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There are more than 100 GDSL lipases in Arabidopsis, but only a few members have 
been functionally investigated. Moreover, no reports have ever given a comprehensive 
analysis of GDSLs in stomatal biology. Here, we systematically investigated the expression 
patterns of 19 putative Guard-cell-enriched GDSL Lipases (GGLs) at various developmental 
stages and in response to hormone and abiotic stress treatments. Gene expression 
analyses showed that these GGLs had diverse expression patterns. Fifteen GGLs were 
highly expressed in guard cells, with seven preferentially in guard cells. Most GGLs were 
localized in endoplasmic reticulum, and some were also localized in lipid droplets and 
nucleus. Some closely homologous GGLs exhibited similar expression patterns at various 
tissues and in response to hormone and abiotic stresses, or similar subcellular localization, 
suggesting the correlation of expression pattern and biological function, and the functional 
redundancy of GGLs in plant development and environmental adaptations. Further 
phenotypic identification of ggl mutants revealed that GGL7, GGL14, GGL22, and GGL26 
played unique and redundant roles in stomatal dynamics, stomatal density and morphology, 
and plant water relation. The present study provides unique resources for functional 
insights into these GGLs to control stomatal dynamics and development, plant growth, 
and adaptation to the environment.

Keywords: Arabidopsis, drought tolerance, expression pattern, guard cells, GDSL lipases, stomatal density, 
stomatal dynamics, subcellular localization

INTRODUCTION

GDSL lipases or esterases (EC 3.1.1.3) are lipid hydrolases with a GDSL motif at the N-terminus. 
GDSLs have four invariant important catalytic residues: Ser, Gly, Asn, and His in blocks I, 
II, III, and V, respectively (Akoh et al., 2004). GDSLs widely exist in prokaryotes and eukaryotes. 
In plants, it exists as a big family with many members, more than 100 members in Arabidopsis 
(Ling, 2008; Dong et al., 2016; Lai et al., 2017; Su et al., 2020), 114 members in rice (Chepyshko 
et  al., 2012), 121  in Brassica rapa (Dong et  al., 2016), and 194  in soybean (Su et  al., 2020). 
However, only a few members have been identified in each plant species with their broad 
biological functions and substrates.

GDSLs play roles in plant growth and organ development. Arabidopsis EXL4 (EXTRACELLULAR 
LIPASE 4) is required for pollen on stigma to hydrate efficiently. Loss function of EXL4 led 
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to the delayed and reduced rate of pollen hydration (Mayfield 
et  al., 2001; Updegraff et  al., 2009). CDEF1 (CUTICLE 
DESTRUCTING FACTOR 1) acts as a cutinase, which directly 
degrades the polyester in the cuticle of stigma and mediates 
pollen tube penetration into the stigma (Takahashi et  al., 
2010). Tomato GDSL1 plays a specific role in cutin polyester 
deposition in the tomato fruit cuticle (Girard et  al., 2012), 
and CD1 is required for cutin accumulation by catalyzing 
2-MHG in vivo and catalyzes the formation of primarily linear 
cutin oligomers in vitro (Yeats et  al., 2012, 2014). Two rice 
GDSLs, BS1 (Brittle Leaf Sheath 1) and DARX1 (DEACETYLASE 
ON ARABINOSYL SIDECHAIN OF XYLAN 1), are identified 
as deacetylases that are crucial for secondary wall formation 
and patterning. BS1 cleaves acetyl moieties from xylopyranosyl 
residues (Zhang et  al., 2017a), and DARX1 specifically 
deacetylates the side chain of the major rice hemicellulose, 
arabinoxylan (Zhang et  al., 2019). ZmMs30, a maize genic 
male sterility gene, regulates male fertility by modulating cuticle 
deposition on anthers (An et al., 2019). OsGELP34, OsGELP110, 
and OsGELP115 control male fertility by regulating exine 
formation (Zhang et  al., 2020). BnSCE3 serves as a sinapine 
esterase that controls seed weight, size, and water content 
(Ling et  al., 2006; Clauss et  al., 2008, 2011).

GDSLs regulate plant adaptation to biotic and abiotic stresses. 
Arabidopsis GDSL LIPASE1 (GLIP1) is a critical component 
in plant resistance to several bacterial and fungal pathogens, 
directly disrupting fungal spore integrity and inhibiting its 
germination (Oh et al., 2005; Kwon et al., 2009). Pepper GLIP1 
plays as a negative regulator in resistance to Xanthomonas 
campestris pv. vesicatoria (Xcv) (Hong et al., 2008). Rice GLIP1 
and GLIP2 act as negative regulators of disease resistance to 
bacterial and fungal pathogens by changing the levels of DGDG 
and MGDG (Gao et  al., 2017). Arabidopsis Li-tolerant lipase 
1 (AtLTL1) increases salt tolerance of Arabidopsis and LiCl 
tolerance of yeast (Naranjo et  al., 2006). Rice WDL1 (Wilted 
Dwarf and Lethal 1) mediates water loss by regulating wax 
synthesis (Park et  al., 2010). Our recent research has shown 
that Arabidopsis OSP1 (Occlusion of Stomatal Pore 1) confers 
drought tolerance through the control of wax biosynthesis, 
stomatal outer cuticular ledge formation, and stomatal density 
(Tang et  al., 2020). However, the functions of most GDSLs 
are unexplored.

GDSL lipase has a flexible active site (Akoh et  al., 2004), 
which leads to catalytic activity on different substrates by 
changing conformations. Due to this changeable structure 
feature, isolation and characterization of GDSL substrates is 
a big challenge. For example, a bread wheat (Triticum aestivum) 
xanthophyll acyltransferase (XAT) has broad substrate specificity. 
XAT can esterify lutein, β-cryptoxanthin, and zeaxanthin (Watkins 
et al., 2019). Tremendously functional redundancy and tandem 
duplications in chromosomes could be  other challenges to 
identify the biological functions of GDSLs (Lai et  al., 2017). 
Their functions may only be  determined when higher-order 
mutants are generated by crossing, CRISPR/Cas9 gene editing, 
or artificial microRNA technologies (Feng et  al., 2013; Hauser 
et  al., 2013; Miao et  al., 2013). Therefore, detailed expression 
patterns are critical for characterizing the functions of GDSL 

lipases in plant development, plant growth, and adaptation to 
the environment.

Stomata are pores formed by pairs of guard cells in the 
surface of aerial parts of most higher plants, which respond 
quickly to the environmental changes by opening or closing 
the pores. It has been suggested that manipulation of stomatal 
development and behavior is a good strategy for improving 
plant abiotic and biotic tolerance (Hughes et  al., 2017; Dunn 
et  al., 2019; Papanatsiou et  al., 2019; Huang et  al., 2021). 
GDSLs exist as a big family, but only OSP1 has been identified 
with essential roles in stomata (Tang et  al., 2020). Therefore, 
it is very important to identify GDSLs that function in stomata. 
In this study, we  identified 29 predicted GGLs (Guard-cell-
enriched GDSL Lipases) from microarray data and determined 
the temporal–spatial expression patterns of 19 GGLs by driving 
the GUS reporter gene in Arabidopsis. We  also explored 
their  cellular localizations by transient expression of GFP or 
YFP fused GGLs in Nicotiana benthamiana. Furthermore, 
we investigated the roles of six guard cell preferentially expressed 
GGLs in stomatal biology and plant water maintenance. Our 
data provide unique resources for the future investigation of 
the roles of GGLs in controlling stomatal dynamics and stomatal 
development, plant growth, and adaptation to the environment.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Arabidopsis (Arabidopsis thaliana) accession Col-0 and N. 
benthamiana plants were used in this study. The single T-DNA 
insertion mutants, ggl7 (CS393512), ggl12 (SALK_024323C), 
ggl14 (SALK_106116C), ggl22 (SALK_062226C), ggl23 
(CS874407), ggl26 (SALK_116756), and ggl27 (CS857064), were 
obtained from the Arabidopsis Biological Resource Center 
(ABRC). The Arabidopsis plants and N. benthamiana were 
grown in a well-controlled growth chamber or a greenhouse 
at 22°C with a 16 h light/8 h dark regime.

Plasmid Construction
To generate the promoter::GUS expression vectors, we  cloned 
1.5–2 kb promoter regions (DNA fragment upstream of the 
ATG start codon) into the expression vector pLP100 or pMDC163 
(Szabados et  al., 1995; Charrier et  al., 1996; Curtis and 
Grossniklaus, 2003). All promoter sequences were confirmed 
by DNA sequencing, and the primers used are listed in 
Supplementary Table S2.

To investigate the subcellular localization of the predicted 
GGLs, we  amplified the open reading frames of GGLs 
from  cDNA  of Col-0 seedlings using gene-specific primers 
(Supplementary Table S2). PCR products were cloned into the 
Gateway-compatible donor vector pDONR207 by BP recombination 
reactions to generate entry clones and confirmed by DNA 
sequencing. Subsequently, the positive entry clones were further 
cloned into the destination vector pGWB541 or BarII-pUBQ10-
GWB-GFP (Walter et  al., 2004; Nakagawa et  al., 2007) by LR 
recombination reactions.
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Generation of Transgenic Plants and GUS 
Staining
The generated GGLpro::GUS constructs were transformed into 
Col-0 plants by flower dipping method (Zhang et  al., 2006). 
Transgenic plants were screened by Kanamycin or Hygromycin 
B. Positive transgenic plants were further confirmed by detecting 
the existence of the GUS reporter gene. The transgenic seedlings 
of 1.5 days after germination (DAG), 6 DAG, and 14 DAG 
growing on 1/2 Murashige and Skoog medium supplemented 
with 1% sucrose and 0.3% phytagel were used for GUS staining. 
The representative lines showing consistent GUS staining were 
further analyzed for GUS staining at the reproductive stage 
(34 DAG). At least three independent transgenic lines were 
analyzed in parallel.

The seedlings or tissues were immersed in GUS solution 
buffer [1 mg/ml X-Gluc, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6·3H2O, 
0.042 M NaH2PO4·2H2O, 0.058 M Na2HPO4·12H2O, 0.1 mM 
Na2EDTA (pH = 8.0), and 1% (v/v) Triton X-100], and incubated 
overnight at 37°C. After staining, the seedlings and tissues 
were de-stained in 75% ethanol several times for GUS observation 
under a microscope.

Subcellular Localization
The constructs of UBQ10-GGL-GFP or 35S-GGL-YFP were 
transformed into the Agrobacterium strain GV3101, and the 
strains were infiltrated into N. benthamiana leaf epidermis. 
Protoplasts of infiltrated tobacco leaves were prepared as 
described previously (Walter et al., 2004). Images were obtained 
by a confocal microscope (TCS-SP8; Leica, Weztlar, Germany) 
with a 40× water-immersion objective in the sequential scan, 
between frames mode. For localization in ER, an ER-marker 
HDEL-OFP (orange fluorescent protein; excitation at 561 nm, 
emission range is 580 nm to 630 nm) was coexpressed for 
co-localization. Nile Red staining was performed for localization 
in lipid droplets, as described in our previous publication 
(Tang et  al., 2020).

To confirm the subcellular localization of GGL13, GGL17, 
and GGL27  in Arabidopsis, GGL13-GFP, GGL17-GFP, or 
GGL27-GFP was transformed into Arabidopsis mesophyll 
protoplasts with HDEL-OFP (Yoo et  al., 2007), respectively. 
The GFP and OFP signals of protoplasts were recorded 10–12 h 
after transformation under a confocal microscope (TCS-SP8; 
Leica, Weztlar, Germany).

Transpiration Rate, Water Use Efficiency, 
and Stomatal Conductance Analyses
Transpiration rate was determined on rosette leaves of 4-week-
old plants using a portable photosynthesis system (LI-6400XT; 
Li-Cor). The measurement conditions were 150 μmol m−2  s−1 
light intensity, 50–60% relative humidity, and 450 ppm CO2. 
Measurements were recorded every 30 s and lasted for 20 min. 
Data presented are the average value of 10 min for individual 
plants (at least four plants per genotype) for each experiment. 
Instantaneous water use efficiency (WUE) was defined as the 
ratio of CO2 assimilated to water loss during transpiration 
(μmol CO2 mmol H2O−1). WUE was calculated using the data 

collected during transpiration rate measurement. The 
corresponding time points (10 min) were chosen for each plant. 
Experiments were repeated at least three times.

For stomatal conductance in response to dark-to-light 
(150 μmol m−2  s−1 with 10% blue light) transitions, intact leaves 
of 4 to 5-week-old well-growing plants were measured by a 
portable gas exchange analyzer (LI-6400XT; Li-Cor). According 
to the previous publication (Hu et  al., 2010), the initial rate 
of stomatal conductance changes in response to dark-to-light 
transitions was calculated.

Stomatal Density and Stomatal 
Morphology Analyses
The seventh or eighth (including cotyledons) rosette leaves of 
4-week-old plants were analyzed for stomatal density and index, 
stomatal pore width and pore ratio (width: length), and stomatal 
complex length and width. All plants were grown in a well-
controlled growth room at 22°C, with 56% humidity and a 
16 h light/8 h dark photoperiod regime with 80 μmol m−2  s−1 
light intensity. The central areas derived from the leaf abaxial 
epidermal layer were imaged using a light microscope (TS100, 
Nikon, Japan). Stomata and pavement cell numbers were counted 
with ImageJ software. Stomatal pore width and length, and 
stomatal complex length and width were measured with ImageJ 
software. Experiments were repeated three times.

Stress Treatment, RT-PCR, and Real-Time 
Quantitative PCR Analyses
For different hormone treatments, 7-day-old seedlings growing 
on 1/2 MS plates were treated with different phytohormones, 
including 10 μM ABA (abscisic acid), 10 nM BL (brassinolide), 
1 μM GA (gibberellin), 1 μM IAA (indoleacetic acid), and 
solvent (as control). The seedlings were harvested at 0, 0.5, 
1, and 3 h after treatments, respectively. For salt stress, 4-week-
old plants were treated (watered) with 150 mM NaCl, and 
the leaf samples were harvested at the time points of 0, 0.5, 
1, 3, 6, 12, and 24 h. For dehydration treatment, rosette leaves 
were detached from 4-week-old plants and dehydrated under 
the laboratory conditions. The samples were harvested at the 
time points of 0, 0.25, 0.5, 1, 3, 6, and 12 h after leaf 
detachments. Total RNA was extracted from 50 to 100  mg 
of sample tissues using TRIZOL Reagent (Invitrogen). After 
DNase treatment, the first-strand cDNA was synthesized from 
2 μg of RNA using oligo (dT) primers with M-MLV reverse 
transcriptase (Promega). For RT-PCR analyses, 100 ng cDNA 
was used as templates for amplification of Actin7 and GGLs. 
30–32 cycles were amplified. Primers used for RT-PCR are 
listed in Supplementary Table S2.

Real-time quantitative PCR was performed with the Bio-Rad 
CFX96™ Real-Time System using SYBR (Vazyme) to monitor 
double-stranded DNA products. EFα was used as an internal 
control. The relative gene expression during different treatments 
was calculated by comparison with that of the samples at 0 h, 
which was defined as 1. Bio-Rad CFX manager software was 
used for analysis. Primers used for real-time quantitative PCR 
are listed in Supplementary Table S2.
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Drought Stress Assay
Plants (each pot containing 25 plants with the same weight 
of soil and the same water content) were grown in well-watered 
conditions for 3 weeks. Then, water was withdrawn for 8–10 days 
until significant differences in the wilted leaves were observed 
and re-supplied for 2 days. Photographs of the plants at these 
three time points were taken.

RESULTS

Identification of GDSLs Enriched in 
Arabidopsis Guard Cells
To gain insights into the GDSLs that function in stomatal 
biology, we  focused on the guard cell highly expressed GDSLs 
in the Arabidopsis genome. Firstly, we  extracted the expression 
data of all putative GDSL genes from the microarray data of 
guard cell and mesophyll cell protoplasts with or without ABA 
treatment published by Leonhardt et  al. (2004) and drew a 
heat map with TBtools (Chen et  al., 2020). The results showed 
that 29 GDSLs belonging to a large clade (L) and a small one 
(S) had relatively higher expression levels in guard cell protoplasts 
(Figure  1). We  then named these GDSLs as GGLs (Guard-
cell-enriched GDSL Lipases). Among these 29 GGLs, the expression 
levels of GGL2 (AT1G28600), GGL3 (AT1G28610), GGL15 
(AT2G24560), and GGL28 (AT5G45950) in guard cell protoplasts 
were upregulated by ABA treatment, while those of another 
four GGLs, GGL4 (AT1G28660), GGL10 (AT1G54030), GGL11 
(AT1G67830), and GGL18 (AT3G14220), were slightly repressed 
by ABA treatment (Figure  1). The remaining GGLs were not 
affected by ABA treatment in guard cell protoplasts (Figure 1). 
Moreover, the expression levels of GGLs in L clade were generally 
higher than those in S clade, and 19 GGLs from the L clade 
were preferentially expressed in guard cells than those in 
mesophyll cells (Figure  1).

We then analyzed the distribution of these GGLs on 
chromosomes by Chromosome Map Tool.1 These GGLs were 
distributed on all chromosomes. Thirteen GGLs were located 
on chromosome 1, 6 on chromosome 3, 3 on chromosome 4, 
and 5 on chromosome 5, whereas only two were located on 
chromosome 2 (Supplementary Figure S1). Furthermore, there 
were cases of two or more GGLs arranged in tandem, on the 
middle and bottom of chromosome 1 (Supplementary Figure S1). 
For example, GGL1, GGL2, and GGL3 were tandem duplicated 
(Supplementary Figure S1). Given that tandem repeated genes 
often show functional redundancy (Tantikanjana et  al., 2004; 
Su et  al., 2013), we  speculate that tandem repeated GGLs might 
have functional redundancy.

Tissue-Specific Expression Patterns of 
GGLs at the Seedling Stage
To confirm that these predicted GGLs in L clade are highly 
expressed in guard cells, we  cloned the regions of 1.5–2.0 kb 
of DNA fragments upstream of the start codon (ATG) for 

1 https://www.arabidopsis.org/jsp/ChromosomeMap/tool.jsp

these 19 GGLs (marked in blue fonts in Figure  1) as native 
promoters into the expression vector pLP100 or pMDC163 to 
drive the expression of GUS reporter gene (Figure  2A). These 
1.5–2.0 kb regions should have contained enough regulatory 
elements to drive the expression of most Arabidopsis genes 
(Korkuæ et  al., 2014; Wu et  al., 2016). All these constructs 
were transformed into the wild-type Arabidopsis Col-0 accession.

We performed GUS staining of transgenic plants expressing 
GGLpro::GUS in different tissues at different developmental 
stages. At least three independent transgenic lines were used 
for analyses, and only those lines showing the most consistent 
patterns were photographed. At 1.5 DAG (Days After 
Germination), 16 GGLs were highly expressed in the emerged 
cotyledons or hypocotyls, whereas GGL12, GGL20, and GGL25 
had very weak expressions (Figure  2B). Seventeen from 19 
GGLs, except GGL20 and GGL21, were expressed in the 6-DAG 
seedlings (Figure  2B). Ten members (GGL6, GGL8, GGL9, 
GGL13, GGL16, GGL19, GGL22, GGL23, GGL26, and GGL29) 
were highly expressed in cotyledons, and nine members (GGL6, 
GGL8, GGL9, GGL13, GGL16, GGL19, GGL22, GGL23, and 
GGL27) showed evident expressions in roots (Figure  2B). 
Interestingly, 7 GGLs (GGL7, GGL12, GGL14, GGL17, GGL23, 
GGL26, and GGL27) were preferentially expressed in guard 
cells (Figure 2B), indicating that they may function in stomata. 
Eight GGLs (GGL6, GGL8, GGL9, GGL13, GGL16, GGL19, 
GGL22, and GGL29) were expressed not only in cotyledon 
guard cells but also in pavement or mesophyll cells (Figure 2B), 
suggesting their potential roles in other physiological processes 
in addition to stomatal biology.

To confirm that these GGLs are expressed in the guard 
cells of true leaves, we  further determined their expression 
patterns in the true leaves of 14-DAG seedlings. Consistent 
with their expression patterns in cotyledons (Figure  2B), the 
same 15 GGLs were expressed in the guard cells of true leaves 
(Figure 3). Seven GGLs (GGL7, GGL12, GGL14, GGL17, GGL23, 
GGL26, and GGL27) were preferentially expressed in the true 
leaf guard cells, and eight members (GGL6, GGL8, GGL9, 
GGL13, GGL16, GGL19, GGL22, and GGL29) also showed 
evident expressions in pavement or mesophyll cells in addition 
to guard cells (Figure  3). Moreover, five GGLs (GGL5, GGL14, 
GGL17, GGL19, and GGL23) were also expressed in trichomes 
(Figure  3 and Supplementary Figure S2), and seven GGLs 
(GGL6, GGL8, GGL9, GGL13, GGL16, GGL22, and GGL29) 
were expressed in the vascular tissues (Figure  3), indicating 
that these GGLs may also be involved in trichome and vascular 
tissue development.

Tissue-Specific Expression Patterns of 
GGLs at the Reproductive Tissues
We next determined the expression patterns of these GGLs at 
the reproductive stage. Among 19 GGLs, 18 (except GGL20) 
were expressed in the inflorescence of 34-DAG Arabidopsis 
plants (Figure 4). GGL7, GGL26, and GGL27 were preferentially 
expressed in guard cells on sepals (Figure  4). GGL6, GGL8, 
GGL9, GGL13, GGL14, GGL22, and GGL29 showed very similar 
expression patterns, with strong expressions in filaments, sepals, 
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and apex of stigma (Figure  4), suggesting that these GGLs 
may be involved in flower development or fertility. The remaining 
GGLs had relatively narrow expression patterns. GGL5 was 
expressed in the apex and base of stigma, GGL16 and GGL17 
were expressed in sepals and apex of stigma, and GGL19 was 
expressed in filaments and sepals (Figure 4). Moreover, GGL14 
and GGL16 were also expressed in anthers. We  also found 
that seven GGLs (GGL12, GGL16, GGL17, GGL19, GGL23, 
GGL26, and GGL27) were expressed in the whole siliques, 
and eight GGLs (GGL5, GGL6, GGL8, GGL9, GGL13, GGL14, 
GGL22, and GGL29) were expressed only in both ends of 
siliques (Figure  4).

Subcellular Localization Analyses of GGLs 
in N. benthamiana
Several GDSLs have been reported to be  secreted into 
the  intercellular space; signal peptide prediction using 

SignalP  4.1  Server2 revealed that 14 of 19 GGLs possessed a 
signal peptide at N-terminus (Supplementary Table S1). To 
gain insights into which organelles GGLs are localized in plant 
cells, we  investigated the subcellular localization of 13 GGLs 
tagged by GFP or YFP under the control of the cauliflower 
mosaic virus (CaMV) 35S promoter by transient expression 
in N. benthamiana leaf epidermis, a convenient system to study 
protein intracellular localization (Deeks et al., 2012). Our results 
showed that most C-terminal GFP- or YFP-tagged GGL proteins 
were co-localized, at least partially, with the endoplasmic 
reticulum (ER) marker HDEL-OFP (Supplementary Figure S3A). 
To further confirm that these GGLs are localized in ER, 
we observed their localizations in the isolated protoplasts. Nine 
of thirteen GGLs (GGL5, GGL8, GGL13, GGL14, GGL16, 
GGL17, GGL20, GGL27, and GGL29) were well overlapped 

2 http://www.cbs.dtu.dk/services/SignalP/

FIGURE 1 | Identification of GGLs in Arabidopsis. Expression levels of Arabidopsis GDSLs in guard cell and mesophyll cell protoplasts in response to ABA or not. 
ATH1 microarray data of all Arabidopsis GDSLs in guard cell (GC) and mesophyll cell (MC) protoplasts treated with ABA or not were obtained from Leonhardt et al. 
(2004) and Yang et al. (2008). Putative GDSLs were merged from Dong et al. (2016) and Lai et al. (2017). The heat map was constructed by TBtools (Chen et al., 
2020), and the color code of signal intensities corresponds to the abundance of transcripts, from low (green) to high (magenta) expression. GGL means Guard-cell-
enriched GDSL Lipase. (L) and (S) indicate the large and small clades, respectively. Nineteen GGLs in L clade were shown in blue fonts. The GGLs highlighted in 
magenta or green indicated the GGLs in guard cell protoplasts induced or repressed by ABA treatment, respectively.
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A

B

FIGURE 2 | Expression patterns of 19 GGLs at the early seedling stage. (A) Schematic charts of two destination vectors (pLP100 and pMDC163) used for GUS 
expression driven by GGL native promoters. (B) Expression profile analyses of 19 GGLs at the early seedling stage. GGLpro::GUS expressing transgenic seedlings 
that grown in a growth chamber were stained with X-Gluc. For each gene, the images from left to right represent a seedling of 1.5 days after germination (DAG; 
scale bar = 200 μm), a seedling of 6 DAG (scale bar = 1 mm), and an enlarged part of the cotyledon from the 6-DAG seedling (scale bar = 25 μm), respectively.
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with HDEL-OFP (Figure  5A), demonstrating that these GGLs 
are localized in ER. Among nine ER-localized GGLs, three 
GGLs (GGL5, GGL13, and GGL14) also appeared as punctate 
localization in the cytoplasm (Figure  5A). We  speculated that 
these vesicle structures were lipid droplets, and GGL5 and 
GGL13 could be  dual localization proteins in both ER and 
lipid droplets as GGL14 (also named OSP1) did (Tang et  al., 
2020). Therefore, we performed co-localization of GGL5, GGL13, 
or GGL14 with OsGLIP1-CFP, a protein reported to localize 
in lipid droplets and ER (Gao et al., 2017), respectively. GGL5, 
GGL13, and GGL14 overlapped with OsGLIP1-CFP in the 
vesicle structures and ER networks (Figure  5B), suggesting 
that GGL5, GGL13, and GGL14 may also play roles in lipid 
homeostasis. GGL6 and GGL9 appeared in the vesicle structures 
in tobacco epidermal cells (Supplementary Figure S3B), and 
lipophilic Nile Red staining showed that these vesicle structures 

were lipid droplets (Figure  5C). Moreover, GGL9, GGL17, 
GGL27, and GGL29 were also localized in nucleus (Figures 5A,C 
and Supplementary Figure S3). We  further validated the 
subcellular localization of three GGLs in Arabidopsis mesophyll 
protoplasts. The results showed that GGL13, GGL17, and GGL27 
overlapped well with HDEL-OFP (Supplementary Figure S3C), 
consistent with their localizations in N. benthamiana leaf 
epidermis (Figure  5A). These results suggest that subcellular 
localization of these Arabidopsis GGLs in N. benthamiana leaf 
epidermis by our system is suitable and reliable.

Phylogenetic Relationship and Exon-Intron 
Structures of GGLs in Arabidopsis
To investigate the evolutionary relationship between these 
19 GGL proteins, we  constructed a maximum likelihood 

FIGURE 3 | Expression profiles of 19 GGLs in 14-DAG true leaves. The true leaves of 14-DAG GGLpro::GUS expressing seedlings were stained with X-Gluc. For 
each gene, the images from left to right represent a true leaf from a 14-DAG seedling (scale bar = 1 mm) and an enlarged part of it (scale bar = 25 μm).

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Xiao et al. Guard-Cell-Enriched GDSLs in Stomatal Biology

Frontiers in Plant Science | www.frontiersin.org 8 September 2021 | Volume 12 | Article 748543

tree using GGL protein sequences (Supplementary Figure S4). 
GGL5 showed a close relationship with GGL6, GGL7, and 
GGL22 (Supplementary Figure S4). GGL14 and GGL23, 
GGL12 and GGL13, and GGL16 and GGL20 were highly 
homologous proteins, respectively (Supplementary Figure S4). 
GGL17 exhibited a close relationship with GGL27 and GGL29 

(Supplementary Figure S4). Some closely homologous GGLs, 
such as GGL5 and GGL6, and GGL12 and GGL13, were 
found to be arranged in tandem on chromosomes 
(Supplementary Figure S1). These closely related GGLs are 
mostly expressed in guard cells, indicating that they may 
function redundantly in stomatal biology.

FIGURE 4 | Expression patterns of 19 GGLs at reproductive stage. The tissues from 34-DAG GGLpro::GUS expressing plants were stained with X-Gluc. For each 
gene, the images from left to right represent an inflorescence from a 34-DAG plant (scale bar = 100 μm), a mature flower from a 34-DAG plant (scale bar = 1 mm), and 
mature siliques from a 34-DAG plant (scale bar = 100 μm), respectively.
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We next analyzed the exon and intron structures of these 
19 GGLs based on exon assignment information from the 
TAIR Web site.3 Among these GGLs, only GGL12, GGL22, 
and GGL23 have two transcripts, and the others all have 
only one transcript (Supplementary Figure S4). Most GGLs 
contain five exons. GGL14, GGL21, and GGL23 have three 
exons, and GGL9 has four exons, whereas GGL7, GGL17, 
and GGL22.2 have six exons (Supplementary Figure S4). 
We  surprisingly found that GGL20 was a unique one, 
which  possessed a long 5′ untranslated region of about 
2.5 kb (Supplementary Figure S4), which may have a 
regulatory effect on its expression (Broad et  al., 2019; 
Nitschke et  al., 2020).

3 www.arabidopsis.org

Some GGLs Play Roles in Water 
Transpiration and Light-Induced Stomatal 
Opening
To explore the function of GGLs in stomatal biology, 
we  ordered T-DNA insertion mutants of seven guard cell 
preferentially expressed GGLs (Figures  2B, 3) from ABRC 
stock, which were speculated to have specific roles in 
stomata. Genotyping and RT-PCR analyses showed that 
ggl12, ggl14, ggl22, and ggl27 were knockout mutants, 
and  ggl7  and ggl26 were knockdown mutants 
(Supplementary Figure S5B). However, the expression level 
of GGL23 was not changed in the ggl23 mutant 
(Supplementary Figure S5B). Therefore, the ggl23 mutant 
was not used for further analyses in this study. We  firstly 

A

B

C

FIGURE 5 | Subcellular localization of GGLs in protoplasts of Nicotiana benthamiana leaves. Subcellular localization of C-terminal GFP or YFP fused GGL proteins 
in N. benthamiana protoplasts (A-C). C-terminal GFP or YFP fused GGL proteins under the control of the CaMV 35S promoter were transiently expressed in N. 
benthamiana leaf epidermal cells. GFP or YFP signals in the isolated protoplasts were imaged by a confocal microscope. HDEL-OFP was coexpressed with GGLs 
to indicate endoplasmic reticulum localization (A). Lipid droplet localization of GGLs was confirmed by co-localization with OsGLIP1-CFP (Gao et al., 2017) (B) or 
Nile Red staining (C). Scale bar = 10 μm.
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used thermal imaging to detect the leaf temperature of 
these six single mutants, which reflects the transpiration 
efficiency through the stomatal pores and epidermis. Thermal 
imaging analyses revealed that ggl14 mutant (osp1-1) exhibited 
higher leaf temperature, consistent with our previous study 
(Tang et  al., 2020), and ggl22 mutant exhibited lower leaf 
temperature than Col-0, whereas the remaining four 
mutants  showed comparable leaf temperatures as Col-0 
(Figures  6A,B). To determine whether there is functional 
redundancy between GGL14 with the other guard cell 
preferentially expressed GGLs, ggl14 was crossed with ggl7 
and ggl26 to generate double and triple mutants since these 
three genes are relatively higher and specifically expressed 
in guard cells than other GGLs, and are coexpressed with 
known components that function in stomata by coexpression 
analyses (Obayashi et  al., 2009). ggl7ggl14 and ggl14ggl26 
showed similar leaf temperatures as ggl14, and ggl7ggl26 
behaved WT-like leaf temperature (Figures 6C,D). However, 
the ggl7ggl14ggl26 triple mutant showed significantly higher 
leaf temperature than ggl14 and double mutants 
(Figures  6C,D), suggesting that GGL7, GGL14, and GGL26 
have functional redundancy in transpiration, and GGL14 
is a major contributor in this process. We  next measured 
the transpiration rate and WUE of these single, double, 
and triple mutant plants. ggl14 mutant exhibited a reduced 
transpiration rate and increased WUE than Col-0, while 
ggl22 had an increased transpiration rate than Col-0 
(Figures  6E,F), in accordance with their leaf temperatures 
(Figures  6A,B). Consistently, the transpiration rate of 
ggl7ggl14ggl26 triple mutant was further reduced, and the 
increase of WUE in ggl7ggl14ggl26 was aggravated compared 
to ggl14 (Figures  6G,H), further supporting the functional 
redundancy among GGL7, GGL14, and GGL26.

We then detected their stomatal dynamics to dark-to-light 
transitions to determine whether these six GGLs are involved 
in stomatal dynamics when responses to environmental 
changes. ggl14 exhibited impaired light-induced stomatal 
opening (Figures  7A-C), in agreement with our previous 
study (Tang et al., 2020), and the other single mutants retained 
intact stomatal response (Figures 7A–C). However, ggl22 and 
ggl26 single mutants exhibited relatively larger stomatal 
conductance when the stomatal aperture reached maximum 
value (Figure  7B), indicating that mutation of GGL22 or 
GGL26 increased stomatal movement capacity but not the 
stomatal sensitivity (Hu et  al., 2015). To explore whether 
other GGLs have functional redundancy with GGL14  in 
stomatal dynamics to dark-to-light transitions, we  also 
investigated the stomatal response of double and triple mutant 
plants to dark-to-light transitions. Similar to transpiration 
rate and WUE (Figure  6), ggl7ggl14 and ggl14ggl26 had 
similar stomatal dynamics as ggl14, which was greatly impaired 
compared to Col-0 (Figures 7D–F). However, the impairment 
in the light-induced stomatal opening was aggravated in 
ggl7ggl14ggl26 triple mutant compared to ggl14 (Figures 7D–F). 
These results suggest that GGL7, GGL14, and GGL26 are 
redundant in stomatal responses, at least to dark-to-light 
transitions and water maintenance.

Mutation of GGLs Affects Stomatal Density 
and Stomatal Morphology
We were also interested in whether these GGLs played roles 
in stomatal density and stomatal morphology. The stomatal 
density and index of ggl22 were significantly increased than 
those in Col-0, and ggl14 showed reduced stomatal density 
and index than Col-0 (Figures  8A,B). These results suggest 
that GGL22 is a negative regulator and GGL14 is a positive 
one to mediate stomatal density. Moreover, the stomatal density 
and index of ggl7ggl14ggl26 triple mutant were not different 
from those in ggl14 (Supplementary Figures S6A,B), suggesting 
that GGL7 and GGL26 are not involved in stomatal density. 
It has been reported that some guard cell-expressed genes 
affect stomatal patterning and shape (Lee et  al., 2013; Negi 
et  al., 2013; Castorina et  al., 2016; Rui et  al., 2017). We  found 
that the one-spacing rule in these single, double, and triple 
mutants was not disrupted (data not shown), suggesting 
that  these  GGLs are not involved in this stomatal 
developmental process.

Furthermore, stomatal pore width, length, and stomatal 
complex size were measured in these mutants at normal growth 
conditions. The stomatal pore width and the width to length 
ratio (pore ratio) of ggl14 were significantly smaller than Col-0 
(Figures 8C,D), partially explaining the higher leaf temperature 
of ggl14 mutant (Figures  6A,B). Although the stomatal pore 
width of ggl26 was not obviously different from that in Col-0, 
its pore ratio was greater than Col-0 (Figures  8C,D). 
Measurement of stomatal complex length and width revealed 
that ggl22 had a smaller stomatal complex size than Col-0, 
while the other five ggl single mutants showed a comparable 
stomatal complex size as Col-0 (Figures  8E,F). These results 
suggest that GGL26 and GGL22 influence stomatal pore 
dimension and stomatal complex size, respectively. ggl7ggl14ggl26 
phenocopied ggl14 with respect to stomatal pore width and 
pore ratio (Supplementary Figures S6C,D), indicating GGL7 
and GGL26 do not show functional redundancy with GGL14 in 
this developmental process. We  interestingly found that 
ggl7ggl14ggl26 had a larger stomatal complex length, whereas 
their corresponding single mutants showed a similar length 
as Col-0 (Figure  8E and Supplementary Figure S6E). These 
results suggest that GGL7, GGL14, and GGL26 are required 
and show redundancy in keeping stomatal complex at suitable 
size during development.

Mutation of GGLs Affects Plant Drought 
Performance
Environmental changes affect stomatal status and stomatal 
development. The public database (AtGenExpress Visualization 
Tool) showed that some GGLs were hormone or abiotic stress-
inducible (Kilian et al., 2007). To further determine their expression 
profiles, we  determined the expression patterns of these 19 
GGLs  during hormone or stress treatments by RT-PCR 
(Supplementary Figures S7, S8). The results revealed that GGL13, 
GGL21, and GGL23 were upregulated by ABA treatment 
(Supplementary Figure S7). GGL13 showed dynamic responses 
to IAA treatment, and IAA treatment inhibited GGL21 expression 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Xiao et al. Guard-Cell-Enriched GDSLs in Stomatal Biology

Frontiers in Plant Science | www.frontiersin.org 11 September 2021 | Volume 12 | Article 748543

(Supplementary Figure S7). GGL27 was repressed by BL treatment 
and accumulated by GA treatment (Supplementary Figure S7). 
GA treatment inhibited the expression of GGL8, GGL12, and 
GGL26 (Supplementary Figure S7). GGL5 and GGL22 
were  prominently downregulated, and GGL7 was activated 

during the process of salt treatment (Supplementary Figure S8A), 
whereas GGL6, GGL8, GGL12, GGL13, GGL14, GGL16, GGL17, 
and GGL26 showed dynamic changes during salt treatment 
(Supplementary Figure S8A). Under dehydration stresses, the 
expression levels of GGL5, GGL6, GGL16, GGL19, GGL22, GGL23, 

A B
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FIGURE 6 | Leaf temperature, transpiration rate, and instantaneous water use efficiency (WUE) of ggl mutants. (A) Photograph (up) and infrared thermal imaging 
(down) of Col-0 and ggl single mutants. (B) Quantification and statistical analyses of leaf temperature of Col-0 and ggl single mutant plants in (A). Values are means 
± SE (n = three independent experiments, each with four plants per genotype). *p < 0.05; **p < 0.01; ns, no significant difference; Student’s t-test. (C) Photograph 
(left) and infrared thermal imaging (right) of Col-0, ggl14, the corresponding double mutant, and triple mutant plants. (D) Quantification and statistical analyses of leaf 
temperature of Col-0, ggl14, the corresponding double mutant, and triple mutant plants in (C). Values are means ± SE (n = three independent experiments, each 
with six plants per genotype). Different letters indicate statistically significant differences (p < 0.05) by one-way ANOVA and Tukey’s test analyses. (E–H) The 
transpiration rate and WUE of ggl mutants were measured using a portable gas exchange system (LI-6400XT). Values are means ± SE (n = three independent 
experiments, each with six plants per genotype). *p < 0.05; **p < 0.01; ns, no significant difference; Student’s t-test (E, F), and different letters indicate statistically 
significant differences (p < 0.05) by one-way ANOVA and Tukey’s test analyses (G, H). Quantification of leaf temperature by the software ThermaCAM Researcher 
Professional 2.10 (B, D).
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and GGL29 were downregulated (Supplementary Figure S8B), 
whereas another four GGLs (GGL8, GGL13, GGL14, and GGL17) 
were significantly upregulated at different time points under 
dehydration stresses (Supplementary Figure S8B). Furthermore, 
the expression of six GGLs (GGL7, GGL9, GGL12, GGL21, GGL26, 
and GGL27) increased first and then decreased during dehydration 
treatment (Supplementary Figure S8B). To further confirm these 
results, we  determined expression patterns  of  several hormone 
or stress-inducible GGLs (Supplementary Figures S7, S8) by 
real-time quantitative PCR. Our qPCR analyses showed that the 
expression patterns of these selected GGLs in response to hormones, 
salt, or dehydration stresses were generally consistent with RT-PCR 
results (Supplementary Figure S9). These results indicate that 
GGLs are more inducible to drought stresses and that hormone 
or stress-inducible GGLs might be involved in plant development 
and adaptation to stresses.

To test the effects of GGLs on drought performance, 
we  subjected six ggl single mutants and the double and triple 

mutant plants to drought stresses. Under moderate drought 
stresses, ggl14 showed greatly enhanced drought tolerance 
(Figure 9B), consistent with WUE (Figure 6F) and our previous 
report (Tang et al., 2020). ggl22 showed slightly increased drought 
recovery capacity (Figure  9A). The rest four ggl single mutants 
performed the same drought performance as Col-0 (Figure 9A). 
ggl7ggl14 and ggl14ggl26 double mutants behaved similar drought 
performance as ggl14 (Figure 9B). Under severe drought stresses, 
ggl14ggl26 showed enhanced drought tolerance than ggl14 mutant 
plants, and the drought tolerance in ggl7ggl14ggl26 triple mutant 
was much stronger than ggl14ggl26 (Figure  9C), suggesting 
GGL7, GGL14, and GGL26 have redundancy in water maintenance.

DISCUSSION

Plants encounter many environmental changes and have to 
deal with these badly living conditions for survival by triggering 
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FIGURE 7 | GGL7, GGL14, and GGL26 show functional redundancy in stomatal dynamics during the dark-to-light transition. (A–C) Time-resolved stomatal 
conductance responses to dark to light transitions in Col-0 and ggl single mutant plants. (B) Relative stomatal conductance. Normalized stomatal conductance of 
(A). (C) The initial rates of stomatal conductance changes in the period of t1 to t2 in (A), presented as mol H2O m−2 s−1 min−1. Values are means ± SE (n = 3 
independent experiments, each with at least four leaves per genotype). **p < 0.01; ns, no significant difference; Student’s t-test. (D–F) Time-resolved stomatal 
conductance responses to dark to light transitions in Col-0, ggl14, ggl7ggl14, ggl14ggl26, ggl7ggl26, and ggl7ggl14ggl26 mutant plants. (E) Relative stomatal 
conductance. Normalized stomatal conductance of (D). (F) The initial rates of stomatal conductance changes in the time of t1 to t2 in (D), presented as mol H2O 
m−2 s−1 min−1. Values are means ± SE (n = 3 independent experiments, each with at least four leaves per genotype). Different letters indicate statistically significant 
differences (p < 0.05) by one-way ANOVA and Tukey’s test analyses. PAR: photosynthetically active radiation.
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different cellular responses. Stomata respond quickly to these 
environmental changes. GDSL lipases exist as a big family in 
most plant species, and more than 100 members have been 
identified in different plant species (Ling, 2008; Chepyshko 
et  al., 2012; Dong et  al., 2016; Lai et  al., 2017; Su et  al., 
2020). However, only a few members have been studied for 
their biological and biochemical functions, especially in stomatal 
biology, though GDSL lipases/esterases that identified play 
essential roles in many aspects, such as regulation of plant 
growth, development, and stress adaptations (Naranjo et  al., 
2006; Hong et  al., 2008; Takahashi et  al., 2010; Girard et  al., 
2012; Gao et  al., 2017; An et  al., 2019).

It has been suggested that gene function is highly correlated 
with its expression pattern (Wu et  al., 2016). For instance, two 
flower-expressed GDSLs (EXL4 and CDEF1) promoted pollen 
hydration on the stigma and facilitated pollen tube penetration 
into the stigma, respectively (Updegraff et  al., 2009; Takahashi 
et  al., 2010). In the present study, we  firstly isolated 29 putative 
guard cell highly expressed GDSLs (here named GGLs) through 
the published microarray data (Leonhardt et  al., 2004;  

Yang et  al., 2008) and confirmed the expression patterns of 19 
GGLs in L clade by GGLpro::GUS analyses (Figure  1). GGL6 
(GELP16/GLIP9/AtGDSL1) and GGL22 (GELP80/SFAR5) were 
highly expressed in the seed germination stage (Figure  2B and 
Table  1), consistent with previous studies (Chen et  al., 2012; 
Ding et  al., 2019), suggesting our system works well. Nineteen 
GGLs showed diverse expression patterns during the whole plant 
growth stages. Fifteen of them were confirmed to express in 
leaf guard cells, and seven (GGL7, GGL12, GGL14, GGL17, 
GGL23, GGL26, and GGL27) were preferentially expressed in 
leaf guard cells (Figures 2B, 3). These results indicate the potential 
roles of these GGLs in stomatal biology and the possibility of 
functional redundancy among them.

The roles of GGLs in stomata were further confirmed by 
phenotypic identification of T-DNA insertion mutants of six guard 
cell preferentially expressed GGLs. Our previous study has shown 
that OSP1/GGL14 plays an essential role in stomata (Tang et  al., 
2020). Here, we  identified the functional redundancy of GGL7 
and GGL26 with GGL14  in modulating transpiration, WUE, and 
stomatal dynamics (Figures  6, 7, 9), but not in stomatal density 
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FIGURE 8 | Stomatal density and stomatal morphology of ggl single mutants. (A, B) Stomatal density (A) and stomatal index (B) in the abaxial leaves of Col-0 and 
ggl single mutants. Values are means ± SE (n = 3 independent experiments, each with at least 8 leaves per genotype). *p < 0.05; ***p < 0.001; ****p < 0.0001; ns, no 
significant difference; Student’s t-test. (C–F) Stomatal pore width (C), pore ratio (width: length) (D), stomatal complex length (E), and width (F) of Col-0 and ggl 
single mutants. Number 1 represents stomatal pore width, 2 represents stomatal pore length, 3 represents stomatal complex length, and 4 represents stomatal 
complex width. Pore ratio (1:2) is the ratio of pore width to pore length. Data are means ± SE, n = 60 stomata from at least six leaves per genotype (E) and (F). 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, no significant difference; Student’s t-test. The measurement of stomatal pore width and length, and stomatal 
complex length and width was indicated in (C).
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and stomatal pore dimension (Supplementary Figures S6A–D). 
Our study shows that GGL14 and GGL26 play essential roles in 
regulating the pore dimension. Mutation of GGL14 or GGL26 
influenced the size of stomatal pores with opposite effects 
(Figures  8C,D). However, ggl7ggl14ggl26 and ggl14 had similar 
pore width and pore ratio (Supplementary Figures S6C,D), 
which  may be  due to the major role of GGL14  in this aspect. 
In addition, GGL7, GGL14, and GGL26 also have a role in 
controlling stomatal complex length with redundancy (Figure  8E 

and Supplementary Figure S6E). These results suggest that GGLs 
have functional similarity but also specificity in stomatal development 
and stomatal behavior.

Our study also suggests that GGL22 is a component involved 
in stomatal biology. GGL22 mutation increased stomatal density 
and stomatal index (Figures  8A,B), partially explaining the 
increased transpiration rate and reduced leaf temperature than 
Col-0 at normal growth conditions (Figures 6A,B,E). However, 
ggl22 exhibited increased stomatal movement capacity and 
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FIGURE 9 | GGL7, GGL14, and GGL26 show functional redundancy in plant drought performance. (A) Drought performance of ggl7, ggl12, ggl22, ggl26, and 
ggl27 single mutants under moderate drought stresses. (B) Drought performance of ggl14, ggl7ggl14, and ggl14ggl26 mutant plants under moderate drought 
stresses. (C) Drought performance of ggl14, ggl7ggl14, ggl14ggl26, and ggl7ggl14ggl26 under severe drought stresses. Twenty-five plants per genotype were 
grown in the pots containing the same weight of soil and water content. For moderate drought stresses, plants were rewatered when ggl14 and WT plants showed 
significantly different wilting phenotypes. For severe drought stresses, plants were rewatered when significantly different wilting phenotypes were observed in ggl14 
and ggl7ggl14ggl26 plants. The experiment was repeated two times with similar results.
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reduced stomatal complex size (Figures  7B, 8E,F), which may 
account for the slightly increased drought tolerance compared 
to Col-0 (Figure  9A). Given that mutation of GGLs affects 
stomatal density, stomatal pore dimension, and stomatal complex 
size, whether these GGLs control stomatal development and 
the underlying mechanism need to be  further investigated in 
the future. Moreover, in these guard cell preferentially expressed 
GGLs, others may also be  involved in stomatal biology if more 
double or triple mutants are generated and investigated according 
to our expression pattern data. Our present investigations 
further support the correlation between the expression pattern 
and biological function, and also suggest that investigation of 
expression patterns of genes gives valuable and vital information 
for determining their functions.

Five GGLs (GGL5, GGL14, GGL17, GGL19, and GGL23) 
showed expressions in trichomes (Figure  3 and 
Supplementary Figure S2), and seven GGLs (GGL6, GGL8, 
GGL9, GGL13, GGL16, GGL22, and GGL29) were also expressed 
in the vascular tissues of true leaves (Figure  3). These results 
imply that these GGLs may play vital roles in trichome or 
vascular tissue development. Moreover, most of these 19 GGLs 
were expressed in the floral organ of 34-DAG plants (Figure 4), 
indicating these GGLs may also be  involved in regulating 
floral organ development or fertility, possibly with redundancy. 
The deficiency in early siliques fertility and trichome 
development in the osp1 mutants (Tang et  al., 2020) and an 
increasing number of reports showing that GDSLs play important 
roles in regulating plants fertility (Huo et  al., 2020; Zhao 
et al., 2020; Zhu et al., 2020) support our conclusions. During the 
whole plant growth process, the GUS signal of GGL20pro::GUS 

expressing plants was not detected (Figures  2B, 3, 4). It 
may  be  due that GGL20 contains a long 5′ UTR 
(Supplementary Figure S4), which regulates its basal expression 
(Broad et  al., 2019; Nitschke et  al., 2020), or the 
upstream  sequence of ATG we  obtained may not include the 
intact promoter of GGL20. Our expression profile analyses 
revealed that some GGLs were inducible by hormones 
(Supplementary Figure S7), and most of them were influenced 
by dehydration (Supplementary Figure S8B), suggesting that 
they may have essential roles in plant development, adaptation 
to environmental changes, and hormone treatment. During 
dehydration, GGL22 was downregulated, and GGL14 was 
activated, whereas GGL7 and GGL26 showed dynamic responses 
(Supplementary Figure S8B). The functions of these four 
GGLs in stomatal biology and plant drought performance 
were validated in this study (Figures  7–9) and our previous 
report (Tang et  al., 2020). These results further support the 
correlation of expression patterns and biological functions. 
The roles of other GGLs in abiotic stresses and hormone 
pathways need to be  further investigated.

Proteins are distributed in different cell compartments to 
fulfill their diverse biological functions. In the present study, 
we found that GGL5, GGL8, GGL13, GGL14, GGL16, GGL17, 
GGL20, GGL27, and GGL29 were localized in ER (Figure 5A). 
A previous study has shown that GGL5 is not located in 
ER (Barbaglia et  al., 2016). The difference in its location 
between the two labs may be  due to the fact that only a 
tiny amount of GGL5  in ER can only be  monitored by a 
high-resolution confocal microscope, or GGL5-YFP controlled 
by a 35S promoter leads to an artifact in N. benthamiana 
leaf epidermis. Together with that some GGLs were located 
in lipid droplets (Figure  5 and Supplementary Figure S3), 
these results imply that GGLs may function in stomata through 
regulating lipid biosynthesis and homeostasis. The previous 
studies revealed that the eukaryotic lipid metabolic pathway 
and the breakdown of stored triacylglycerols (TAGs) are 
essential for stomatal response to light intensity changes in 
Arabidopsis guard cells (McLachlan et  al., 2016; Negi et  al., 
2018). Recently, more and more reports have shown that 
biochemical enzymes have other functions. For example, rice 
aldehyde dehydrogenase ALDH2B1 and rice glyceraldehyde-
3-phosphatedehydrogenase (GAPDH) also act as transcriptional 
regulators to regulate gene expression (Zhang et  al., 2017b; 
Ke et  al., 2020). We  found that four GGLs were localized 
in nucleus (Figures  5A,C and Supplementary Figure S3), 
suggesting that GGLs may have some special roles in nucleus. 
The diverse expression patterns and subcellular localization 
suggest that these GGLs may have diverse functions in plant 
development and environmental adaptations.

The previous phylogenetic analysis classified the Arabidopsis 
GDSLs into four clades (Lai et  al., 2017). Our phylogenetic 
analyses of these 19 GGLs suggest that members of GGLs 
with high homology show similar tissue or subcellular expression 
patterns. GGL6 and GGL22, and GGL14 and GGL23 had 
mostly closed homologies, respectively, and showed similar 
expression patterns in most plant tissues (Figures  2B, 3, 4 
and Supplementary Figure S2). GGL14 and GGL22 are involved 

TABLE 1 | Gene name and AGI gene code comparison.

Gene name AGI Gene Code Gene name Reference

GGL5 AT1G29660 AtGELP15 (AED4) Breitenbach et al. (2014) 
and Lai et al. (2017)

GGL6 AT1G29670 AtGELP16 (GLIP9/
AtGDSL1)

Lai et al. (2017) and 
Ding et al. (2019)

GGL7 AT1G33811 AtGELP18 Lai et al. (2017)
GGL8 AT1G53920 AtGELP19 (GLIP5) Lai et al. (2017)
GGL9 AT1G54000 AtGELP22 (GLL22) Lai et al. (2017)
GGL12 AT1G75880 AtGELP39 (EXL1) Lai et al. (2017)
GGL13 AT1G75900 AtGELP41 (EXL3) Lai et al. (2017)
GGL14 AT2G04570 AtGELP47 (OSP1) Lai et al. (2017) and 

Tang et al. (2020)
GGL16 AT3G05180 AtGELP61 (AED5) Breitenbach et al. (2014) 

and Lai et al. (2017)
GGL17 AT3G11210 GELP 

pseudoenzyme
Dong et al. (2016)

GGL19 AT3G16370 AtGELP67 Lai et al. (2017)
GGL20 AT3G26430 AtGELP68 Lai et al. (2017)
GGL21 AT3G48460 AtGELP72 (SFAR4) Lai et al. (2017)
GGL22 AT4G18970 AtGELP80 (SFAR5) Lai et al. (2017)
GGL23 AT4G26790 AtGELP81 Lai et al. (2017)
GGL25 AT5G03610 AtGELP86 Lai et al. (2017)
GGL26 AT5G18430 AtGELP93 Lai et al. (2017)
GGL27 AT5G45920 GELP 

pseudoenzyme
Dong et al. (2016)

GGL29 AT5G62930 GELP 
pseudoenzyme

Dong et al. (2016)
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in stomatal biology (Figures  7, 8). GGL6 and GGL23 may 
also have some roles in stomata, which need to be  further 
determined. GGL17, GGL27, and GGL29 showed high homology 
and displayed the same subcellular localization (Figure 5A and 
Supplementary Figures S3A,C), indicating the similarity of 
functions among them.

In conclusion, we  systematically investigated the expression 
patterns of 19 GGLs in Arabidopsis. Our results showed that 
most of these GGLs exhibited consistent expression patterns 
under normal growth conditions. At the cellular level, seven 
GGLs were preferentially, and eight were highly expressed in 
leaf guard cells. Expression pattern analyses under dehydration 
and phenotypic identification of mutants revealed a high 
correlation between expression pattern and biological function, 
and functional redundancy among the genes with similar 
expression patterns. Our findings also showed that protein 
sequence similarity had some degree of correlation with tissue 
or subcellular expression patterns. These findings provide valuable 
resources for future functional analyses of these GGLs in 
stomatal biology and developmental processes.
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