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Abstract: GTP is an important signaling molecule involved in the growth, development, and stress
adaptability of plants. The functions are mediated via binding to GTPases which are in turn regulated
by GTPase-activating proteins (GAPs). Satellite reports have suggested the positive roles of GAPs in
regulating ABA signaling and pathogen resistance in plants. However, the molecular mechanisms
that bring forth the pathogen resistance have remained unclear. In this study, we demonstrated that
the expression of AtGAP1 was inducible by Pseudomonas syringae pv. tomato DC3000 (Pst DC3000).
The overexpression of AtGAP1 in Arabidopsis promoted the expression of PR1 and the resistance to
Pst DC3000. Proteomic analyses revealed the enhanced accumulation of cell-wall-modifying proteins
as a result of AtGAP1 overexpression. By microscopic analyses, we showed that the overexpression
of AtGAP1 resulted in increased thickness of the mesophyll cell wall and reduced stomatal aperture,
which are effective strategies for restricting the entry of foliar pathogens. Altogether, we demonstrated
that AtGAP1 increases the resistance to Pst DC3000 in Arabidopsis by promoting cellular strategies
that restrict the entry of pathogens into the cells. These results point to a future direction for studying
the modes of action of GAPs in regulating plant cell structures and disease resistance.

Keywords: GTPase activating protein (GAP); GTP; pathogen resistance; cell wall; stomatal aperture

1. Introduction

GTPase-activating proteins (GAPs) are regulators of GTP-binding proteins (G-proteins)
for controlling cellular signals. GAPs stimulate the GTPase activity of G-proteins by
converting them between the active GTP-bound form and inactive GDP-bound form [1,2].
GAPs are involved in various stress responses in plants, fungi, insects, and mammals [3–8].
G-proteins have been suggested as the molecular switch that regulates a wide variety of
plant processes such as defense [9–11], growth and development [12,13], and phytohormone
responses [14,15]. One of the well-studied GAP proteins, the glucose-regulated GTPase-
accelerating protein (AtRGS1) in Arabidopsis, was reported to regulate sugar, abscisic acid
(ABA), and drought stress signals [16,17]. The homolog of AtRGS1 in mulberry, MaRGS,
was reported to be a negative regulator of salt stress responses [8].

GAPs target the heteromeric G-protein α-subunit to regulate bacterial growth and disease
susceptibility in plants [18,19]. In rice, OsGAP1 (NCBI accession number: XP_015627601) was
previously reported to be involved in both biotic and abiotic stress responses [9,20,21]. In
rice, the expression of OsGAP1 was induced upon wounding [20]. It was suggested that the
increased level of OsGAP1 expression upon wounding helps trigger plant defense responses
for better survivorship against infections by pathogens, including Xanthomonas oryzae pv.
oryzae (Xoo) and Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) [9,20]. OsGAP1
contains a C2 domain that enables its binding to phospholipids [20]. In addition, the protein-
interacting partner of OsGAP1, an unconventional G-protein (OsYchF1), was shown to be a
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negative regulator of both salinity stress and pathogen infection in Arabidopsis [9,20–22]. It
is hypothesized that OsGAP1 helps trigger plant defense responses by converting OsYchF1
into its inactive form by activating its GTPase and ATPase activities [9,20,21]. Additionally,
OsGAP1 competes with 26S rRNA to bind OsYchF1 at its TGS domain [9,21]. It was
proposed that OsGAP1 regulates the activity of OsYchF1 by translocating OsYchF1 from
the cytosol when under normal stress-free conditions to the plasma membrane upon
wounding [9,21], through its interactions with OsYchF1 [9]. Under salinity stress, both
OsGAP1 and OsYchF1 were localized in the cytosol [21].

G-proteins are involved in the formation of both secondary cell wall and primary
cell wall in Arabidopsis [23–27]. Small GTPases have been reported to regulate cell wall
deposition [28,29]. For example, RabG3b is a GTP-binding protein regulating tracheary
element (TE) differentiation, which is associated with secondary-cell-wall deposition [30].
On the other hand, Rho GTPase ROP11 recruits a plant-specific microtubule-binding protein
(MIDD1) to induce the local disassembly of cortical microtubules [31], which are associated
with cellulose microfibril deposition for secondary-cell-wall thickening [32]. GTPases also
regulate the formation of primary cell wall, which is not lignified and is thinner compared
to secondary cell wall [28]. For example, the Rab GTPases Rab11 and RabA4d regulate
the membrane trafficking for the delivery of cell-wall materials [33,34]. Previous reports
also suggested the possible involvement of a G-protein subunit or G-protein receptor-like
module in regulating the trafficking of cellulose synthase from the Golgi apparatus to the
plasma membrane for cellulose production [25,27].

The homologous proteins OsGAP1 and AtGAP1 (AT3G17980) share a 59% identity in
amino-acid sequences. AtGAP1 is also described as C2-domain ABA-related (CAR4) protein
and was reported to be involved in abscisic acid (ABA) signaling [35,36]. AtGAP1 (CAR4)
mediates the transient interaction of the pyrabactin-resistance 1/PYR1-like (PYR/PYL)
regulatory components of ABA receptors (RCAR) during their recruitment to the plasma
membrane in a calcium-dependent manner, and thus affects the subcellular localization
of PYR/PYLs [35,36]. AtGAP1 (CAR4) acts as a positive regulator of ABA signaling
by promoting the interaction of PYR/PYLs with clade-A protein phosphatases type 2C
(PP2Cs) and inhibits the PP2C-mediated dephosphorylation of ABA-activated sucrose
nonfermenting 1-related protein kinases subfamily 2 (SnRK2s). Activated SnRK2s go on to
phosphorylate ABF transcription factors for the transcription of ABA-responsive genes in
the cell [37–39]. car mutants showed reduced sensitivity to both ABA-mediated inhibitions
of primary root and salt-induced inhibition of lateral root growth. It is hypothesized that
environmental stresses might induce oscillation of the cellular Ca2+ level, and the CAR
proteins might mediate the crosstalk between ABA and Ca2+ signaling in cells [35,36].

The restriction of pathogen entry is the first line of plant defense. Stomata are an
important gateway for the entry of foliar bacterial pathogens [40]. Foliar bacterial infection
is more efficient in high humidity which favors stomatal opening [40]. Upon Pseudomonas
syringae infection, flg22, the epitope on the flagellum of the bacterial cell and the pathogen-
associated molecular pattern (PAMP), is recognized by FLS2, the receptor on leaf epidermal
cells. FLS2 then triggers stomatal closure mediated by salicylic acid (SA) and ABA to
restrict the entry of the bacterial cells [41]. If they manage to pass through the stomata, the
bacterial cells can get into intercellular air spaces in the spongy parenchyma and infect the
surrounding cells [42]. Pathogens secrete cell wall-degrading enzymes (CWDEs) to facilitate
the infection [43–45]. In Arabidopsis, INFLORESCENCE DEFICIENT IN ABSCISSION
(IDA)-like 6 (IDL6)-HAESA (HAE)/HAESA-LIKE2 (HSL2) was reported to promote pectin
degradation to facilitate Pst DC3000 infection [46]. It was suggested that Pst DC3000
might be able to manipulate the IDL6-HAE/HSL2-ADP2 signaling pathway to promote the
infection of Arabidopsis leaves [46]. The cell wall is a mechanical barrier at the front line
of preventing the entry of pathogens into the cells [47–49]. In Arabidopsis, the mutation
of WAT1 (Walls are thin 1) led to a reduction in secondary-cell-wall thickness [50] and
improved resistance to pathogens of vascular plants including bacteria and fungi [51].
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OsGAP1 was reported as a positive regulator of pathogen resistance [9,20] while
AtGAP1 (CAR4) was reported as a regulator of ABA signaling [35,36]. However, the role
of AtGAP1 upon pathogen infection has remained unclear. In this study, we generated
AtAGP1-overexpressing Arabidopsis plants and showed that AtGAP1 overexpression
enhanced the resistance to Pst DC3000 infection by increasing the accumulation of cell-wall-
modification-related proteins prior to pathogen infection, as well as increasing the cell wall
thickness of mesophyll cells and reducing the stomatal aperture of Arabidopsis leaves.

2. Results
2.1. AtGAP1 Is a Positive Regulator of Pst DC3000 Resistance in Arabidopsis

AtGAP1 shares a 59% identity in amino acid sequence with OsGAP1 (Figure S1) [52],
which was reported to be a positive regulator of defense against pathogen infection in
rice [9,20]. To test if AtGAP1 has a similar role in Arabidopsis, five-week-old plants, includ-
ing wild type (Col-0), empty vector control (V7), and AtGAP1-overexpressors (independent
lines A and C) were inoculated with Pst DC3000 [20]. The overexpression of AtGAP1 in
the transgenic lines was verified by RT-qPCR (Figure S2). The expression of AtGAP1 was
found to be inducible in the wild type by Pst DC3000 inoculation (Figure 1A). At both 0
and 3 days post-inoculation (dpi), AtGAP1-overexpressors had higher expression levels of
the defense marker gene Pathogenesis-Related 1 (PR1) [53] (Figure 1B).

Figure 1. AtGAP1 is inducible in Arabidopsis by pathogen (Pst DC3000) inoculation and AtGAP1-
overexpressors are more effective in activating the pathogen-resistance marker gene, PR1, than
wild type or the empty vector control. The rosette leaves of five-week-old wild type Arabidopsis
(Col-0), empty vector control (V7), and AtGAP1-overexpressors (independent lines A and C) were
inoculated with Pst DC3000. Total RNA was extracted from the aerial part of the plants. (A) AtGAP1
expression was induced in Col-0 at 3 days post-inoculation (Day 3) with Pst DC3000, compared
to Day 0. (B) The relative expressions of PR1 in wild type (Col-0), V7 (empty vector control), and
AtGAP1-overexpressors (lines A and C) at 0 and 3 d post-inoculation (dpi). Gene expression levels
were normalized to 0 dpi levels of Col-0, using ACT7 (AT5G09810) as the reference gene [54], by the
2−∆∆Ct method [55]. Three plants of each line were pooled as one sample for total RNA extraction
and expression analysis. For each sample, three technical repeats of the RT-qPCR were performed.
Error bars represent the standard errors of the three technical repeats. A similar expression trend was
observed in another biological repeat (Figures S3 and S4).

Since PR1, the defense marker gene, was more highly induced in the AtGAP1-
overexpressors after Pst DC3000 inoculation, we tested if this translated into greater re-
sistance of the overexpressor lines against the pathogen (Figure 2). Three days after Pst
DC3000 inoculation, lesions were observed at the sites of inoculation in the rosette leaves of
wild type and empty vector control but not in the AtGAP1-overexpressors (Figure 2A). In
addition, at 3 dpi, the wild type and empty vector control plants had higher pathogen titers
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compared to the AtGAP1-overexpressors (Figure 2B,C). These results suggest that AtGAP1
is a positive regulator of the resistance against the pathogen, Pst DC3000, in Arabidopsis.

Figure 2. AtGAP1-overexpressing Arabidopsis showed a more resistant phenotype to Pst DC3000
than wild type and the empty vector control. The rosette leaves of five-week-old Arabidopsis plants,
including the wild type (Col-0), empty vector control (V7), and AtGAP1-overexpressors (independent
lines A and C) were inoculated with Pst DC3000. (A) The Pst DC3000-induced lesions in the rosette
leaves at 0 and 3 days post-inoculation (dpi), indicated by red arrows. There were no visible lesions
on the leaves of AtGAP1-overexpressors at 3 dpi. (B) Pathogen titers of the inoculated rosette leaves
expressed in colony-forming units per cm2 of the leaf surface area at 0 dpi. (C) Pathogen titers of
the inoculated rosette leaves at 3 dpi. (B) and (C) Different letters indicate significant differences at
p < 0.05, using one-way ANOVA followed by post-hoc Tukey honestly significant difference (HSD)
test. The results represent the average of three biological replicates. In each biological replicate,
three individual plants were inoculated with Pst DC3000 for the pathogen titer analysis. Error bar:
standard error; n = 9 plants from 3 biological replicates.

2.2. The Overexpression of AtGAP1 Promotes the Accumulation of Cell-Wall-Modifying Proteins

The protein profiles of Arabidopsis plants inoculated with Pst DC3000 were studied
using mass spectrometry-based label-free quantification (LFQ). The profiles from three bio-
logical replicates of each Arabidopsis line were subjected to principal component analysis
(PCA) for clustering samples having similar variation characteristics (Figure S5) [56]. The
differential protein expression profiles were obtained between 3 and 0 dpi in the empty
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vector control, and AtGAP1-overexpressor lines A and C, respectively (Figure 3), and
represented by volcano plots (Figure 3A). In the empty vector control, 281 proteins were
found to be differentially expressed between 3 and 0 dpi, whereas in AtGAP1-overexpressor
lines A and C, 261 and 264 proteins, respectively, were found to be differentially expressed
between 3 and 0 dpi (Figure 3B, Tables S1–S3). There were 109 common differentially
expressed proteins between AtGAP1-overexpressor lines A and C (Figure 3B) showing
similar expression trends. Among them, 73 were upregulated while 36 were downregulated
at 3 dpi compared to day 0 of the inoculation. Among the 281 differentially expressed
proteins found in the empty vector control between 3 dpi and 0 dpi, 132 proteins were
upregulated at 3 dpi while 149 proteins were downregulated at 3 dpi. The differentially
expressed proteins having similar expression trends in line A and line C, and those in the
empty vector control, were subjected to gene ontology (GO) analysis (Figure 3C). Com-
pared to the AtGAP1-overexpressors, the differentially expressed proteins in the empty
vector control were more diverse in terms of cellular components (Figure 3C). For the GO
terms enriched in both the empty vector control and the AtGAP1-overexpressors, including
cytosol (GO:0005829), cell junction (GO:0030054), anchoring junction (GO:0070161), sym-
plast (GO:0055044), cell–cell junction (GO:0005911), plasmodesma (GO:0009506), vacuole
(GO:0005773), external encapsulating structure (GO:0030312), cell wall (GO:0005618), and
plant-type vacuole (GO:0000325), the AtGAP1-overexpressors showed higher folds of en-
richment in all these GO terms compared to the empty vector control (Figure 3C). The GO
enrichment analysis on biological process was also conducted but defense-response-related
enrichments were not observed (Figure S6).

We also compared the protein profiles between the AtGAP1-overexpressing lines and
the empty vector control at 0 dpi (Figure 4). The differential expressions are shown by
volcano plots (Figure 4A). At 0 dpi, 242 proteins were found to be differentially expressed
in both AtGAP1-overexpressor line A and line C compared to the empty vector control.
(Figure 4). Among the 242 proteins, 239 proteins were found to have consistent differential
expression trends in both AtGAP1-overexpressor line A and line C compared to the empty
vector control (Table S4). Among the 239 proteins, 84 proteins were upregulated while
155 proteins were downregulated in the AtGAP1-overexpressing lines compared to the
empty vector control (Table S4). These 239 proteins were subjected to GO enrichment
analysis and classified into categories including protein-containing complex (GO:0032991),
vacuole (GO:0005773), vesicle (GO:0031982), cytosol (GO:0005829), intracellular vesicle
(GO:0097708), cytoplasmic vesicle (GO:0031410), cell junction (GO:0030054), anchoring
junction (GO:0070161), symplast (GO:0055044), cell–cell junction (GO:0005911), and plas-
modesma (GO:0009506) (Figure 4C). For GO enrichment analysis on the biological process,
GO terms related to stress or defense responses could not be enriched with the differentially
expressed proteins commonly found in AtGAP1-overexpressor line A and line C compared
to the empty vector control at 0 dpi (Figure S7A). We therefore focused on the proteins
involved in regulating the cell–cell junctions, as hinted at by the GO term analysis shown
in Figures 3 and 4.



Int. J. Mol. Sci. 2022, 23, 7540 6 of 18

Figure 3. AtGAP1-overexpressors showed a more significant enrichment in cell-wall-related proteins
in their differential protein expression profiles after the inoculation of Pst DC3000 than the empty
vector control. The rosette leaves of five-week-old Arabidopsis plants, including the empty vector
control and AtGAP1 overexpressors (independent lines A and C) were inoculated with Pst DC3000.
Total protein was extracted from the aerial part of the plants for protein-expression profiling. (A) Vol-
cano plots showing the fold-changes in protein abundance between 3 days post-inoculation (dpi) and
0 dpi in AtGAP1-overexpressor line A, AtGAP1-overexpressor line C, and the empty vector control.
The statistical significance of differential protein expression was calculated using Student’s t-test
based on the default parameters in Proteome Discoverer v2.4 (Thermo Fisher Scientific, Waltham, MA,
USA). The -log10-transformed p-value (Benjamini–Hochberg adjusted −log10 p-value) was plotted
against log10-transformed protein quantity ratios for all proteins between 3 and 0 dpi in AtGAP1-
overexpressors and the empty vector control. The volcano plot is generated via the R-based package
EnhancedVolcano (ver. 1.0.1; https://github.com/kevinblighe/EnhancedVolcano (accessed on 30
April 2022) [57]). Differentially expressed protein with Benjamini–Hochberg adjusted p-value < 0.05
and log10 (|fold change|) > 0.48 (equivalent to 3-fold changes) were plotted in red. Proteins with
log10 (|fold change|) > 0.48 but with adjusted p-value ≥ 0.05 were plotted in green, and proteins with
log10 (|fold change|) ≤ 0.48 with adjusted p-value < 0.05 were plotted in blue. (B) Venn diagram
showing the numbers of differentially expressed proteins after Pst DC3000 inoculation that were
common between AtGAP1-overexpressors and the empty vector control. (C) Gene ontology (GO)
analysis of the differentially expressed proteins in AtGAP1-overexpressing lines and the empty vector
control between 3 and 0 dpi. The lists of differentially expressed proteins were compared using
PANTHER from The Arabidopsis Information Resources (TAIR) database for the GO-term enrichment
in cellular components. The GO terms with fold enrichment > 2 and adjusted p-value < 0.05 were
listed. Each biological replicate was pooled from three individual plants of the same line. The results
were the average of three biological replicates analyzed using Proteome Discoverer v2.4. (Thermo
Fisher Scientific, Waltham, MA, USA).

https://github.com/kevinblighe/EnhancedVolcano
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Figure 4. Differential protein expression profiles due to AtGAP1-overexpression in Arabidopsis at
Day 0 of Pst DC3000 inoculation analyzed by liquid chromatography-mass spectrometry (LC-MS)
and label-free quantification (LFQ). (A) Volcano plots showing the fold changes in proteins in
AtGAP1-overexpressor A and AtGAP1-overexpressor C compared to the empty vector control at
Day 0 of Pst DC3000 inoculation (0 dpi). The data from LFQ were subjected to Student’s t-test
based on the default parameters in Proteome Discoverer v2.4 (Thermo Fisher Scientific, Waltham,
MA, USA). Differentially expressed proteins with Benjamini–Hochberg adjusted p-value < 0.05 and
log10 (|fold-change|) > 0.48 (equivalent to 3-fold changes) were plotted in red. Proteins with log10

(|fold change|) > 0.48 but with adjusted p-value ≥ 0.05 were plotted in green, and those with
log10 (|fold change|) ≤ 0.48 with adjusted p-value < 0.05 were plotted in blue. (B) Venn diagram
showing the numbers of differentially expressed proteins common between AtGAP1-overexpressor
A and AtGAP1-overexpressor C when compared to the empty vector control at 0 dpi. (C) Gene
ontology (GO) analysis of the 239 differentially expressed proteins having similar expression trends
in both AtGAP1-overexpressors A and C compared to the empty vector control at 0 dpi. The
differentially expressed proteins were classified using PANTHER from The Arabidopsis Information
Resources (TAIR) database for the GO-term enrichment in cellular components. GO-terms with
fold enrichment > 2 and Bonferroni-corrected p < 0.05 were listed. The results were the average
of three biological replicates analyzed using Proteome Discoverer v2.4 (Thermo Fisher Scientific,
Waltham, MA, USA). For each biological replicate, three plants were collected for protein extraction
and analysis.

The above results suggest the regulations of proteins related to cell–cell junctions due
to the overexpression of AtGAP1 (Figures 3 and 4). Since cell-wall proteins are directly
related to the first line of defense against pathogens [58], we investigated in greater detail
the abundance of individual cell-wall-modifying proteins (Figure 5). Cell-wall-modifying
proteins, including xyloglucan endotransglucosylase/hydrolase 24 (XTH24, AT4G30270),
germin-like protein 4 (GLP4, AT1G09560), leucine-rich repeat extensin-like protein 3 (LRX3,
AT4G13340), XTH25 (AT5G57550), germin-like 22 (GL22, AT1G02335), and fasciclin-like
arabinogalactan 11 (FLA11, AT5G03170), were found to be induced at 3 dpi in the empty
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vector control (Figure 5). Interestingly, these proteins were already more abundant in both
AtGAP1-overexpressing lines A and C than in the empty vector control at 0 dpi (Figure 4).
In the AtGAP1-overexpressor lines A and C, the levels of some of these proteins were
further induced at 3 dpi (Figure 5).

Figure 5. AtGAP1 overexpression primes the production of cell-wall-modifying proteins in Arabidop-
sis before any exposure to the pathogen Pst DC3000. The label-free quantification (LFQ) intensities
of cell-wall-modifying proteins extracted from the leaves of five-week-old Arabidopsis plants, in-
cluding XTH24 (AT4G30270), GLP4 (AT1G09560), LRX3 (AT4G13340), GL22 (AT1G02335), XTH25
(AT5G57550), GL22 (AT1G02335), and FLA11 (AT5G03170), were compared among the empty vector
control, AtGAP1-overexpressing line A, and AtGAP1-overexpressing line C at 0 and 3 dpi (days
post-inoculation) of Pst DC3000. The error bar represents the standard error of six technical replicates
from three biological replicates.

2.3. AtGAP1 Enhances Mesophyll Cell Wall Thickness

The protein profiling results suggested the regulation of cell-wall thickness by AtGAP1
to achieve the enhanced resistance to Pst DC3000 in Arabidopsis. To validate the effects of
AtGAP1-overexpression on the cell wall, cross-sections of rosette leaves from four-week-old
untreated Arabidopsis plants, including wild type, empty vector control, and AtGAP1-
overexpressor lines A and C, were examined using transmission electron microscopy (TEM)
to determine the cell-wall thickness (Figure 6). Compared to the wild type and empty
vector control, the mesophyll cells of AtGAP1-overexpressors had significantly thicker cell
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walls in regions facing intercellular air space and regions where two cells are in contact
(Figure 6). TEM images in a broader view are shown in Supplementary Figure S8.

Figure 6. AtGAP1 enhances the cell-wall thickness of mesophyll cells. (A) Representative transmission
electron microscopy (TEM) images of the cross-sections of four-week-old rosette leaf cells of untreated
Arabidopsis plants, including wild type (Col-0), empty vector control, and AtGAP1-overexpressor
lines A and C. Cell-wall structures were indicated by white arrows. Scale bar: 2 µm. (B) The thickness
of the cell wall facing the intercellular air spaces was measured for ≥50 cells from ≥20 fields. (C) The
thickness of the cell wall that was in contact with another cell was measured from ≥20 cells from
≥10 fields. For each cell, the thickness was determined by averaging the thickness of five random
points along the cell wall. Different letters above the bars indicate significant differences at p < 0.05,
analyzed using one-way ANOVA followed by post-hoc Tukey honest significant difference (HSD)
test. Error bar represents the standard error of all the measured cells.

2.4. AtGAP1 Reduces Stomatal Aperture with the Effect Being Reversible by Additional GTP

Besides the cell wall, stomatal aperture is also an important structural feature in
restricting the entry of pathogens [59,60]. The rosette leaves of four-week-old Arabidopsis
plants, including wild type (Col-0), empty vector control, and AtGAP1-overexpressing
lines A and C, were subjected to stomatal aperture analyses. Results showed that the
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overexpression of AtGAP1 reduced the stomatal aperture (Figure 7). When treated with
200 µM GTP, the stomatal aperture in all lines increased significantly compared to the
mock treatment, and the stomatal apertures in the GTP-treated AtGAP1-overexpressing
lines were comparable to those in the wild type or the empty vector control with mock
treatment (Figure 7). It appears that AtGAP1 promotes pathogen resistance by reducing
stomatal aperture.

Figure 7. AtGAP1-overexpression reduces stomatal aperture in Arabidopsis with the effect being
reversible by additional GTP. Detached rosette leaves of four-week-old Arabidopsis plants, including
wild type, empty vector control (V7), and AtGAP1-overexpressor lines A and C, were treated with or
without (mock) 200 µM GTP under light for 2 h. (A) Representative images of guard cells observed
using a light microscope. Scale bar: 5 µm. (B) Stomatal apertures of wild type, empty vector control
(V7), and AtGAP1-overexpressor lines A and C treated with or without (mock) 200 µM GTP. For each
line, the stomatal apertures of ≥25 pairs of guard cells were measured. Error bar: standard error
of all the cells measured. A similar trend was observed in another biological replicate (Figure S9).
Different letters above the bars indicate significant differences at p < 0.05, analyzed using one-way
ANOVA followed by post-hoc Tukey honestly significant difference (HSD) test.
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3. Discussion

Previous studies suggested the role of OsGAP1, the homolog of AtGAP1, in promot-
ing the resistance to pathogens [20], and the role of AtGAP1 (CAR4) in regulating ABA
signaling [35,36]. However, the role of AtGAP1 in regulating the resistance to pathogens
remained unclear. In this study, we showed that the expression of AtGAP1 is inducible by
Pst DC3000 inoculation. At 0 dpi, compared to the wild type and the empty vector control,
the overexpression of AtGAP1 resulted in the increased expression level of PR1, which is
known to be induced by Pst DC3000 and other systemic acquired response (SAR) inducers
including 2,6-dichloroisonicotinic acid (INA) and benzo(1,2,3)thiadiazole-7-carbothioic acid
S-methyl ester (BTH) [61]. The Arabidopsis mutant, cep, which constitutively expresses
PR1, has enhanced resistance to pathogens, including Pseudomonas syringae pv. maculicola
and Peronospora parasitica isolate EMWA [62]. The increased expression of PR1 and the
enhanced resistance to Pst DC3000 inoculation due to AtGAP1 overexpression (Figure 1)
are consistent with the previous reports showing the positive correlations between PR1
expression level and pathogen resistance in Arabidopsis.

In the proteomic analysis, defense-response-related and stomatal-movement-related
enrichments using GO enrichment analysis were not observed. It is possible that the
throughput of the mass-spectrometry-based analysis was not high enough to have a broad
coverage of all the proteins. In addition, to ensure the confidence of the analysis, only
proteins showing the same expression trends in both AtGAP1-overexpressing line A and
line C compared to the empty vector control were subjected to GO enrichment analysis.
Therefore, the amount of proteins subjected to GO enrichment analysis was further reduced
but the confidence of the analyses was upheld. Since the proteomic analyses confidently
pointed to the regulation of proteins related to the cell–cell junction (Figures 3 and 4), in
the subsequent analysis, we narrowed down the investigation to this category and focused
on proteins related to the formation of the cell wall, which is an important barrier for
restricting the entry of pathogens [47–49].

Cell-wall-modifying proteins, including XTH24 (AT4G30270), GLP4 (AT1G09560),
LRX3 (AT4G13340), XTH25 (AT5G57550), GL22 (AT1G02335), and FLA11 (AT5G03170),
were more abundant in AtGAP1-overexpressors at 0 dpi compared to the empty vector
control (Figure 5). XTH is a class of cell-wall-modifying enzymes with endotransglucosy-
lase or hydrolase activity [63,64]. AtXTH3 catalyzes the cross-link between xyloglucan and
cellulose to form insoluble material that is potentially involved in cell-wall formation [65].
Besides this, the overexpression of AtXTH18, AtXTH19, or AtXTH20 in Arabidopsis en-
hanced the mechanical strength of the cell wall [66]. Similarly, the ectopic expression
of SkXTH1 from Selaginella kraussiana in onion led to the deposition of more cell-wall
material [67]. The ectopic expression of OsGLP1 in tobacco was shown to enhance the cross-
linking of cell-wall components [68]. On the other hand, the siRNA-mediated silencing
of OsGLP1 led to the enhanced susceptibility of rice plants to fungal infection [69]. Under
AtGAP1 overexpression, the enhanced accumulation of these cell-wall-modifying proteins
(Figure 5) and the enhanced tolerance to Pst DC3000 (Figure 2) are consistent with previous
findings. The enhanced thickness of the mesophyll cell wall due to AtGAP1 overexpression
(Figure 6) is in line with the accumulation of cell-wall-modifying proteins (Figure 5) and
the enhanced tolerance to Pst DC3000 (Figure 2).

We also investigated the effect of AtGAP1 overexpression on stomatal aperture, which
is another means of restricting the entry of foliar pathogens [40]. The overexpression of
AtGAP1 led to a reduced stomatal aperture compared to the wild type and empty vector
control (Figure 7). This, in combination with the enhanced mesophyll cell-wall thickness
(Figure 6), forms an increased barrier against pathogen entry into the leaf cells.

Since AtGAP1 (CAR4) is a positive regulator of ABA signaling [35,36], it is speculated
that AtGAP1 regulates the thickness of mesophyll cell wall by regulating ABA sensitivity.
In Arabidopsis, a previous study reported that the prohibition of ABA synthesis would
interfere with secondary cell-wall thickness and lignification [70]. However, the role of
ABA in regulating the primary cell wall, which is the type of cell wall existing in the
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mesophyll cells of four-week-old rosette leaves, remains unclear. On the other hand,
OsGAP1, a close homolog of AtGAP1, was demonstrated to activate the GTPase activity of
AtYchF1 [9,20,21]. It is also speculated that the effect of AtGAP1 on the mesophyll cell-wall
thickness is associated with the modulation of cellular GTPase activity. Previous studies
have suggested the positive roles of GTPases in the formation of primary cell wall [33,34].
The positive role of AtGAP1 in enhancing the mesophyll cell-wall thickness observed in
this study is consistent with previous reports. The effect of AtGAP1 on regulating cellular
GTPase activity is also supported by the stomatal aperture test. When treated with GTP,
the effect on stomatal aperture brought forth by AtGAP1 overexpression was reversed
(Figure 7). GTP treatment was previously demonstrated to induce stomatal opening
in detached Arabidopsis leaves [71]. The observation of the complemented effect on
stomatal aperture by additional GTP suggests that AtGAP1 may reduce stomatal aperture
by activating GTPase activities, and therefore decreasing the store of GTP available for other
enzyme activities related to maintaining stomatal aperture. On the other hand, ABA is the
major hormone that mediates stomatal closure [72]. The steady-state stomatal aperture of
Arabidopsis was also revealed to be regulated by ABA [73]. It is, therefore, possible that the
reduced stomatal aperture under AtGAP1 overexpression was also a result of the enhanced
ABA signaling.

4. Materials and Methods
4.1. Plant Materials, Growth Condition, and Pathogen Inoculation of Arabidopsis

Arabidopsis plants, including the wild type (Col-0), empty vector control (V7), inde-
pendent AtGAP1-overexpressor line A and line C [21], were grown on Floragard potting
soil in a growth chamber with the following settings: 22–24 ◦C; light intensity 80–120 µE
with a 16 h light:8 h dark cycle; relative humidity 70–80%. Pseudomonas syringae pv. tomato
DC3000 (Pst DC3000) was used as the pathogen for inoculation into the rosette leaves of
five-week-old Arabidopsis plants using the protocol in the previous reports [21,74]. The
pathogen titer was determined in samples at 0 and 3 d after inoculation (dpi) using a plate
count method [21,74]. After pathogen inoculation, the aerial part of the Arabidopsis plant
was harvested and frozen in liquid nitrogen prior to total RNA extraction.

4.2. RNA Extraction, cDNA Synthesis, and Gene Expression Analysis

The frozen plant materials were pulverized using pestle and mortar. Total RNA
was extracted using TrizolTM Reagent (Cat.#15596018, Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions. Tissues from three individual
Arabidopsis plants were pooled as one biological replicate. The RNA was then treated
with DNase I (Cat.#18068015, Thermo Fisher Scientific, Waltham, MA, USA) prior to cDNA
synthesis. cDNA was generated using a High-Capacity cDNA Reverse Transcription
Kit with RNase Inhibitor (Cat.#4374966, Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s protocol with the random primers being replaced by
oligo(dT)20 to make up a final concentration of oligo(dT)20 in 20 µM. The cDNA was
subjected to expression analysis by quantitative reverse transcription PCR (RT-qPCR) with
the use of SsoAdvanced Universal SYBR Green Supermix (Cat.#1725270, Bio-Rad, Hercules,
CA, USA) according to the manufacturer’s protocol. ACT7 (AT5G09810) (Czechowski
2005) was used as the reference gene for normalization. The relative gene expression was
calculated using the 2−∆∆CT method [55]. Primers used for qPCR are listed in Table S6.

4.3. Protein Extraction and Protein Profile Analysis by Liquid Chromatography-Tandem Mass
Spectrometry (LC-MS/MS)

Total proteins were extracted from the aerial part of five-week-old plant according
to the protocol described previously [75] with minor modifications. Samples from three
biological replicates were collected. Three individual Arabidopsis plants were pooled as one
biological replicate. Proteins from three biological replicates were analyzed independently
for protein identification using LC-MS/MS. After the Pst DC3000 inoculation, the aerial part
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of the Arabidopsis plant was frozen in liquid nitrogen and then pulverized using pestle and
mortar. Around 100 mg of plant powder was resuspended in five volumes of total protein
extraction buffer [290 mM sucrose, 250 mM Tris (pH 7.6), 25 mM EDTA (pH 8.0), 10 mM
KCl, 25 mM NaF, 50 mM Na pyrophosphate, 1 mM ammonium molybdate, 1 mM PMSF,
1X Halt™ Protease Inhibitor Cocktail (Cat.#78430, Thermo Fisher Scientific, Waltham, MA,
USA)]. Homogenized samples were centrifuged at 10,000× g for 5 min at 4 ◦C to remove
the cell debris. Proteins were precipitated from the extract using chloroform/methanol
precipitation. The protein pellet was then dried on ice and immediately lyzed with five
volumes of lysis buffer (w/v) [(8 M urea, 50 mM Tris-HCl (pH 8.0), 30 mM NaCl, 1 mM
CaCl2, 20 mM sodium butyrate, 1X Halt™ Protease Inhibitor Cocktail (Cat.#78430, Thermo
Fisher Scientific, Waltham, MA, USA)]. The protein concentration was determined using
PierceTM BCA Protein Assay Kit (Cat.#23225, Thermo Fisher Scientific, Waltham, MA, USA).
Ten micrograms of protein were treated with 5 mM DTT at 37 ◦C for 30 min, followed
by 20 mM iodoacetamide at room temperature for 30 min and then 5 mM DTT at 37 ◦C
for 30 min. One-twentieth (w/w) of the protein amount was added according to the
manufacturer’s instruction for digestion at 37 ◦C overnight. The digested peptides were
desalted with a PierceTM C18 Spin Column (Cat.#89873, Thermo Fisher Scientific, Waltham,
MA, USA) for later analyses.

The desalted peptides were resuspended with 0.1% formic acid in ultrapure water.
Five hundred nanograms of desalted peptides were injected into the LC Ultimate 3000
RSLCnano system equipped with a C-18 µ-precolumn (300-µm i.d. × 5 mm) with an
Acclaim Pepmap RSLC nanoViper C-18 column (75 µm × 25 cm) coupled to the Orbitrap
Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
A mixture of ultrapure water with 1.9% acetonitrile and 0.1% formic acid was used as
mobile phase A while acetonitrile with 2% ultrapure water and 0.1% formic acid was used
as mobile phase B in the liquid chromatography (LC). The peptide samples were separated
against the gradient profile with a 50 ◦C chamber at a flow rate of 300 nL min−1. The setting
of the gradient profile was as follows: 0–5 min 0% mobile phase B; 5–8 min 0–6% mobile
phase B; 8–48 min, 6–18% mobile phase B; 48–58 min, 18–30% mobile phase B; 58–65 min,
30–80% mobile phase B; 65–75 min, 0% mobile phase B. Each desalted peptide sample was
analyzed twice to eliminate the instrumental variations.

The nanoLC/MS was controlled using Xcalibur software (Thermo Fisher Scientific,
Waltham, MA, USA). The MS/MS identification using Proteome Discoverer v2.4 (Thermo
Fisher Scientific, Waltham, MA, USA) against the Arabidopsis protein database (TAIR10)
with the built-in SEQUEST HT program. The MS precursor mass tolerance was set to
10 ppm, fragment mass tolerance of 0.02 Da, two missed trypsin cleavage in maximum,
dynamic cysteine carbamidomethylation (+57.021 Da), methionine oxidation (+15.995 Da),
and N-terminal protein acetylation (+42.011 Da). All search results at the peptide spectrum
level were subsequently validated by the built-in Percolator program and accepted at a
false discovery rate (FDR) with a q-value ≤ 0.01. Samples were compared using the label-
free quantification (LFQ) method according to the protocol in Proteome Discoverer v2.4.
Only proteins appearing in at least two biological replicates with a three-fold difference
in abundance with adjusted p-value < 0.05 (using the Benjamini–Hochberg correction) in
each comparison pair were used for gene ontology (GO) enrichment analyses filtered with
adjusted p-value < 0.05 after Bonferroni correction for multiple testing [76].

4.4. Transmission Electron Microscopy (TEM)

TEM sample preparation was done following a protocol previously described, with
minor modifications [77,78]. Rosette leaves from three four-week-old Arabidopsis plants
from each line were cut to obtain a 1 mm × 5 mm section with a blade. The sections
were then fixed with 2.5% glutaraldehyde (Cat.#G7776, Merck) in 0.1 M sodium phosphate
buffer (PBS, pH7.2) at room temperature for 4 h. The samples were then washed with
0.1 M PBS (pH7.2) for 10 min twice. Samples were post-fixed with 1% osmium tetroxide
(OsO4) in PBS for 2 h at room temperature with two subsequent 10-min washes using
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0.1 M PBS (pH7.2). The fixed samples were then dehydrated using the following ethanol
(EtOH) gradient: 50% EtOH, 70% EtOH, 85% EtOH, 95% EtOH twice, and 100% EtOH
thrice. Each wash was performed for 10 min. The dehydrated samples were infiltrated with
a series of ethanol:Spurr’s resin mixtures (v:v) at room temperature: 2:1 for 4 h, 1:1 for 4 h,
1:2 overnight, and then pure Spurr’s resin for 3 h. Samples were then embedded in pure
Spurr’s resin for 16 h at 68 ◦C. The embedded samples were then trimmed using a blade
before being sectioned using an EM UC7 Ultramicrotome (Leica, Germany) to a 70-nm
thickness. The sections were then mounted onto 200-mesh copper grids (Cat.#EMS200-Cu,
Electron Microscope Sciences). The samples were then stained with 1% uranyl acetate,
followed by 0.5% lead citrate, and then observed under an electron microscope (Model
H-7650, Hitachi, Japan) at 80 kV.

4.5. Stomatal Aperture Test

The rosette leaves of four-week-old Arabidopsis plants were detached for the stomatal
aperture test. The detached leaves were pre-treated in a perfusion solution (50 mM KCl,
10 mM MES, pH 7.0) under light for 2 h before being treated with or without GTP (200 µM)
in the perfusion solution (50 mM KCl, 10 mM MES, pH 7.0) under light for 2 h. After the
treatment, the lower epidermis was peeled off to observe the stomatal aperture using a
light microscope (Model DM2000, Leica, Wetzlar, Germany) equipped with a digital camera
(FLEXACAM-C1-5020240068). The images were then analyzed using Leica Application
Suite X (LAS X) to measure the stomatal aperture. The stomatal aperture test was done in
two biological replicates. In each biological replicate, the stomatal apertures of ≥25 pairs of
guard cells from each Arabidopsis line were measured.

5. Conclusions

In this study, we generated AtGAP1-overexpressing Arabidopsis lines and showed that
the overexpression of AtGAP1 promoted the resistance of the plants against the pathogen,
Pst DC3000. Mass-spectrometry-based LFQ proteomic analyses hinted that AtGAP1 en-
hances disease resistance via promoting the accumulation of cell-wall-modifying proteins.
Electron microscopy and stomatal aperture test results strongly suggest that AtGAP1 en-
hances the disease resistance of the plants by increasing mesophyll cell-wall thickness
and reducing stomatal aperture before any contact with pathogens. Previous research
has suggested that OsGAP1 [20], the rice homolog of AtGAP1, is a positive regulator of
pathogen resistance. AtGAP1 was also demonstrated to be a positive regulator of ABA
signaling [35,36]. In this study, we revealed an additional function of AtGAP1 as a positive
regulator of pathogen resistance by promoting mesophyll cell-wall thickness and reducing
stomatal aperture. Based on the experimental results and previous findings, we speculated
that AtGAP1 mediates these phenotypes by regulating ABA sensitivity and cellular GTPase
activity. Although the detailed mechanisms remain to be elucidated, the alteration of the
abundance of cell-wall-modifying proteins and mesophyll cell-wall thickness by AtGAP1
shed light on future directions for the research on the functions of GAPs.
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27. McFarlane, H.E.; Mutwil-Anderwald, D.; Verbančič, J.; Picard, K.L.; Gookin, T.E.; Froehlich, A.; Chakravorty, D.; Trindade, L.M.;
Alonso, J.M.; Assmann, S.M.; et al. A G protein-coupled receptor-like module regulates cellulose synthase secretion from the
endomembrane system in Arabidopsis. Dev. Cell 2021, 56, 1484–1497.e7. [CrossRef]

28. Oda, Y.; Fukuda, H. Emerging roles of small GTPases in secondary cell wall development. Front. Plant Sci. 2014, 5, 428. [CrossRef]
29. Nielsen, E. The small GTPase superfamily in plants: A conserved regulatory module with novel functions. Annu. Rev. Plant Biol.

2020, 71, 247–272. [CrossRef]
30. Kwon, S.I.; Cho, H.J.; Jung, J.H.; Yoshimoto, K.; Shirasu, K.; Park, O.K. The Rab GTPase RabG3b functions in autophagy and

contributes to tracheary element differentiation in Arabidopsis. Plant J. 2010, 64, 151–164. [CrossRef]
31. Oda, Y.; Fukuda, H. Initiation of cell wall pattern by a Rho- and microtubule-driven symmetry breaking. Science 2012, 337,

1333–1336. [CrossRef] [PubMed]
32. Zhong, R.; Cui, D.; Ye, Z.H. Secondary cell wall biosynthesis. New Phytol. 2019, 221, 1703–1723. [CrossRef] [PubMed]
33. Szumlanski, A.L.; Nielsen, E. The rab GTPase RabA4d regulates pollen tube tip growth in Arabidopsis thaliana. Plant Cell 2009,

21, 526–544. [CrossRef] [PubMed]
34. De Graaf, B.H.J.; Cheung, A.Y.; Andreyeva, T.; Levasseur, K.; Kieliszewski, M.; Wu, H. Rab11 GTPase-regulated membrane

trafficking is crucial for tip-focused pollen tube growth in tobacco. Plant Cell 2005, 17, 2564–2579. [CrossRef] [PubMed]
35. Diaz, M.; Sanchez-Barrena, M.J.; Gonzalez-Rubio, J.M.; Rodriguez, L.; Fernandez, D.; Antoni, R.; Yunta, C.; Belda-Palazon,

B.; Gonzalez-Guzman, M.; Peirats-Llobet, M.; et al. Calcium-dependent oligomerization of CAR proteins at cell membrane
modulates ABA signaling. Proc. Natl. Acad. Sci. USA 2016, 113, E396–E405. [CrossRef] [PubMed]

36. Rodriguez, L.; Gonzalez-Guzman, M.; Diaz, M.; Rodrigues, A.; Izquierdo-Garcia, A.C.; Peirats-Llobet, M.; Fernandez, M.A.; An-
toni, R.; Fernandez, D.; Marquez, J.A.; et al. C2-domain abscisic acid-related proteins mediate the interaction of PYR/PYL/RCAR
abscisic acid receptors with the plasma membrane and regulate abscisic acid sensitivity in Arabidopsis. Plant Cell 2014, 26,
4802–4820. [CrossRef] [PubMed]

37. Park, S.-Y.; Fung, P.; Nishimura, N.; Jensen, D.R.; Fujii, H.; Zhao, Y.; Lumba, S.; Santiago, J.; Rodrigues, A.; Chow, T.-F.F.; et al.
Abscisic acid inhibits type 2C protein phosphatases via the PYR/PYL family of START proteins. Science 2009, 324, 1068–1071.
[CrossRef]

38. Ma, Y.; Szostkiewicz, I.; Korte, A.; Moes, D.; Yang, Y.; Christmann, A.; Grill, E. Regulators of PP2C. Science 2009, 324, 1064–1069.
[CrossRef]

39. Yoon, Y.; Seo, D.H.; Shin, H.; Kim, H.J.; Kim, C.M.; Jang, G. The role of stress-responsive transcription factors in modulating
abiotic stress tolerance in plants. Agronomy 2020, 10, 788. [CrossRef]

40. Melotto, M.; Underwood, W.; He, S.Y. Role of stomata in plant innate immunity and foliar bacterial diseases. Annu. Rev.
Phytopathol. 2008, 46, 101–122. [CrossRef]

41. Schulze-Lefert, P.; Robatzek, S. Plant pathogens trick guard cells into opening the gates. Cell 2006, 126, 831–834. [CrossRef]
42. Caldwell, D.; Iyer-Pascuzzi, A.S. A scanning electron microscopy technique for viewing plant-microbe interactions at tissue and

cell-type resolution. Phytopathology 2019, 109, 1302–1311. [CrossRef]
43. Van den Brink, J.; de Vries, R.P. Fungal enzyme sets for plant polysaccharide degradation. Appl. Microbiol. Biotechnol. 2011, 91,

1477–1492. [CrossRef]
44. Kubicek, C.P.; Starr, T.L.; Glass, N.L. Plant cell wall-degrading enzymes and their secretion in plant-pathogenic fungi. Annu. Rev.

Phytopathol. 2014, 52, 427–451. [CrossRef]
45. Blanco-Ulate, B.; Morales-Cruz, A.; Amrine, K.C.H.; Labavitch, J.M.; Powell, A.L.T.; Cantu, D. Genome-wide transcriptional

profiling of Botrytis cinerea genes targeting plant cell walls during infections of different hosts. Front. Plant Sci. 2014, 5, 435.
[CrossRef]

46. Wang, X.; Hou, S.; Wu, Q.; Lin, M.; Acharya, B.R.; Wu, D.; Zhang, W. IDL6-HAE/HSL2 impacts pectin degradation and resistance
to Pseudomonas syringae pv tomato DC3000 in Arabidopsis leaves. Plant J. 2017, 89, 250–263. [CrossRef]

47. Lorrai, R.; Ferrari, S. Host cell wall damage during pathogen infection: Mechanisms of perception and role in plant-pathogen
interactions. Plants 2021, 10, 399. [CrossRef]

48. Houston, K.; Tucker, M.R.; Chowdhury, J.; Shirley, N.; Little, A. The plant cell wall: A complex and dynamic structure as revealed
by the responses of genes under stress conditions. Front. Plant Sci. 2016, 7, 984. [CrossRef]

http://doi.org/10.1038/s41467-019-08396-7
http://doi.org/10.1038/s41598-018-29543-y
http://doi.org/10.1091/mbc.e06-01-0046
http://doi.org/10.1093/mp/ssr082
http://doi.org/10.1016/j.devcel.2021.03.031
http://doi.org/10.3389/fpls.2014.00428
http://doi.org/10.1146/annurev-arplant-112619-025827
http://doi.org/10.1111/j.1365-313X.2010.04315.x
http://doi.org/10.1126/science.1222597
http://www.ncbi.nlm.nih.gov/pubmed/22984069
http://doi.org/10.1111/nph.15537
http://www.ncbi.nlm.nih.gov/pubmed/30312479
http://doi.org/10.1105/tpc.108.060277
http://www.ncbi.nlm.nih.gov/pubmed/19208902
http://doi.org/10.1105/tpc.105.033183
http://www.ncbi.nlm.nih.gov/pubmed/16100336
http://doi.org/10.1073/pnas.1512779113
http://www.ncbi.nlm.nih.gov/pubmed/26719420
http://doi.org/10.1105/tpc.114.129973
http://www.ncbi.nlm.nih.gov/pubmed/25465408
http://doi.org/10.1126/science.1173041
http://doi.org/10.1126/science.1172408
http://doi.org/10.3390/agronomy10060788
http://doi.org/10.1146/annurev.phyto.121107.104959
http://doi.org/10.1016/j.cell.2006.08.020
http://doi.org/10.1094/PHYTO-07-18-0216-R
http://doi.org/10.1007/s00253-011-3473-2
http://doi.org/10.1146/annurev-phyto-102313-045831
http://doi.org/10.3389/fpls.2014.00435
http://doi.org/10.1111/tpj.13380
http://doi.org/10.3390/plants10020399
http://doi.org/10.3389/fpls.2016.00984


Int. J. Mol. Sci. 2022, 23, 7540 17 of 18

49. Molina, A.; Miedes, E.; Bacete, L.; Rodríguez, T.; Mélida, H.; Denancé, N.; Sánchez-Vallet, A.; Rivière, M.P.; López, G.; Freydier, A.;
et al. Arabidopsis cell wall composition determines disease resistance specificity and fitness. Proc. Natl. Acad. Sci. USA 2021,
118, e2010243118. [CrossRef]

50. Ranocha, P.; Denancé, N.; Vanholme, R.; Freydier, A.; Martinez, Y.; Hoffmann, L.; Köhler, L.; Pouzet, C.; Renou, J.-P.; Sundberg, B.;
et al. Walls are thin 1 (WAT1), an Arabidopsis homolog of Medicago truncatula NODULIN21, is a tonoplast-localized protein
required for secondary wall formation in fibers. Plant J. 2010, 63, 469–483. [CrossRef]

51. Denancé, N.; Ranocha, P.; Oria, N.; Barlet, X.; Rivière, M.P.; Yadeta, K.A.; Hoffmann, L.; Perreau, F.; Clément, G.; Maia-Grondard,
A.; et al. Arabidopsis wat1 (walls are thin1)-mediated resistance to the bacterial vascular pathogen, Ralstonia solanacearum, is
accompanied by cross-regulation of salicylic acid and tryptophan metabolism. Plant J. 2013, 73, 225–239. [CrossRef]

52. Tamura, K.; Stecher, G.; Kumar, S. MEGA11: Molecular evolutionary genetics analysis version 11. Mol. Biol. Evol. 2021, 38,
3022–3027. [CrossRef]

53. Ahmad, S.; Van Hulten, M.; Martin, J.; Pieterse, C.M.J.; Van Wees, S.C.M.; Ton, J. Genetic dissection of basal defence responsiveness
in accessions of Arabidopsis thaliana. Plant Cell Environ. 2011, 34, 1191–1206. [CrossRef]

54. Czechowski, T.; Stitt, M.; Altmann, T.; Udvardi, M.K.; Scheible, W.-R. Genome-wide identification and teseting of superior
refernece genes for transcript normalization in Arabidopsis. Plant Physiol. 2005, 139, 5–17. [CrossRef]

55. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−∆∆CT method.
Methods 2001, 25, 402–408. [CrossRef]

56. Wickham, H. ggplot2: Elegant Graphics for Data Analysis, 2nd ed.; Springer: New York, NY, USA, 2009; pp. 157–175.
ISBN 978-0-387-98141-3.

57. Blighe, K. Enhanced Volcano: Publication-Ready Volcano Plots with Enhanced Colouring and Labeling. R Package Version 1.0.1.
Available online: https://github.com/kevinblighe/EnhancedVolcano (accessed on 30 April 2022).

58. Rao, X.; Bartley, L.E.; Drakakaki, G.; Anderson, C.T. Editorial: Regulation of and by the plant cell wall. Front. Plant Sci. 2020,
11, 513. [CrossRef]

59. Underwood, W. The plant cell wall: A dynamic barrier against pathogen invasion. Front. Plant Sci. 2012, 3, 85. [CrossRef]
60. Underwood, W.; Melotto, M.; He, S.Y. Role of plant stomata in bacterial invasion. Cell. Microbiol. 2007, 9, 1621–1629. [CrossRef]
61. Nawrath, C.; Métraux, J.P. Salicylic acid induction-deficient mutants of Arabidopsis express PR-2 and PR-5 and accumulate high

levels of camalexin after pathogen inoculation. Plant Cell 1999, 11, 1393–1404.
62. Silva, H.; Yoshioka, K.; Dooner, H.K.; Klessig, D.F. Characterization of a new Arabidopsis mutant exhibiting enhanced disease

resistance. Mol. Plant-Microbe Interact. 1999, 12, 1053–1063. [CrossRef]
63. Rose, J.K.C.; Braam, J.; Fry, S.C.; Nishitani, K. The XTH family of enzymes involved in xyloglucan endotransglucosylation and

endohydrolysis: Current perspectives and a new unifying nomenclature. Plant Cell Physiol. 2002, 43, 1421–1435. [CrossRef]
[PubMed]

64. Baumann, M.J.; Eklöf, J.M.; Michel, G.; Kallas, Å.M.; Teeri, T.T.; Czjzek, M.; Brumer, H. Structural evidence for the evolution of
xyloglucanase activity from xyloglucan Endo-transglycosylases: Biological implications for cell wall metabolism. Plant Cell 2007,
19, 1947–1963. [CrossRef] [PubMed]

65. Shinohara, N.; Sunagawa, N.; Tamura, S.; Yokoyama, R.; Ueda, M.; Igarashi, K.; Nishitani, K. The plant cell-wall enzyme AtXTH3
catalyses covalent cross-linking between cellulose and cello-oligosaccharide. Sci. Rep. 2017, 7, 46099. [CrossRef] [PubMed]

66. Miedes, E.; Suslov, D.; Vandenbussche, F.; Kenobi, K.; Ivakov, A.; Van Der Straeten, D.; Lorences, E.P.; Mellerowicz, E.J.; Verbelen,
J.P.; Vissenberg, K. Xyloglucan endotransglucosylase/hydrolase (XTH) overexpression affects growth and cell wall mechanics in
etiolated Arabidopsis hypocotyls. J. Exp. Bot. 2013, 64, 2481–2497. [CrossRef]

67. Van Sandt, V.S.T.; Suslov, D.; Verbelen, J.P.; Vissenberg, K. Xyloglucan endotransglucosylase activity loosens a plant cell wall. Ann.
Bot. 2007, 100, 1467–1473. [CrossRef]

68. Banerjee, J.; Das, N.; Dey, P.; Maiti, M.K. Transgenically expressed rice germin-like protein1 in tobacco causes hyper-accumulation
of H2O2 and reinforcement of the cell wall components. Biochem. Biophys. Res. Commun. 2010, 402, 637–643. [CrossRef]

69. Banerjee, J.; Maiti, M.K. Functional role of rice germin-like protein1 in regulation of plant height and disease resistance. Biochem.
Biophys. Res. Commun. 2010, 394, 178–183. [CrossRef]

70. Liu, C.; Yu, H.; Rao, X.; Li, L.; Dixon, R.A. Abscisic acid regulates secondary cell-wall formation and lignin deposition in
Arabidopsis thaliana through phosphorylation of NST1. Proc. Natl. Acad. Sci. USA 2021, 118, e2010911118. [CrossRef]

71. Hao, L.-H.; Wang, W.-X.; Chen, C.; Wang, Y.-F.; Liu, T.; Li, X.; Shang, Z.-L. Extracellular ATP Promotes stomatal opening of
Arabidopsis thaliana through heterotrimeric G protein α subunit and reactive oxygen species. Mol. Plant 2012, 5, 852–864.
[CrossRef]

72. Leung, J.; Giraudat, J. Abscisic acid signal transduction. Annu. Rev. Plant Biol. 1998, 49, 199–222. [CrossRef]
73. Yaaran, A.; Negin, B.; Moshelion, M. Role of guard-cell ABA in determining steady-state stomatal aperture and prompt vapor-

pressure-deficit response. Plant Sci. 2019, 281, 31–40. [CrossRef]
74. Katagiri, F.; Thilmony, R.; He, S.Y. The Arabidopsis thaliana-Pseudomonas syringae Interaction. Arab. B. 2002, 1, e0039. [CrossRef]
75. Marx, H.; Minogue, C.E.; Jayaraman, D.; Richards, A.L.; Kwiecien, N.W.; Siahpirani, A.F.; Rajasekar, S.; Maeda, J.; Garcia, K.;

Del Valle-Echevarria, A.R.; et al. A proteomic atlas of the legume Medicago truncatula and its nitrogen-fixing endosymbiont
Sinorhizobium meliloti. Nat. Biotechnol. 2016, 34, 1198–1205. [CrossRef]

http://doi.org/10.1073/pnas.2010243118
http://doi.org/10.1111/j.1365-313X.2010.04256.x
http://doi.org/10.1111/tpj.12027
http://doi.org/10.1093/molbev/msab120
http://doi.org/10.1111/j.1365-3040.2011.02317.x
http://doi.org/10.1104/pp.105.063743
http://doi.org/10.1006/meth.2001.1262
https://github.com/kevinblighe/EnhancedVolcano
http://doi.org/10.3389/fpls.2020.00513
http://doi.org/10.3389/fpls.2012.00085
http://doi.org/10.1111/j.1462-5822.2007.00938.x
http://doi.org/10.1094/MPMI.1999.12.12.1053
http://doi.org/10.1093/pcp/pcf171
http://www.ncbi.nlm.nih.gov/pubmed/12514239
http://doi.org/10.1105/tpc.107.051391
http://www.ncbi.nlm.nih.gov/pubmed/17557806
http://doi.org/10.1038/srep46099
http://www.ncbi.nlm.nih.gov/pubmed/28443615
http://doi.org/10.1093/jxb/ert107
http://doi.org/10.1093/aob/mcm248
http://doi.org/10.1016/j.bbrc.2010.10.073
http://doi.org/10.1016/j.bbrc.2010.02.142
http://doi.org/10.1073/pnas.2010911118
http://doi.org/10.1093/mp/ssr095
http://doi.org/10.1146/annurev.arplant.49.1.199
http://doi.org/10.1016/j.plantsci.2018.12.027
http://doi.org/10.1199/tab.0039
http://doi.org/10.1038/nbt.3681


Int. J. Mol. Sci. 2022, 23, 7540 18 of 18

76. Mi, H.; Muruganujan, A.; Casagrande, J.T.; Thomas, P.D. Large-scale gene function analysis with the panther classification system.
Nat. Protoc. 2013, 8, 1551–1566. [CrossRef]

77. Xu, Y.; Wu, H.; Zhao, M.; Wu, W.; Xu, Y.; Gu, D. Overexpression of the transcription factors GmSHN1 and GmSHN9 differentially
regulates wax and cutin biosynthesis, alters cuticle properties, and changes leaf phenotypes in arabidopsis. Int. J. Mol. Sci. 2016,
17, 587. [CrossRef]

78. Hülskamp, M.; Schwab, B.; Grini, P.; Schwarz, H. Transmission electron microscopy (TEM) of plant tissues. Cold Spring Harb.
Protoc. 2010, 5, 4958–4960. [CrossRef]

http://doi.org/10.1038/nprot.2013.092
http://doi.org/10.3390/ijms17040587
http://doi.org/10.1101/pdb.prot4958

	Introduction 
	Results 
	AtGAP1 Is a Positive Regulator of Pst DC3000 Resistance in Arabidopsis 
	The Overexpression of AtGAP1 Promotes the Accumulation of Cell-Wall-Modifying Proteins 
	AtGAP1 Enhances Mesophyll Cell Wall Thickness 
	AtGAP1 Reduces Stomatal Aperture with the Effect Being Reversible by Additional GTP 

	Discussion 
	Materials and Methods 
	Plant Materials, Growth Condition, and Pathogen Inoculation of Arabidopsis 
	RNA Extraction, cDNA Synthesis, and Gene Expression Analysis 
	Protein Extraction and Protein Profile Analysis by Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) 
	Transmission Electron Microscopy (TEM) 
	Stomatal Aperture Test 

	Conclusions 
	References

