixed with extraction buffer
containing 50 mM Tris–HCl (pH 7.5), 3 mM EDTA, 2.5 mM
DTT, 2 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich),
and 1 M NaCl, and 10% (v/v) glycerol. The homogenized
materials were incubated at 4�C for 1 h and the supernatant
was collected by centrifugation at 20,000 g and 4�C for
30 min. PG activity was measured by the increase in reduc-
ing end groups from polygalacturonicacid (poly-GalUA)
(Sigma-Aldrich) by a spectrophotometer. The sample solu-
tion (50mL) was incubated with 180mL of 0.1% (w/v) poly-
GalUA (in 40 mM sodium acetate buffer, pH 4.4) at 37�C for
10 min. The reaction was stopped by the addition of 1.2 mL
of 0.1 M borate buffer (pH 9.0) and 240mL of 1% 2-cyanoa-
cetamide (Sigma-Aldrich) and heated at 100�C for 10 min.
The solution absorbance was measured by a spectropho-
tometer at 276 nm (Honda et al., 1980). A blank was
obtained in the same way by adding sodium acetate buffer
solution instead of protein extracts. D-galacturonic acid
(Sigma-Aldrich) was used as a standard.

Preparation of AIR and uronic acid assays
Rosette leaves of 3- to 4-week-old plants were ground into a
fine powder in liquid nitrogen. The powder was washed
twice with 70% (v/v) ethanol and then twice with chloro-
form/methanol (1:1, v/v). Samples were dried by a vacuum
dryer for 2 h and stored at 4�C. Uronic acid content was de-
termined as described (Blumenkrantz and Asboe-hansen,
1973) with modifications. Briefly, samples were mixed with
1 mL concentrated sulfuric acid containing 0.0125 M sodium
tetraborate (Sigma-Aldrich) and boiled for 5 min in a 100�C
water bath. After cooling to room temperature, the back-
ground absorbance was read at 520 nm using a spectropho-
tometer. About 20mL of 0.15% (w/v) m-hydroxydiphenyl
(Sigma-Aldrich) dissolved in 0.5% (w/v) NaOH was added
and incubation at room temperature for 5 min, and then
the absorbance was measured at 520 nm again. A calibration
curve was obtained by adding 20–100mg/mL UDP-GalA in-
stead of AIR.

Cellulose content measurement
Cellulose contents were measured as described (Rui and
Anderson, 2016). Rosette leaves of 3- to 4-week-old plants
were incubated in 80% ethanol overnight at 65�C, and then
incubated in acetone at room temperature overnight.
Samples were air dried in the fume hood for 4 d and ground
into powder. The powder was boiled in a solution containing
acetic acid:nitric acid:water (8:2:1) for 30 min. The pellets were
collected by centrifuging 12,000 rpm for 5 min and resus-
pended in 1 mL of 67% sulfuric acid. Fifty microliters of the
resuspended samples were incubated with 1 mL of 0.2%
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anthrone in concentrated sulfuric acid, the absorbance of the
solution was measured by spectrophotometry at 620 nm.

Stomatal dynamic analyses
Stomatal conductance in response to CO2 concentration
shifts and dark to light transitions was analyzed in intact
leaves of 4-week-old plants using a portable gas-exchange
system (LI-6400XT, Li-Cor) as reported (Hu et al., 2010). For
plant response to CO2 changes, leaves were stabilized at
450 ppm CO2, followed by 100 ppm to stimulate stomatal
opening, and then shifted to 1,000 ppm to promote stoma-
tal closure. For dark to light transitions, leaves were equili-
brated at 450 ppm CO2 under darkness, shifted to 150 lmol
m–2 s–1 light intensity, and then back to darkness again.

Immunolabeling assay
Immunolabeling assay of GC walls was performed as de-
scribed (Amsbury et al., 2016). About 3- to 4-week-old
leaves were trimmed into 3 mm squares and fixed in 4%
paraformaldehyde. Samples were then dehydrated in an eth-
anol series and wrapped in resin-filled gelatin capsules
(Electron Microscopy China), and polymerized for 7 d at
37�C. Sections (2-mm thick) were sliced on an ultramicro-
tome with a glass knife.

For immunolabeling with LM19 (PlantProbes, UK) and
LM20 (PlantProbes, UK) antibodies, sections were blocked in
phosphate-buffered saline solution (PBS, pH 7.2) with 3%
BSA (w/v) for 1 h, and then incubated with a 1:10 dilution
primary antibody in PBS buffer with 3% BSA at room tem-
perature for 5 h. Samples were washed with PBS buffer 3
times, then incubated with anti-rat-lgG coupled to fluores-
cein isothiocyanate (FITC) at a 1:100 dilution in PBS buffer
containing 3% BSA in the dark for 1 h, and washed again
with PBS buffer 3 times. Samples were counterstained with
0.25% (w/v) Calcofluor White solution (Sigma-Aldrich) for
5 min before observation using a Leica confocal with a 488-
nm excitation laser and a 520–550 nm emission filter for
FITC signals and a 405 nm excitation laser and a 455 nm
emission filter for Calcofluor White signals, the excitation in-
tensity and gains set in the experiment are consistent for all
samples.

Statistics
All statistical analyses (Student’s t test, one-way ANOVA,
and Tukey’s test) in this study were performed using
GraphPad PRISM version 8.0 software.

Accession numbers
Sequence data of genes covered in this article can be found
in the Arabidopsis Genome Initiative or GenBank/EMBL
databases under the following accession numbers: GAUT10
(AT2G20810), GAUT11 (AT1G18580), PME6 (AT1G23200),
and PGX3 (AT1G48100).
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