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Multifaceted role and regulation of aquaporins for efficient stomatal movements
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Summary statement

Stomatal movements require the activity of aquaporins in guard cells and, when present, in
subsidiary cells. This review explores several regulation mechanisms that control aquaporin

expression, trafficking and activity and, consequently stomatal dynamics.
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Abstract

Stomata are micropores on the leaf epidermis that allow carbon dioxide uptake for
photosynthesis at the expense of water loss through transpiration. Stomata coordinate the
plant gas exchange of carbon and water with the atmosphere through their opening and
closing dynamics. In the context of global climate change, it is essential to better understand
the mechanism of stomatal movements under different environmental stimuli. Aquaporins
(AQPs) are considered important regulators of stomatal movements by contributing to
membrane diffusion of water, carbon dioxide and hydrogen peroxide. This review compiles
the most recent findings and discusses future directions to update our knowledge of the role
of AQPs in stomatal movements. After highlighting the role of subsidiary cells (SCs), which
contribute to the high water use efficiency of grass stomata, we explore the expression of AQP
genes in guard cells (GCs) and SCs. We then focus on the cellular regulation of AQP activity
at the protein level in stomata. After introducing their post-translational modifications, we detail
their trafficking as well as their physical interaction with various partners that regulate AQP
subcellular dynamics towards and within specific regions of the cell membranes, such as

microdomains and membrane contact sites.

Keywords

Aquaporins, stomatal movement, cellular regulation, water, hydrogen peroxide, carbon

dioxide, phosphorylation, ER-PM contact sites.
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1. Introduction

Stomata are micropores in the leaf epidermis, allowing carbon dioxide (CO) to be absorbed
for photosynthesis at the expense of water loss through transpiration. To maximize water use
and carbon fixation efficiency, the stomatal pore dynamics are regulated by various
environmental stimuli (drought, vapor pressure deficit (VPD), light, CO, etc.) (Merilo et al.,
2018; Nguyen et al., 2023; Sussmilch et al., 2019; Zhang et al., 2018). Whereas eudicot
stomata are formed by two kidney-shaped guard cells (GCs), the grass stomata are made up
of two dumbbell-shaped GCs flanked by two subsidiary cells (SCs). Interestingly, in grass
stomata, an inverse behavior of the solute movement in SCs versus GCs controls stomatal

opening and closing (Cai et al., 2017; Lim et al., 2015; Nunes et al., 2020).

Stomatal opening and closing depend on variations in the turgor pressure of the GCs
surrounding the pore and, consequently, on water flux through their plasma membrane (PM).
In short, stomatal opening is induced by an increase in cell turgor pressure, resulting from an
accumulation of solutes, such as potassium (K*) and sugars, into the cytosol and the vacuole,
followed by an influx of water. Conversely, stomatal closure is the consequence of a decrease
in solute accumulation in GCs (Jezek & Blatt, 2017). Events modulating the stomatal opening
and closing involve the functional regulation of H*-ATPases, which modulate other the activity
of transporters or channels, such as K" inward and outward channels, S- and R-type anion
channels, and the regulation of aquaporins (AQPs). All these transporters are activated by
complex signaling networks comprising mainly light, CO,, hydrogen peroxide (H.O;) and
abscisic acid (ABA) signaling pathways (Grondin et al., 2015; Hsu et al., 2021; Jezek & Blatt,
2017; Rodrigues & Shan, 2022; Takahashi et al., 2022). In addition, the trafficking of above-
mentioned transporters may also be affected and further regulate stomatal movement by

different stimuli (for detail, see sections 3.2 and 3.3).

AQPs are small membrane proteins (21-34 kD). In vascular plants, they constitute a
large and diverse protein family, grouped into five subfamilies, namely plasma membrane

intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), Nodulin 26-like intrinsic proteins



66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

(NIPs) found in the PM and endoplasmic reticulum (ER), small basic intrinsic proteins (SIPs)
localized in the ER, and X intrinsic proteins (XIPs) present in the PM (Chaumont et al., 2001,
Groszmann et al.,, 2021; Johanson et al., 2001). AQPs play important roles not only in
maintaining cellular water homeostasis, but also in nutrient uptake and transport, signal
transduction and metabolism (Chaumont & Tyerman, 2014; Maurel et al., 2008; M. Wang et
al., 2016). The multiple isoforms exhibit a wide variety of cellular localization, transport
selectivity and regulation to support plant growth and development (Chaumont & Tyerman,
2014; Maurel et al., 2015). As water channels, AQPs affect hydraulic conductivity in roots and
leaves (Sack & Holbrook, 2006; Steudle, 2000), as well as cellular water homeostasis
particularly in root cortical cells (Ding et al., 2020), leaf bundle sheath cells (BSCs) (Shatil-
Cohen et al., 2011), GCs (Grondin et al., 2015), and pollen (Soto et al., 2008). As small solute
channels, AQPs facilitate the transport of H.O,, CO;, urea, ammonia, glycerol, as well as
metalloids of boric acid, silicic acid and arsenite (for details see in Chaumont and Tyerman
(2017)). Interestingly, new evidence shows that plant AQPs can also serve as non-selective

cation and anion channels (Tyerman et al., 2021).

Depending on the channel specificity, AQPs, mainly PIPs and TIPs, can affect stomatal
movements by regulating the transmembrane diffusion of H>O and other solutes in GCs
(Grondin et al., 2015; Jezek & Blatt, 2017), including CO, (C. Wang et al., 2016), H.O-
(Rodrigues et al., 2017), as well as K* and Na* (Qiu et al., 2020) and NOs" (S. Liu et al., 2020).
Furthermore, AQPs also indirectly affect stomatal movements through the regulation of tissue
water relations in roots and leaves (Gambetta et al., 2017; Shatil-Cohen et al., 2011), by

triggering short and long-distance hydraulic and chemical signals.

A few reviews describe the contribution of AQPs in regulating H.O, H.O, and CO;
facilitated diffusion in GCs and how it affects stomatal dynamics (Ding & Chaumont, 2020;
Hachez et al., 2017; Maurel et al., 2016; Rodrigues & Shan, 2022). Here, we first highlight the
importance of SCs in grass stomatal function (for more details, see T-H Nguyen & M R Blatt

'Surrounded by luxury: The necessities of subsidiary cells' in this issue) and compile recently
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published data on AQP expression in GCs and SCs. We also focus on post-translational
modifications (PTMs) and the physical interaction between PIPs and various partners that

regulate AQP subcellular dynamics towards and within the PM.

2. Aguaporins, subsidiary cells and stomatal movements

2.1. Roles of subsidiary cells

SCs are defined as any cell associated with GCs that has a distinct identity from neighboring
cells (Gray et al., 2020). With different arrangements and ontogenies, SCs are present in
grasses and succulents of the Crassulaceae family (Chen et al., 2017; Cheng & Raissig, 2023;
Gray et al., 2020). Grasses dominate in many ecosystems, with the most successful evolution
of four-celled stomatal morphology improving water-use-efficiency due partly to specific
morphology/geometry of the stomatal complexes that provides mechanical advantages (Chen
et al., 2017; Nunes et al., 2020). The function of grass stomata is indeed improved by the
presence of SCs (Chen et al., 2017). Over the past decade, SCs have attracted numerous
scientists to decipher their roles in the rapid movement of grass stomata (Chen et al., 2017,
Cheng & Raissig, 2023; Hepworth et al.,, 2018; Lawson & Matthews, 2020; McKown &
Bergmann, 2020). Recently, Durney et al. (2023) explained the advantage of four-celled
complexes in respect of geometry by finite element method model. They demonstrated that
GCs and SCs formed a reciprocal pressure system, and SCs functioned as springs to restrain
lateral GC movement. The pressurized SCs have a mechanical influence on the system by
restraining the size of the stomatal pore when GC pressure is low. A similar constraint—
relaxation—recovery mechanism for stomatal dynamics was proposed in Arabidopsis (Jezek
et al., 2019), which highlights the constraining effect of surrounding pavement cells (PCs) on
GC volume and stomatal aperture. During stomatal opening, the turgor pressure decreases in
the surrounding PCs and this generates a negative pressure, which force the separate of two

GCs and increase stomatal pore size. When stomatal fully open, turgor pressure in the
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surrounding cells recovers. This regulation mechanism compensates for the missing
component in predicting the kinetics of stomatal opening by OnGuard models (Hills et al.,

2012; Y. Wang et al., 2017).

Regulation of GC and SC turgor during stomata opening involves inflow and outflow of
water in GCs and SCs, respectively, while the opposite behavior occurs when stomata close.
No symplastic connection between GCs and SCs is found, meaning that water flow between
SCs and GCs must diffuse through the PM of both cells. The presence of PIP AQPs in SCs
(and PCs) (Hachez et al., 2008; Sun et al., 2022), known to increase the membrane osmotic
water permeability coefficient and therefore the speed of water diffusion, suggest a role of
AQPs in the regulation turgor pressure, but their exact contribution to has yet to be
characterized. Accordingly, Arabidopsis pip2;4 mutant exhibits increased stomatal aperture or
conductance (Israel et al., 2021), which could be due to a decrease in PC turgor pressure.
However, this hypothesis remains to be validated. In addition, it is speculated that AQPs
contribute to the communication between GCs and SCs by mediating the transport of
additional molecules than H:O, such as H,O, and CO; during stomatal opening and closure

(Nunes et al., 2020).

The important contribution of SCs in stomatal movement was demonstrated in
Brachypodium distachyon by studying different mutants (bdmute, bdpolar and bdpan) affected
in the formation of SCs (Raissig et al., 2017). Plants with defects in SC formation displayed
severely impaired stomatal dynamics, with slower movements. Similarly, maize lines mutated
PAN1 and PAN2 genes encoding the leucine-rich repeat receptor like kinases (LRR-RLKS)
receptors, have part of their stomata with one or two defective SCs, that were not able to
properly close induced upon dark and high CO;treatment (L. Liu et al., 2023). Finally, maize
lost subsidiary cells (Isc) mutant, also lacking one or two SCs, exhibit a high leaf temperature
and a slower leaf water loss rate in comparison with WTSs, indicating an impaired stomatal

opening (Cui et al., 2023).
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2.2. Aguaporin expression profiles in stomata

As early as in 1995, three years after the discovery of first aquaporin CHIP28 (AQP1 in human)
(Preston et al., 1992), Kaldenhoff et al. (1995) reported that AtPIP1;2 is highly expressed in
GCs of Arabidopsis thaliana and its expression is induced by blue light. Subsequently, more
and more results showed that AQP genes, including PIPs and TIPs, were expressed in GCs
(Cui et al., 2021; Durand et al., 2020; Sarda et al., 1997) and stomatal complexes of grasses
(Heinen et al., 2014). Over the past two decades, technological advances in next generation
sequencing have enabled a shift from microarray to RNA-seq and finally single-cell/nucleus
RNA-seq (Seyfferth et al., 2021). This is enabling aquaporin scientists to gain new insights

into AQP expression and roles from the whole organ to cellular resolution.

Using microarray expression analysis of Arabidopsis GCs, Leonhardt et al. (2004)
identified 1309 GC-expressed genes, including several AQP genes, i.e., AtPIP1;1, AtPIP1;3,
AtPIP1;4, AtPIP2;1 and AtTIP1;2. Bulk RNA-seq of pooled GC protoplasts (Lee et al., 2019)
or laser microdissected cells (Berkowitz et al., 2021) identified the PIP and TIP genes
expressed in GCs as well as in other leaf cell types (Figure 2). In GCs, AtPIP1;2, AtPIP2;3
and AtTIP1;1 are the most expressed AQP genes, with a low expression of AtPIP2;3 in the
other leaf tissues, pointing to specific expression of AtPIP2;3 in GCs. Single-cell RNA-seq has
also shown that several AtPIPs and AtTIPs are highly expressed in GCs compared with other
cell types (Kim et al., 2023; Z. Liu et al., 2020; Lopez-Anido et al., 2021). In agreement with
the work of Berkowitz et al. (2021), AtTIP1;1 appears to encode a TIP isoform important for
GCs, being two-fold more expressed in mature GCs than in other cells (Kim et al., 2023).
Furthermore, the relative expression levels of the different AQP genes change during the
stomatal development. In young GCs, the transcript levels of AtPIP2;3, AtPIP2;5, AtPIP2;6
and AtTIP1;1 are more abundant than in other cells, and the expression of AtPIP2;5 and
AtPIP2;7 is higher in guard mother cells than in other cells. However, the role of PIPs and
TIPs expressed in young stomatal cells is unclear. They may be involved in regulating cell

turgor pressure, cell growth, development and signaling.
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In grass, maize stomatal complexes were laser microdissected and RT-qPCR results
showed that PIPs are expressed at different levels (Heinen et al., 2014). The expression of
seven PIP genes (ZmPIP1;1, ZmPIP1;2, ZmPIP1;3, ZmPIP1;5, ZmPIP1;6, ZmPIP2;1 and
ZmPIP2;2) accounted for over 98% of the total PIP transcripts in the stomatal complexes, with
PIP1s contributing to more than 80%. Interestingly, ZmPIP1;6 is the only PIP isoform that is
specifically expressed in stomatal complexes when compared with the whole mature leaves.
Expression of most PIPs was higher during the day than at night. While these interesting data
already suggest the important role of PIPs in stomatal movement, it remains unclear whether
PIPs and TIPs are differentially expressed in SCs and GCs. The bottleneck of single cell
sequencing with grass stomata is the isolation of protoplasts from GCs, which is very tricky.
Recently, however, single-nuclei RNA-seq in maize reveals the secret of the transcriptome in
SCs and GCs (Sun et al., 2022). ZmPIP1;2 and ZmPIP2;2 are more expressed in SCs than
in GCs, while ZmTIP1;1 are more expressed in GCs than in SCs (Figure 2). Moreover,

ZmPIP1;6 and ZmPIP2;5 are specifically expressed in SCs and GCs, respectively.

Overall, transcriptomic studies reveal common features between Arabidopsis and
maize GCs. For both species, there is one PIP1 isoform in GCs whose expression level is the
highest compared to all other PIPs. Furthermore, Arabidopsis and maize transcriptomes show
that not all the TIP subfamilies are expressed in stomata cells. Only TIP1 and TIP2 genes are
expressed in GCs, with one isoform of the TIP1 group being the most highly expressed.
Interestingly, proteomic data were also obtained from Arabidopsis GCs (Geilfus et al., 2018;
H. Wang et al., 2023) and several PIPs and TIPs were detected. However, it is difficult from
different studies to correlate transcript and protein abundance. Finally, it remains unclear why
so many PIP genes are simultaneously expressed in the GCs or SCs. As discussed previously
in the context of the whole plant (Fox et al., 2017), this could be related to different substrate
specificities, PTMs and specific protein-protein interactions leading to different trafficking

dynamics, localization and activity (see below). Therefore, transcriptomic and proteomic data
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only give us information about the relative expression/abundance of each AQP isoform and

we cannot conclude about their channel activity in the membrane.

2.3. The expression of aquaporin fluctuates with stomatal movement

The expression of several AQPs in stomata varies diurnally and in response to water stress.
The mRNA level of sunflower SunTIP7, encoding a TIP2 isoform, is enriched in GCs and
increases during stomatal closure at the end of the light period, suggesting that SunTIP7
facilitates water efflux from the vacuole and GCs during this process (Sarda et al., 1997). As
previously mentioned, most of maize ZmPIPs are more expressed in open stomata during the
day than in closed stomata during the night (four hours after light off) (Heinen et al., 2014). In
poplars, mRNA levels of PIP1;2, PIP2;1, PIP2;5 and TIP1;3 are higher in the afternoon than
in the morning (Durand et al., 2020). In addition, PIP and TIP expression was analyzed under
water stress conditions in different poplar genotypes. PIP2;1 expression is higher under water
stress than under control conditions, while PIP1;2 and TIP1;3 mRNA levels vary between
genotypes (Durand et al., 2020). In Sorghum bicolor, SbTIP1;1 expression is positively
correlated with gs during drought stress and recovery (Schley et al., 2022). These results
indicate that PIP and TIP genes are under the control of a transcriptional machinery which is
sufficiently flexible to modify their expression according to the circadian clock or under different
stresses that affect stomatal movement. To date, little is known about the transcription factors

and enhancers that modulate AQP gene expression.

The fluctuating expression of AQPs highlights the need to control their abundance
under stress or day-and-night cycles for proper stomatal movements. Changes in AQP
expression certainly contribute to a fine-tuning of H,O, CO,, and H-0, diffusion through the
membranes and, thus, of the stomatal movements (Ding & Chaumont., 2020). Besides, AQP
expression also changes in other leaf cells, such as bundle sheath cells, which play a key role
in controlling leaf hydraulic conductance and stomatal movements (Shatil-Cohen et al., 2011;

Yaaran et al., 2023).
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2.4. Deregulation of aquaporins and stomatal movement

Using reverse genetic approaches, the stomatal movement was checked in plants deregulated
in PIP gene expression, either overexpression (OE) or knockout/knockdown (KO/KD),
respectively) (for reviews, see Ding & Chaumont (2020) and Hachez et al. (2017)). The first
direct evidence of a role of PIPs in stomatal movement came from analysis of Arabidopsis
Atpip2;1 KO plants (Grondin et al., 2015) that displayed impaired ABA-induced stomatal
closure, a phenotype restored by complementation with the wild-type AtPIP2;1 allele. In
Atpip2;1 mutant, stomatal closure is also impaired upon flagellin (flg22) treatment, which
mimics pathogen attack. Actually, AtPIP2;1 contributes to ABA-induced stomatal closure,
through both water and H.O> membrane diffusion (Rodrigues et al., 2017; Rodrigues & Shan,
2022). However, no difference in ABA-induced stomatal closure between WT and pip
quadruple (pipl;1, pipl;2, pip2;1 and pip2;2) mutant in Arabidopsis was reported in a different
study, probably due to different experimental conditions (Ceciliato et al., 2019). These
contradictory results draw the attention of plant aquaporin scientists to the fact that more
evidence is needed to elucidate the role of AQPs in stomatal movements in different species
and under different environmental stimuli. Recently, we demonstrated that ZmPIP2;5 affected
maize stomatal closure under water deficit conditions (Ding et al., 2022). At whole plant level,
the stomatal conductance (gs) and transpiration decreases more and less in ZmPIP2;5 OE
and Zmpip2;5 knock down plants, respectively, under mild water deficit or low ABA
concentration treatments. At stomatal level, ABA-induced stomatal closure is more sensitive
in the OE plants and insensitive in the KD plants when compared with WT plants. Interestingly,
ZmPIP2;5 is also involved in high VPD-induced stomatal closure (Ding et al., 2022). These
phenotypes are associated with H>O», accumulation and hydraulic regulation in GCs/stomatal

complexes.

The role of AtPIP2;1 in light-induced stomatal opening was also investigated (Huang
et al., 2020). Stomata open more and less in Atpip2;1 KO and AtPIP2;1 OE plants,

respectively, compared with the WT, indicating that stomatal opening is negatively regulated
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by AtPIP2;1 through phosphorylation (Huang et al., 2020). Further studies are needed to
integrate the responses to different stimuli._gs was also analyzed in other species
overexpressing aquaporins. The stomatal closure is faster in tomato MaPIP1;3 OE (L. Wang
et al., 2017) compared with WT. In contrast, stomata close slower in soybean GmPIP1;6 OE
under salt stress (Zhou et al., 2014), indicating that the effect of AQPs on stomatal dynamics

is isoform dependent and needs to be specifically investigated.

To date, there is no direct genetic evidence showing that TIPs expressed in stomata
affect the stomatal movements. However, stomatal movement is accompanied by a significant
rearrangement of the vacuole morphology in GCs. In closed stomata, GC vacuoles have a
shrunken, convoluted structures (Andrés et al., 2014), or are divided into a large humber of
small vacuoles (Gao et al., 2005), whereas in open stomata most of the cell volume is occupied
by one large vacuole (Andrés et al., 2014; Gao et al., 2005). Recently, 3-D imaging has shown
that the vacuole is responsible for the increase in GC volume during stomatal opening induced
by fusicoccin, a fungal toxin activating the PM proton pumps and stimulating ion fluxes directed
to GCs (Mirasole et al., 2023). This is consistent with the observation that osmolyte
uptake/efflux into the cytosol represents only a transient step to/from the vacuole (MacRaobbie,
1998). Indeed, tonoplast-localized K*/H* exchangers mediate vacuolar accumulation of K* in
GCs (Andrés et al., 2014). Single-cell transcriptomes of Arabidopsis and maize concordantly
showed that mMRNA of a single TIP1 gene and a single TIP2 gene is detected in GCs (Figure
2), with TIP1 being the most highly expressed in both species. TIP1s and TIP2s facilitate the
diffusion of different solutes including water and H>O- (Fox et al., 2017). However, it remains
unknown whether TIPs play a role in stomatal vacuole remodeling by facilitating the diffusion

of these molecules.

3. Posttranslational regulation of aguaporins applied to stomata
Integrating transcriptomic data with the AQP channeling capabilities provides clues as to which

AQPs are involved in stomatal dynamics and their roles. To complete our understanding of
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the mechanisms modulating AQP abundance and activity at their target membranes, we need
to obtain additional information on their posttranslational regulation. Indeed, AQPs are also
highly regulated at post-translational level, indicating that the control of AQP transcription and
translation alone is not sufficient to allow an adequate and dynamic response within cells,
tissues and the whole plant. This was illustrated by Pou et al. (2016), in the case of Arabidopsis
roots exposed to salt stress. High salt exposure triggers rapid transcriptional repression of
AtPIP2;7 as well as internalization of the channel in intracellular structures to decrease the
water conductivity of the cortex cell and the root. Both transcriptional and post-transcriptional
regulations act in concert to a fine-tune the AQP abundance and activity in the membrane. We
also believe that the variety of regulation mechanisms is also important for integrated
responses to environmental cues at different temporal levels (minutes, hours, day/night). In
this section, we will review several aspects related to AQP phosphorylation and AQP
trafficking and dynamics in membrane contact sites (MCSs), and discuss their relevance to
the regulation of stomatal dynamics. An overview of AQP posttranslational regulations that

may be relevant for stomatal dynamics is discussed in this section and illustrated in Figure 3.

3.1. Aguaporin phosphorylation in gating and trafficking

Environmental signals trigger multiple PTMs of AQPs (Di Pietro et al., 2013). These include
methylation, acetylation, and deamidation of the channels, but how these PTMs affect AQP
activity still unknown. In contrast, phosphorylation and ubiquitination of PIPs are better
understood. PIP phosphorylation influences their trafficking (Prak et al., 2008) and gating
(Tornroth-Horsefield et al., 2006). PIP ubiquitination targets their degradation (Lee et al., 2009).
Here, we will focus on PIP phosphorylation dynamics due to the key role of phosphorylation

cascades during stomatal movement (Chen, 2023; Zhang et al., 2014).

Phosphorylation of PIPs occurs at the N- and C-termini as well as at the cytosolic loops
B and D, and most of the phosphorylation sites appear to be conserved in land plants (Prak
et al., 2008). Phosphorylation of the N-terminus is observed for PIP1s and PIP2s, while

phosphorylation of the C-terminus was only detected for PIP2s (Prak et al., 2008; Van Wilder
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et al., 2008). Interestingly, in contrast to PIPs cellular abundance, modulation of PIP1 and
PIP2 phosphorylation is a predominant factor controlling root hydraulic conductivity (Di Pietro
et al., 2013). The C-terminal phosphorylation of AtPIP2;1 is required for various responses,
such as the leaf hydraulic conductance enhancement in the dark (Prado et al., 2013), its
internalization induced by NaCl in roots (Prak et al., 2008), and water movement in leaves
induced by ethylene (Qing et al., 2016). There are two phosphorylation sites at the C-terminus
of AtPIP2;1 and ZmPIP2;1, one associated with their gating and the other with their trafficking
(Prak et al., 2008; Van Wilder et al., 2008). Both trafficking directions, from ER to PM and from
PM to endosomes appear to require phosphorylation of S283 in AtPIP2;1. Moreover, upon
salt treatment, a reduction in the abundance of the AtPIP2;1 phosphorylated at S283 is
observed, suggesting that PIP abundance in the PM is reduced by preventing PIPs from
leaving the ER (unphosphorylated PIPs) and internalizing PM-localized channels
(phosphorylated). Two other phosphorylation sites in PIP cytosolic loops are also important
for efficient water channeling: one on a serine in loop B, also conserved in several TIPs, and
the other in the loop D (Johansson et al., 1998; Maurel et al., 1995; Van Wilder et al., 2008).
These two phosphorylation sites have been directly associated with pore gating, and hence
channel activity (Mom et al., 2023; Tornroth-Horsefield et al., 2006).

The described PIP phosphorylation sites also play role in modulating stomatal
movements. Specific phosphorylation at the S121 in loop B of AtPIP2;1 by Open Stomata 1
(OST1) contributes to ABA- and flg22-induced stomatal closure by facilitating the efflux of
water and influx of H,O- in GCs (Grondin et al., 2015; Rodrigues et al., 2017). The C-terminal
phosphorylated form of AtPIP2;1 also plays a negative role in light-induced stomatal opening
(Huang et al., 2020). The mechanism behind the latter phenotype has yet to be elucidated.
AtPIP2;1 is the most studied PIP with regard to phosphorylation variations. Whether other
PIP2 isoforms are similarly regulated or whether other specific PTMs occur within the PIP

family needs to be investigated.

3.2 Trafficking: tetramer composition and aquaporin partners
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The variables that influence the fine-tuning of AQP abundance and activity are to be found
right at the start of the trafficking pathway, in the ER, where AQPs oligomerize into tetramers.
Indeed, PIPs and TIPs homo- and hetero-oligomerize (Fetter et al., 2004; Harvengt et al.,
2000), and, at least for PIPs, oligomer composition modifies the cell water membrane
permeability and the solute transport selectivity (Fetter et al.,, 2004; Otto et al., 2010).
Moreover, for PIP1s to reach the PM, hetero-oligomerization with PIP2 isoforms is required
(Zelazny et al., 2007). Transiently expressed ZmPIP1s localize to the ER, while when co-
expressed with ZmPIP2s, PIP1s reach the PM by interaction with ZmPIP2s. Consistently, PM
trafficking motifs are found in PIP2s but not in PIP1s (Chevalier & Chaumont, 2015). In
stomatal complexes, PIP1s and PIP2s are co-expressed (Figure 2), suggesting modulation of
PIP activity by hetero-oligomerization mechanisms. Yet, there is an unbalance between the
MRNA level of PIP1s and PIP2s in maize stomatal complexes, with PIP1s accounting for over
80% of total PIP mRNA. Consequently, it would be useful to know how PIP1s reach the PM
of GCs/SCs, whether all PIP1s are in the PM, and what the stoichiometry organization of the
tetramers is. Interestingly, tetramers have a flexible stoichiometry that depends on the amount
of PIP1 and PIP2 molecules available (Jozefkowicz et al., 2016) and the heteromerization
affects the intrinsic permeability of the channels (Yaneff et al., 2014). Whether the kinetic of
oligomer trafficking to the PM and internalization are affected by the tetramer composition is

not yet known, but may be an additional mechanism for regulating AQP activity.

PIPs physically interact with proteins of the SNARE (soluble N-ethylmaleimide-
sensitive factor protein attachment protein receptor) superfamily. SNAREs integrate
complexes that facilitate the fusion of vesicles with target membranes (recently reviewed in
Luo et al., 2022). At the trans-Golgi network, PIPs interact with SNARESSs of the Syntaxin of
Plant (SYP) 1 family, also known as Qa-SNAREs (Besserer et al., 2012; Hachez et al., 2014a,
Laloux et al., 2021; Baena et al., 2024). SYP1s drive vesicles fusion with the PM, leading to
cargo secretion and delivery of PM proteins to their final destination (Uemura et al., 2004).

Interestingly, in GCs, the SYP1 isoform SYP121 is implicated in modulating of K*, CI-, and
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Ca?" channel activity in response to ABA (Eisenach et al., 2012; Leyman et al., 1999;
Sokolovski et al., 2008). SYP121 physically interacts with the voltage sensor domain of the K*
channels KC1 and KATL1 (Grefen et al., 2015). ABA treatments trigger endocytosis of AtKAT1
K* channel in epidermal cells and GCs (Sutter et al., 2007). The authors proposed that both
water and K* channel activity be activated to decrease GC turgor pressure and close stomata,
followed by channel endocytosis to decrease their density in the PM. A recycling of the
proteins to the PM would occur, leading to the reopening of the stomata. Interestingly,
ZmPIP2;5 and AtPIP2;7 also physically interact with Zm/AtSYP121 (Besserer et al., 2012;
Hachez et al., 2014a), pointing to an evolutionary conserved mechanism event. This
interaction is necessary for proper targeting of the AQPs to the PM (Besserer et al., 2012;
Hachez et al., 2014a), but a dominant negative form of SYP121 also affects PIP channel
activity, when co-expressed in Xenopus oocytes. Other results showed that AtPIP2;7 interacts
with other SYP1s and, also that most of the PIPs interact with SYP121 (Laloux et al., 2021).
Whether these various interactions are redundant or linked to different cellular processes need
to be addressed. Indeed, even if there is some redundancy between SYP1s, there is evidence
of isoform-specific roles. For example, the close homologs SY121 and SYP122 mediate the
secretion of distinct cargo subsets during plant growth (Waghmare et al., 2018). Consistently,
the Arabidopsis sypl121 mutant plants, but not sypl122 mutants, displayed delayed stomatal
opening in light and following Ca?*-evoked closure compared with WT plants (Eisenach et al.,
2012). A tripartite interaction between K* channels, SYP121 and PIP may be an elegant way
to coordinate the regulation of turgor pressure in GCs and, thus, stomatal movement. Very
recently, Baena et al. (2024) report that the interaction of AtSYP132, homologous of
AtSYP121, with AtPIP2;1 and AtAHAL (H*-ATPase) induces endocytosis of these transporters.
This work presents a nice example of how SYP1s coordinate the differential abundance of PM
transporters in response to stress. Upon osmotic or salt stress, the AtSYP132-AtPIP2;1
interaction increases and the AtSYP132-AtAHAL interaction decreases, differentially
modulating the PM abundance of these proteins. As discussed above, there is a close relation

between the abundance PIPs in PM and the interaction with various SYP1s. Future work is
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needed to understand whether there is a specific regulation of PIPs-SYP1s interactions in

stomata cells.

Internalization of PM-localized PIPs is regulated by two main mechanisms, namely
clathrin-dependent pathway, which appears to be the predominant recycling pathway under
steady state conditions, and a membrane microdomain-mediated pathway that occurs under
stress conditions (Li et al., 2011). Furthermore, under abiotic stress conditions, the abundance
of PM-localized PIP2s decreases via proteasomal degradation (Lee et al., 2009) and the
autophagic pathway (Hachez et al., 2014b). For AtPIP2;7, the autophagic pathway depends
on its physical interaction with the multi-stress regulator of tryptophan-rich sensory
protein/translocator (TSPO) (Hachez et al., 2014b). Arabidopsis TSPO binds the
phosphoinositide P1(4,5)P2, which is a requirement for its interaction with AQP located in PM
(Jurkiewicz et al., 2020). In addition, TSPO expression remodels the phosphoinositide
composition of the PM through depletion of P1(4,5)P2 from the PM and its enrichment in the
Golgi membrane (Jurkiewicz et al., 2020). Interestingly, in TSPO overexpressing plants, YFP-
TSPO does not accumulate in most of the tissues analyzed, but is detected in cell types known
to be enriched in the expression of ABA biosynthetic genes, such as in GCs and vein cells
(Hachez et al., 2014b). Furthermore, the overexpressing plants show reduced gs compared
with WT plants, while tspo knock out plants display higher gs (Jurkiewicz et al., 2020).
Altogether, these results suggest that TSPO negatively affects stomatal opening. Exogenously
administration of PI(4,5)P2 induces stomatal opening and increases swelling of GC
protoplasts, a phenotype associated with the inhibition of anion channels by this
phosphoinositide (Lee et al., 2009). Further work will be necessary to explore in depth the
effects of TSPO effects on (i) the PM phosphoinositide pool with the modulation of PIP
abundance at the PM and (ii) the PM density of the other channels involves in stomatal

movements.

Regarding TIP trafficking, few data are available, and there is no evidence of regulation

of TIP permeability or oligomer trafficking by heteromerization. To date, two different trafficking
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pathways to the vacuole have been described for TIPs, one Golgi-dependent and the other
Golgi-independent (Rojas-Pierce, 2013). The trafficking of AtTIP1;1 to the tonoplast takes
place via a Golgi-dependent pathway whereas AtTIP2;1 trafficking is considered to be Golgi
independent (Rojas-Pierce, 2013). Targeting of AtTIP1;1 is sensitive to the overexpression of
the SNARE AtSYP21. In cells expressing this form of AtSYP21, TIP1;1 accumulates in a pre-
vacuolar compartment instead of the tonoplast (Tyrrell et al., 2007). It would be interesting to
study whether blocking TIP1 trafficking to the vacuole has any effect on the morphology of the

stomatal vacuole and ultimately on stomatal dynamics.

3.3. Channel activity modulation by its lateral diffusion

Significant progress has been made in describing PIP dynamics during stomatal closure (Cui
et al. (2021). By combining confocal microscopy and variable-angle total internal reflection
fluorescence microscopy, GFP-AtPIP2;1 particles were tracked in GCs and surrounding cells
during flg22-induced stomatal closure induced. Treatment with flg22 induces endocytosis of
GFP-AtPIP2;1 in these cells (Cui et al., 2021). This internalization of AtPIP2;1 in GCs was not
expected considering that it facilitates the diffusion of H.O, and water in response to flg22
treatment (Rodrigues et al., 2017). But an additional process is associated with AtPIP2;1 within
the PM: the velocity and lateral diffusion of GFP-AtPIP2;1 particles increase in GCs upon flg22
treatment, while these parameters do not change in the neighboring cells (Cui et al., 2021).
The lateral diffusion of PIPs is restricted by the cytoskeleton (Hosy et al., 2015) and
cytoskeleton reorganization is essential during stomatal movement (Eisinger et al., 2012; Hosy
et al.,, 2015; Hwang & Lee, 2001). Recently, AtOST1 was found to mediate microtubule
disassembly in GCs required for the induction of stomatal closure by ABA (Pan Wang et al.,
2023). Interestingly, disruption of the cytoskeleton organization in both GCs and neighboring
cells increases the diffusion of AtPIP2;1 within the PM (Cui et al., 2021). Moreover, while
microtubules play a crucial role in regulating the AtPIP2;1 dynamics in GCs, the actin filaments
appear to play a primary role in the neighboring cells. Therefore, this scenario in neighboring

cells resembles the one observed in root epidermis, where actin microfilaments rather than
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microtubules are involved in restricting the lateral diffusion of AtPIP2;1 particles (Hosy et al.,
2015). Taken together, these results indicate a specific modulation of the GFP-AtPIP2;1
channel activity as a function of its lateral mobility. However, the molecular mechanism behind
this modulation remains unknown. Given the coexistence of different diffusion modes for
AtPIP2;1 within the PM, with channels moving into and out of membrane microdomains (Li et
al., 2011), we can speculate that specific stimuli distribute PIPs to specific lipid environments

within the PM to modulate their channel activity.

3.4. Potential roles for membrane contact sites-located aquaporins in stomata

MCSs are defined as areas of close apposition between the membranes of two
organelles (for more details, see in Scorrano et al. (2019)). MCS are relevant for lipid
biosynthesis, metabolite channeling, cell signaling and regulation of membrane dynamics
(Prinz et al., 2020, Pengwei Wang et al., 2023). Tethers and spacers are structural proteins
of MCSs that maintain both membranes connected at a given distance. In plants, two families
of structural proteins have been described to be present at ER-PM contact sites (EPCSSs):
synaptotagmins (SYT) and vesicle associated protein 27 (VAP27s). Some tethers, such as
VAPs, have multiple interaction partners on the opposing membrane, which could underline
different functions (Prinz et al., 2020). Indeed, VAP27s are found in EPCS as well as ER-
mitochondria and ER-chloroplast contact sites (Pengwei Wang et al., 2023a).

The first evidence of a role of MCS on stomata physiology arises from the work done
by Ho et al. (2016). The authors showed that VAP-RELATED SUPPRESSOR OF TMM (VST)
family was required to inhibit stomatal development. VST1-3, also named VAP27-8-10
(Pengwei Wang et al., 2016), share the major sperm domain (MSD) domain that characterizes
VAP27s, but lack the ER anchoring domain. VST are present on EPCSs through their
interaction with the ER residents SYT1 and SCR2 (Ho et al., 2016). The Arabidopsis triple
mutant vstlvst2vst3 exhibits larger MCSs, which could explain why the ERECTA-mediated

signaling is abolished in this mutant, leading to up-regulation of stomatal number (Ho et al.,
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2016). This evidence highlights the importance of a defined distance on MCS for cell signaling
in stomata. The maize genome also encodes three VST isoforms, one of which displays higher
expression levels in GCs than in other leaf cell types (Figure 4), indicating a role in stomatal
development that needs to be elucidated.

It has been proposed that, in specialized cells that require rapid ion exchange such as
the GCs, the EPCSs can regulate the ion channel activity (Pengwei Wang et al., 2023). PIPs
are present at EPCSs (Fox et al., 2020) and we propose that this presence is relevant for
stomatal movement. Interestingly, in maize SCs and GCs, different VAP isoforms are
expressed, while SYT appears to be specifically expressed in GCs (Figure 4). Arabidopsis
mutants lacking SYT1 exhibit decreased PM integrity under osmotic stress (Ruiz-Lopez et al.,
2021) and increased stomatal closure under salt stress (Krausko et al., 2022). We have shown
that ZmPIP2;5 interacts with VAP27s of different clades and that ZmVAP27-1 positively
modifies the osmotic membrane water permeability of ZmPIP2;5 expressing oocytes (Fox et
al., 2020). The physiological relevance of PIP-VAP interaction remains to be investigated in
stomata. Furthermore, AtVAP27-1 binds a PIEPPPHH peptide present in the C-term of
AtTIP3;1 and these proteins colocalize in the protein storage vacuole (PSV) (Oufattole et al.,

2005), suggesting that VAP27-TIP interactions may also play a role in stomatal regulation.

4. Conclusion and future directions

Knowledge on PIP expression, function and regulation in the context of stomatal dynamics
has progressed in recent years. Overexpression and KO of PIP genes affect stomatal
movement upon ABA and/or water deficit treatments. In addition, numerous regulatory
mechanisms have been identified in different cell types including GCs, but their relevance in
controlling stomatal dynamics under different environmental conditions remains to be
elucidated. Below, we propose several specific perspectives to better understand the function,

regulation and integration of AQPs in the highly controlled stomatal cells.
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(1) The roles of AQPs in grass stomata, given their relevance in the agricultural systems.
Maize stomata are a powerful model for the investigation of stomatal movement in grasses.
Single nuclei RNA-seq data show that AQPs are expressed in both maize GCs and SCs, with
some isoforms preferably expressed in a single cell type. Tissue-specific silencing technique,
i.e., CRISPR-TSKO (Decaestecker et al., 2019), could be applied to investigate the role of
differentially expressed PIPs in GCs and SCs in maize stomatal movement. This approach
applied to TIPs would be an elegant way to assess the role of the tonoplast AQPs, for which

no genetic evidence about their role in stomatal complexes is available.

(2) The substrate specificity of AQPs in relation to stomatal movement. AQPs have been
demonstrated to channel many different small solutes. PIPs might affect CO.-induced
stomatal closure by facilitating CO diffusion across the PM (Zhang et al., 2018), but additional
studies are, however, needed to further explore the exact role of PIPs in CO2-induced stomatal
movement. PIPs have been shown to contribute to the transport of cations, such as Na* and
K* (Tyerman et al., 2021; Ahmed et al., 2024). A possible coupling between water and ion flow
has been proposed in relation to water pumping and energy generation (Tyerman et al., 2021).
However, as the cation fluxes associated with aquaporins are several orders of magnitude
below those needed (Tyerman et al., 2021), and provided via other transporters, the relevance
of this activity in stomatal complexes might be questioned. Further research is required to
mechanistically elucidate this paradigm at the protein level and determine whether or not this

transport capacity plays a role in stomatal function.

(3) Cellular regulation of AQPs and stomatal movements. Oligomer composition, PTMs,
trafficking, PM lipid environment, and the cytoskeleton are all variables that influence PIP
channeling activity and are known to occur in stomatal cells. The relevance of each of these
variables and how they integrate in response to different environmental signals influencing
stomatal aperture dynamics need to be better addressed in the future. Furthermore, the

presence of AQPs in EPCSs is hypothesized to be relevant for regulating stomatal movement.
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The physiological role of VAP27-PIP/TIP interaction in these cells in relation to AQP fate and

cell structural organization still need to be investigated.

Acknowledgements

This work was supported by the Belgian National Fund for Scientific Research (FNRS) (Grant
Numbers: J.0026.21 and T.0026.23), LD was a postdoctoral researcher of the FRS-FNRS
(Award number: 1B.148.21). ARF was supported by an individual Marie Sklodowska-Curie

Action postdoctoral fellowship (Grant number: 101066810).

Conflict of interest statement

The authors declare no conflict of interest.

ORCID

Lei Ding https://orcid.org/0000-0003-1262-5289

Ana Romina Fox https://orcid.org/0000-0002-7852-4539

Francois Chaumont https://orcid.org/0000-0003-0155-7778



535

536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584

References

Ahmed, J., Ismalil, A., Ding, L., Yool, A. J., & Chaumont, F. (2024). A new method to measure
aquaporin-facilitated membrane diffusion of hydrogen peroxide and cations in plant
suspension cells. Plant, Cell & Environment, 47(2), 527-539.

Andrés, Z., Pérez-Hormaeche, J., Leidi, E. O., Schlicking, K., Steinhorst, L., McLachlan, D.
H., . . . Cubero, B. (2014). Control of vacuolar dynamics and regulation of stomatal
aperture by tonoplast potassium uptake. Proceedings of the National Academy of
Sciences, 111(17), E1806-E1814.

Baena, G., Xia, L., Waghmare, S., Yu, Z., Guo, Y., Blatt, M. R., Zhang, B & Karnik, R. (2024).
Arabidopsis SNARE SYP132 impacts on PIP2; 1 trafficking and function in salinity
stress. The Plant Journal.

Berkowitz, O., Xu, Y., Liew, L. C., Wang, Y., Zhu, Y., Hurgobin, B., . . . Whelan, J. (2021).
RNA-seq analysis of laser microdissected Arabidopsis thaliana leaf epidermis,
mesophyll and vasculature defines tissue-specific transcriptional responses to multiple
stress treatments. Plant J, 107(3), 938-955.

Besserer, A., Burnotte, E., Bienert, G. P., Chevalier, A. S., Errachid, A., Grefen, C., . ..
Chaumont, F. (2012). Selective regulation of maize plasma membrane aquaporin
trafficking and activity by the SNARE SYP121. The Plant Cell, 24(8), 3463-3481.

Cai, S., Chen, G., Wang, Y., Huang, Y., Marchant, D. B., Wang, Y., . . . Franks, P. J. (2017).
Evolutionary conservation of ABA signaling for stomatal closure. Plant physiology,
174(2), 732-747.

Ceciliato, P. H., Zhang, J., Liu, Q., Shen, X., Hu, H., Liu, C., . .. Schroeder, J. I. (2019). Intact
leaf gas exchange provides a robust method for measuring the kinetics of stomatal
conductance responses to abscisic acid and other small molecules in Arabidopsis and
grasses. Plant Methods, 15(1).

Chaumont, F., Barrieu, F., Wojcik, E., Chrispeels, M. J., & Jung, R. (2001). Aquaporins
constitute a large and highly divergent protein family in maize. Plant physiology,
125(3), 1206-1215.

Chaumont, F., & Tyerman, S. D. (2014). Aquaporins: highly regulated channels controlling
plant water relations. Plant physiology, 164(4), 1600-1618.

Chaumont, F., & Tyerman, S. D. (2017). Plant aguaporins. New York, NY: Springer, 10.

Chen, L. (2023). Emerging roles of protein phosphorylation in regulation of stomatal
development. Journal of Plant Physiology(280), 153882.

Chen, Z.-H., Chen, G., Dai, F., Wang, Y., Hills, A., Ruan, Y.-L., . . . Blatt, M. R. (2017).
Molecular evolution of grass stomata. Trends in Plant Science, 22(2), 124-139.
Cheng, X., & Raissig, M. T. (2023). From grasses to succulents - development and function

of distinct stomatal subsidiary cells. New Phytologist, 239(1), 47-53.

Chevalier, A. S., & Chaumont, F. (2015). Trafficking of plant plasma membrane aquaporins:
multiple regulation levels and complex sorting signals. Plant and Cell Physiology,
56(5), 819-829.

Cui, Y., He, M., Liu, J., Wang, S., Zhang, J., Xie, S., . . . Yan, D. (2023). Maize LOST
SUBSIDIARY CELL encoding a large subunit of ribonucleotide reductase is required
for subsidiary cell development and plant growth. Journal of Experimental Botany,
74(15), 4449-4460.

Cui, Y., Zhao, Y., Lu, Y., Su, X,, Chen, Y., Shen, Y., . .. Li, X. (2021). In vivo single-particle
tracking of the aquaporin AtPIP2;1 in stomata reveals cell type-specific dynamics.
Plant physiology, 185(4), 1666-1681.

Decaestecker, W., Buono, R. A., Pfeiffer, M. L., Vangheluwe, N., Jourquin, J., Karimi, M., . . .
Jacobs, T. B. (2019). CRISPR-TSKO: A Technique for Efficient Mutagenesis in
Specific Cell Types, Tissues, or Organs in Arabidopsis. Plant Cell, 31(12), 2868-2887.



585
586
587
588
589
590
5901
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637

Di Pietro, M., Vialaret, J., Li, G.-W., Hem, S., Prado, K., Rossignol, M., . . . Santoni, V. (2013).
Coordinated post-translational responses of aquaporins to abiotic and nutritional
stimuli in Arabidopsis roots. Molecular & Cellular Proteomics, 12(12), 3886-3897.

Ding, L., & Chaumont, F. (2020). Are Aquaporins Expressed in Stomatal Complexes
Promising Targets to Enhance Stomatal Dynamics? Frontiers in plant science,
11(458).

Ding, L., Milhiet, T., Couvreur, V., Nelissen, H., Meziane, A., Parent, B., . . . Chaumont, F.
(2020). Modification of the expression of the aquaporin ZmPIP2; 5 affects water
relations and plant growth. Plant physiology, 182(4), 2154-2165.

Ding, L., Milhiet, T., Parent, B., Meziane, A., Tardieu, F., & Chaumont, F. (2022). The plasma
membrane aquaporin ZmPIP2;5 enhances the sensitivity of stomatal closure to water
deficit. Plant Cell Environ, 45(4), 1146-1156.

Durand, M., Cohen, D., Aubry, N., Bure, C., Tomaskova, |., Hummel, I., . . . Le Thiec, D.
(2020). Element content and expression of genes of interest in guard cells are
connected to spatiotemporal variations in stomatal conductance. Plant, Cell &
Environment, 43(1), 87-102.

Durney, C. H., Wilson, M. J., McGregor, S., Armand, J., Smith, R. S., Gray, J. E., . . . Fleming,
A. J. (2023). Grasses exploit geometry to achieve improved guard cell dynamics. Curr
Biol, 33(13), 2814-2822 e2814. doi:10.1016/j.cub.2023.05.051

Eisenach, C., Chen, Z. H., Grefen, C., & Blatt, M. R. (2012). The trafficking protein SYP121 of
Arabidopsis connects programmed stomatal closure and K+ channel activity with
vegetative growth. The Plant Journal, 69(2), 241-251.

Eisinger, W., Ehrhardt, D., & Briggs, W. (2012). Microtubules are essential for guard-cell
function in Vicia and Arabidopsis. Molecular plant, 5(3), 601-610.

Fetter, K., Van Wilder, V., Moshelion, M., & Chaumont, F. (2004). Interactions between plasma
membrane aquaporins modulate their water channel activity. The Plant Cell, 16(1),
215-228.

Fox, A. R., Maistriaux, L. C., & Chaumont, F. (2017). Toward understanding of the high
number of plant aquaporin isoforms and multiple regulation mechanisms. Plant
Science, 264, 179-187.

Fox, A. R., Scochera, F., Laloux, T., Filik, K., Degand, H., Morsomme, P., .. . Chaumont, F.
(2020). Plasma membrane aquaporins interact with the endoplasmic reticulum
resident VAP27 proteins at ER-PM contact sites and endocytic structures. New
Phytologist, 228(3), 973-988.

Gambetta, G. A., Knipfer, T., Fricke, W., & McElrone, A. J. (2017). Aquaporins and root water
uptake. Plant Aquaporins: From Transport to Signaling, 133-153.

Gao, X.-Q., Li, C.-G., Wei, P.-C., Zhang, X.-Y., Chen, J., & Wang, X.-C. (2005). The dynamic
changes of tonoplasts in guard cells are important for stomatal movement in Vicia faba.
Plant physiology, 139(3), 1207-1216.

Geilfus, C. M., Lan, J., & Carpentier, S. (2018). Dawn regulates guard cell proteins in
Arabidopsis thaliana that function in ATP production from fatty acid beta-oxidation.
Plant molecular biology, 98, 525-543.

Gray, A., Liu, L., & Facette, M. (2020). Flanking support: how subsidiary cells contribute to
stomatal form and function. Frontiers in plant science, 11, 881.

Grefen, C., Karnik, R., Larson, E., Lefoulon, C., Wang, Y., Waghmare, S., . . . Blatt, M. R.
(2015). A vesicle-trafficking protein commandeers Kv channel voltage sensors for
voltage-dependent secretion. Nature plants, 1(8), 1-12.

Grondin, A., Rodrigues, O., Verdoucq, L., Merlot, S., Leonhardt, N., & Maurel, C. (2015).
Aquaporins contribute to ABA-triggered stomatal closure through OST1-mediated
phosphorylation. The Plant Cell, 27(7), 1945-1954.

Groszmann, M., De Rosa, A., Ahmed, J., Chaumont, F., & Evans, J. R. (2021). A consensus
on the Aquaporin Gene Family in the Allotetraploid Plant, Nicotiana tabacum. Plant
Direct, 5(5), e00321.



638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690

Hachez, C., Heinen, R. B., Draye, X., & Chaumont, F. (2008). The expression pattern of
plasma membrane aquaporins in maize leaf highlights their role in hydraulic regulation.
Plant molecular biology, 68, 337-353.

Hachez, C., Laloux, T., Reinhardt, H., Cavez, D., Degand, H., Grefen, C., . . . Russinova, E.
(2014a). Arabidopsis SNAREs SYP61 and SYP121 coordinate the trafficking of
plasma membrane aquaporin PIP2; 7 to modulate the cell membrane water
permeability. The Plant Cell, 26(7), 3132-3147.

Hachez, C., Milhiet, T., Heinen, R. B., & Chaumont, F. (2017). Roles of aquaporins in stomata.
In Plant Aquaporins (pp. 167-183): Springer.

Hachez, C., Veljanovski, V., Reinhardt, H., Guillaumot, D., Vanhee, C., Chaumont, F., &
Batoko, H. (2014b). The Arabidopsis abiotic stress-induced TSPO-related protein
reduces cell-surface expression of the aquaporin PIP2; 7 through protein-protein
interactions and autophagic degradation. The Plant Cell, 26(12), 4974-4990.

Harvengt, P., VIérick, A., Fuks, B., Wattiez, R., Ruysschaert, J.-M., & Homblé€, F. (2000). Lentil
Seed Aquaporins: Phosphorylation, Oligomerization and Secondary Structure.
Molecular Biology and Physiology of Water and Solute Transport, 297-305.

Heinen, R. B., Bienert, G. P., Cohen, D., Chevalier, A. S., Uehlein, N., Hachez, C., . ..
Chaumont, F. (2014). Expression and characterization of plasma membrane
aguaporins in stomatal complexes of Zea mays. Plant Molecular Biology, 86(3), 335-
350.

Hepworth, C., Caine, R. S., Harrison, E. L., Sloan, J., & Gray, J. E. (2018). Stomatal
development: focusing on the grasses. Curr Opin Plant Biol, 41, 1-7.
doi:10.1016/).pbi.2017.07.009

Hills, A., Chen, Z. H., Amtmann, A., Blatt, M. R., & Lew, V. L. (2012). OnGuard, a
computational platform for quantitative kinetic modeling of guard cell physiology. Plant
physiology, 159(3), 1026-1042.

Ho, C.-M. K., Paciorek, T., Abrash, E., & Bergmann, D. C. (2016). Modulators of stomatal
lineage signal transduction alter membrane contact sites and reveal specialization
among ERECTA kinases. Developmental Cell, 38(4), 345-357.

Hosy, E., Martiniére, A., Choquet, D., Maurel, C., & Luu, D.-T. (2015). Super-resolved and
dynamic imaging of membrane proteins in plant cells reveal contrasting kinetic profiles
and multiple confinement mechanisms. Molecular plant, 8(2), 339-342.

Hsu, P. K., Dubeaux, G., Takahashi, Y., & Schroeder, J. I. (2021). Signaling mechanisms in
abscisic  acid-mediated stomatal closure. Plant J, 105(2), 307-321.
doi:10.1111/tpj.15067

Huang, C. J., Wang, X. H., Huang, J. Y., Zhang, C. G., & Chen, Y. L. (2020). Phosphorylation
of plasma membrane aquaporin PIP2;1 in C-terminal affects light-induced stomatal
opening in  Arabidopsis. Plant  Signal Behav, 15(10), 1795394.
doi:10.1080/15592324.2020.1795394

Hwang, J.-U., & Lee, Y. (2001). Abscisic acid-induced actin reorganization in guard cells of
dayflower is mediated by cytosolic calcium levels and by protein kinase and protein
phosphatase activities. Plant physiology, 125(4), 2120-2128.

Israel, D., Khan, S., Warren, C. R., Zwiazek, J. J., & Robson, T. M. (2021). The contribution
of PIP2-type aquaporins to photosynthetic response to increased vapour pressure
deficit. J Exp Bot, 72(13), 5066-5078. doi:10.1093/jxb/erab187

Jezek, M., & Blatt, M. R. (2017). The membrane transport system of the guard cell and its
integration for stomatal dynamics. Plant physiology, 174(2), 487-519.

Jezek, M., Hills, A., Blatt, M. R., & Lew, V. L. (2019). A constraint—relaxation-recovery
mechanism for stomatal dynamics. Plant, Cell & Environment, 42(8), 2399-2410.

Johanson, U., Karlsson, M., Johansson, I., Gustavsson, S., Sjévall, S., Fraysse, L., . . .
Kjellbom, P. (2001). The complete set of genes encoding major intrinsic proteins in
Arabidopsis provides a framework for a new nomenclature for major intrinsic proteins
in plants. Plant physiology, 126(4), 1358-1369.



691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744

Johansson, I., Karlsson, M., Shukla, V. K., Chrispeels, M. J., Larsson, C., & Kjellbom, P.
(1998). Water transport activity of the plasma membrane aquaporin PM28A is
regulated by phosphorylation. The Plant Cell, 10(3), 451-459.

Jozefkowicz, C., Sigaut, L., Scochera, F., Soto, G., Ayub, N., Pietrasanta, L. I., . . . Alleva, K.
(2016). PIP water transport and its pH dependence are regulated by tetramer
stoichiometry. Biophysical Journal, 110(6), 1312-1321.

Jurkiewicz, P., Senicourt, L., Ayeb, H., Lequin, O., Lacapere, J.-J., & Batoko, H. (2020). A
plant-specific N-terminal extension reveals evolutionary functional divergence within
translocator proteins. Iscience, 23(3).

Kaldenhoff, R., Kolling, A., Meyers, J., Karmann, U., Ruppel, G., & Richter, G. (1995). The
blue light-responsive AthH2 gene of Arabidopsis thaliana is primarily expressed in
expanding as well as in differentiating cells and encodes a putative channel protein of
the plasmalemma. Plant J, 7(1), 87-95. doi:10.1046/j.1365-313x.1995.07010087.x

Kim, E. J., Zhang, C., Guo, B., Eekhout, T., Houbaert, A., Wendrich, J. R., . . . Russinova, E.
(2023). Cell type-specific attenuation of brassinosteroid signaling precedes stomatal
asymmetric cell division. Proc Natl Acad Sci U S A, 120(36), €2303758120.
doi:10.1073/pnas.2303758120

Krausko, M., Kus4, Z., Peterkova, D., Labajova, M., Kumar, A., Pavlovi¢, A., . . . Jasik, J.
(2022). The absence of the AtSYT1 function elevates the adverse effect of salt stress
on photosynthesis in Arabidopsis. International Journal of Molecular Sciences, 23(3),
1751.

Laloux, T., Matyjaszczyk, |., Beaudelot, S., Hachez, C., & Chaumont, F. (2021). Interaction
between the SNARE SYP121 and the plasma membrane aquaporin PIP2; 7 involves
different protein domains. Frontiers in plant science, 11, 631643.

Lawson, T., & Matthews, J. (2020). Guard Cell Metabolism and Stomatal Function. Annu Rev
Plant Biol, 71, 273-302. doi:10.1146/annurev-arplant-050718-100251

Lee, H. K., Cho, S. K., Son, O., Xu, Z., Hwang, I., & Kim, W. T. (2009). Drought stress-induced
RmalH1, a RING membrane-anchor E3 ubiquitin ligase homolog, regulates aquaporin
levels via ubiquitination in transgenic Arabidopsis plants. The Plant Cell, 21(2), 622-
641.

Lee, L. R., Wengier, D. L., & Bergmann, D. C. (2019). Cell-type—specific transcriptome and
histone modification dynamics during cellular reprogramming in the Arabidopsis
stomatal lineage. Proceedings of the National Academy of Sciences, 116(43), 21914-
21924,

Leonhardt, N., Kwak, J. M., Robert, N., Waner, D., Leonhardt, G., & Schroeder, J. I. (2004).
Microarray expression analyses of Arabidopsis guard cells and isolation of a recessive
abscisic acid hypersensitive protein phosphatase 2C mutant. The Plant Cell, 16(3),
596-615.

Leyman, B., Geelen, D., Quintero, F. J., & Blatt, M. R. (1999). A tobacco syntaxin with a role
in hormonal control of guard cell ion channels. Science, 283(5401), 537-540.

Li, X., Wang, X., Yang, Y., Li, R., He, Q., Fang, X., . .. Lin, J. (2011). Single-molecule analysis
of PIP2; 1 dynamics and partitioning reveals multiple modes of Arabidopsis plasma
membrane aquaporin regulation. The Plant Cell, 23(10), 3780-3797.

Lim, C. W., Baek, W., Jung, J., Kim, J. H., & Lee, S. C. (2015). Function of ABA in Stomatal
Defense against Biotic and Drought Stresses. Int J Mol Sci, 16(7), 15251-15270.
doi:10.3390/ijms160715251

Liu, L., Ashraf, A., Morrow, T., & Facette, M. R. (2023). Stomatal closure in maize is mediated
by subsidiary cells and the PAN2 receptor. bioRxiv, 2023.2004. 2029.538816.

Liu, S., Fukumoto, T., Gena, P., Feng, P., Sun, Q., Li, Q., . . . Ding, X. (2020). Ectopic
expression of a rice plasma membrane intrinsic protein (OsPIP1;3) promotes plant
growth and water uptake. Plant J, 102(4), 779-796. doi:10.1111/tpj.14662

Liu, Z., Zhou, Y., Guo, J., Li, J., Tian, Z., Zhu, Z., . .. Hu, Y. (2020). Global dynamic molecular
profiling of stomatal lineage cell development by single-cell RNA sequencing.
Molecular plant, 13(8), 1178-1193.



745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798

Lopez-Anido, C. B., Vaten, A., Smoot, N. K., Sharma, N., Guo, V., Gong, Y., .. . Bergmann,
D. C. (2021). Single-cell resolution of lineage trajectories in the Arabidopsis stomatal
lineage and developing leaf. Dev Cell, 56(7), 1043-1055 e1044.
doi:10.1016/j.devcel.2021.03.014

Luo, C., Shi, Y., & Xiang, Y. (2022). SNAREs regulate vesicle trafficking during root growth
and development. Frontiers in Plant Science, 13, 853251.

MacRobbie, E. (1998). Signal transduction and ion channels in guard cells. Philosophical
Transactions of the Royal Society of London. Series B: Biological Sciences,
353(1374), 1475-1488.

Maurel, C., Boursiac, Y., Luu, D. T., Santoni, V., Shahzad, Z., & Verdoucq, L. (2015).
Aquaporins in Plants. Physiol Rev, 95(4), 1321-1358.
doi:10.1152/physrev.00008.2015

Maurel, C., Kado, R. T., Guern, J., & Chrispeels, M. J. (1995). Phosphorylation regulates the
water channel activity of the seed-specific aquaporin alpha-TIP. The EMBO Journal,
14(13), 3028-3035.

Maurel, C., Verdoucq, L., Luu, D. T., & Santoni, V. (2008). Plant aquaporins: membrane
channels with multiple integrated functions. Annu Rev Plant Biol, 59, 595-624.
doi:10.1146/annurev.arplant.59.032607.092734

Maurel, C., Verdoucq, L., & Rodrigues, O. (2016). Aquaporins and plant transpiration. Plant,
Cell & Environment, 39(11), 2580-2587.

Merilo, E., Yarmolinsky, D., Jalakas, P., Parik, H., Tulva, I., Rasulov, B., Kilk, K. and Kollist,
H. (2018). Stomatal VPD response: there is more to the story than ABA. Plant
physiology, 176(1), 851-864.

McKown, K. H., & Bergmann, D. C. (2020). Stomatal development in the grasses: lessons
from models and crops (and crop models). New Phytol, 227(6), 1636-1648.
doi:10.1111/nph.16450

Mirasole, F. M., Nastasi, S. P., Cubero-Font, P., & De Angeli, A. (2023). Vacuolar control of
stomatal opening revealed by 3D imaging of the guard cells. Scientific Reports, 13(1),
7647.

Mom, R., Réty, S., Mocquet, V., & Auguin, D. (2023). Plant Aquaporin Gating Is Reversed by
Phosphorylation on Intracellular Loop D—Evidence from Molecular Dynamics
Simulations. International Journal of Molecular Sciences, 24(18), 13798.

Nunes, T. D., Zhang, D., & Raissig, M. T. (2020). Form, development and function of grass
stomata. The Plant Journal, 101(4), 780-799.

Nguyen, T. B., Lefoulon, C., Nguyen, T.H., Blatt, M.R., Carroll, W. (2023). Engineering stomata
for enhanced carbon capture and water-use efficiency. Trends in Plant Science, 28
(11), 1290-13009.

Otto, B., Uehlein, N., Sdorra, S., Fischer, M., Ayaz, M., Belastegui-Macadam, X., . . . Priem,
N. (2010). Aquaporin tetramer composition modifies the function of tobacco
aquaporins. Journal of Biological Chemistry, 285(41), 31253-31260.

Oufattole, M., Park, J. H., Poxleitner, M., Jiang, L., & Rogers, J. C. (2005). Selective
membrane protein internalization accompanies movement from the endoplasmic
reticulum to the protein storage vacuole pathway in Arabidopsis. The Plant Cell,
17(11), 3066-3080.

Pou, A., Jeanguenin, L., Milhiet, T., Batoko, H., Chaumont, F., & Hachez, C. (2016). Salinity-
mediated transcriptional and post-translational regulation of the Arabidopsis aquaporin
PIP2; 7. Plant Molecular Biology, 92, 731-744.

Prado, K., Boursiac, Y., Tournaire-Roux, C., Monneuse, J.-M., Postaire, O., Da Ines, O., . . .
Maurel, C. (2013). Regulation of Arabidopsis leaf hydraulics involves light-dependent
phosphorylation of aquaporins in veins. The Plant Cell, 25(3), 1029-1039.

Prak, S., Hem, S., Boudet, J., Viennois, G., Sommerer, N., Rossignol, M., . . . Santoni, V.
(2008). Multiple phosphorylations in the C-terminal tail of plant plasma membrane
aquaporins: role in subcellular trafficking of AtPIP2; 1 in response to salt stress.
Molecular & Cellular Proteomics, 7(6), 1019-1030.



799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853

Preston, G. M., Carroll, T. P., Guggino, W. B., & Agre, P. (1992). Appearance of water
channels in Xenopus oocytes expressing red cell CHIP28 protein. Science, 256(5055),
385-387. doi:10.1126/science.256.5055.385

Prinz, W. A., Toulmay, A., & Balla, T. (2020). The functional universe of membrane contact
sites. Nature Reviews Molecular Cell Biology, 21(1), 7-24.

Qing, D., Yang, Z., Li, M., Wong, W. S., Guo, G., Liu, S., . .. Li, N. (2016). Quantitative and
functional phosphoproteomic analysis reveals that ethylene regulates water transport
via the C-terminal phosphorylation of aquaporin PIP2; 1 in Arabidopsis. Molecular
plant, 9(1), 158-174.

Qiu, J., McGaughey, S. A., Groszmann, M., Tyerman, S. D., & Byrt, C. S. (2020).
Phosphorylation influences water and ion channel function of AtPIP2; 1. Plant, Cell &
Environment, 43(10), 2428-2442.

Raissig, M. T., Matos, J. L., Anleu Gil, M. X., Kornfeld, A., Bettadapur, A., Abrash, E., . ..
Berry, J. A. (2017). Mobile MUTE specifies subsidiary cells to build physiologically
improved grass stomata. Science, 355(6330), 1215-1218.

Rodrigues, O., Reshetnyak, G., Grondin, A., Saijo, Y., Leonhardt, N., Maurel, C., & Verdoucq,
L. (2017). Aquaporins facilitate hydrogen peroxide entry into guard cells to mediate
ABA-and pathogen-triggered stomatal closure. Proceedings of the National Academy
of Sciences, 114(34), 9200-9205.

Rodrigues, O., & Shan, L. (2022). Stomata in a state of emergency: H20O- is the target locked.
Trends in Plant Science, 27(3), 274-286.

Rojas-Pierce, M. (2013). Targeting of tonoplast proteins to the vacuole. Plant Science, 211,
132-136.

Ruiz-Lopez, N., Pérez-Sancho, J., Del Valle, A. E., Haslam, R. P., Vanneste, S., Catala, R., .
.. Albert, A. (2021). Synaptotagmins at the endoplasmic reticulum—plasma membrane
contact sites maintain diacylglycerol homeostasis during abiotic stress. The Plant Cell,
33(7), 2431-2453.

Sack, L., & Holbrook, N. M. (2006). Leaf hydraulics. Annu. Rev. Plant Biol., 57, 361-381.

Sarda, X., Tousch, D., Ferrare, K., Legrand, E., Dupuis, J. M., Casse-Delbart, F., & Lamaze,
T. (1997). Two TIP-like genes encoding aguaporins are expressed in sunflower guard
cells. Plant J, 12(5), 1103-1111. d0i:10.1046/].1365-313x.1997.12051103.x

Schley, T. R., Franco, D. M., Junior, J. P. A., de Godoy Maia, |., Habermann, G., & de Almeida,
L. F. R. (2022). TIP1; 1 expression could modulate the recovery of stomatal opening
during rehydration in Sorghum bicolor. Environmental and Experimental Botany, 200,
104908.

Scorrano, L., De Matteis, M. A., Emr, S., Giordano, F., Hajnéczky, G., Kornmann, B., . . .
Reinisch, K. (2019). Coming together to define membrane contact sites. Nature
communications, 10(1), 1287.

Seyfferth, C., Renema, J., Wendrich, J. R., Eekhout, T., Seurinck, R., Vandamme, N., . .. De
Rybel, B. (2021). Advances and Opportunities in Single-Cell Transcriptomics for Plant
Research. Annu Rev Plant Biol, 72, 847-866. doi:10.1146/annurev-arplant-081720-
010120

Shatil-Cohen, A., Attia, Z., & Moshelion, M. (2011). Bundle-sheath cell regulation of xylem-
mesophyll water transport via aquaporins under drought stress: a target of xylem-
borne ABA? The Plant Journal, 67(1), 72-80.

Sokolovski, S., Hills, A., Gay, R. A., & Blatt, M. R. (2008). Functional interaction of the SNARE
protein NtSyp121 in Ca2+ channel gating, Ca2+ transients and ABA signalling of
stomatal guard cells. Molecular plant, 1(2), 347-358.

Soto, G., Alleva, K., Mazzella, M. A., Amodeo, G., & Muschietti, J. P. (2008). AtTIP1; 3 and
AtTIP5; 1, the only highly expressed Arabidopsis pollen-specific aquaporins, transport
water and urea. FEBS letters, 582(29), 4077-4082.

Steudle, E. (2000). Water uptake by plant roots: an integration of views. Plant and soil, 226(1),
45-56.

Sun, G., Xia, M., Li, J., Ma, W., Li, Q., Xie, J., ... Song, C. P. (2022). The maize single-nucleus
transcriptome comprehensively describes signaling networks governing movement



854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907

and development of grass stomata. Plant Cell, 34(5), 1890-1911.
doi:10.1093/plcell/koac047

Sussmilch, F. C., Schultz, J., Hedrich, R., & Roelfsema, M. R. G. (2019). Acquiring control:
the evolution of stomatal signalling pathways. Trends in Plant Science, 24(4), 342-351.

Sutter, J. U., Sieben, C., Hartel, A., Eisenach, C., Thiel, G., & Blatt, M. R. (2007). Abscisic acid
triggers the endocytosis of the Arabidopsis KAT1 K+ channel and its recycling to the
plasma membrane. Current Biology, 17(16), 1396-1402.

Takahashi, Y., Bosmans, K. C., Hsu, P.-K., Paul, K., Seitz, C., Yeh, C.-Y., ... Vahisalu, T.
(2022). Stomatal CO2/bicarbonate sensor consists of two interacting protein kinases,
Raf-like HT1 and non-kinase-activity requiring MPK12/MPK4. Science Advances,
8(49), eabq6161.

Tornroth-Horsefield, S., Wang, Y., Hedfalk, K., Johanson, U., Karlsson, M., Tajkhorshid, E., .
. . Kjellbom, P. (2006). Structural mechanism of plant aquaporin gating. Nature,
439(7077), 688-694.

Tyerman, S. D., McGaughey, S. A., Qiu, J., Yool, A. J., & Byrt, C. S. (2021). Adaptable and
multifunctional ion-conducting aquaporins. Annual Review of Plant Biology, 72, 703-
736.

Tyrrell, M., Campanoni, P., Sutter, J. U., Pratelli, R., Paneque, M., Sokolovski, S., & Blatt, M.
R. (2007). Selective targeting of plasma membrane and tonoplast traffic by inhibitory
(dominant-negative) SNARE fragments. The Plant Journal, 51(6), 1099-1115.

Uemura, T., Ueda, T., Ohniwa, R. L., Nakano, A., Takeyasu, K., & Sato, M. H. (2004).
Systematic analysis of SNARE molecules in Arabidopsis: dissection of the post-Golgi
network in plant cells. Cell structure and function, 29(2), 49-65.

Van Wilder, V., Miecielica, U., Degand, H., Derua, R., Waelkens, E., & Chaumont, F. (2008).
Maize plasma membrane aquaporins belonging to the PIP1 and PIP2 subgroups are
in vivo phosphorylated. Plant and Cell Physiology, 49(9), 1364-1377.

Waghmare, S., Lileikyte, E., Karnik, R., Goodman, J. K., Blatt, M. R., & Jones, A. M. (2018).
SNAREs SYP121 and SYP122 mediate the secretion of distinct cargo subsets. Plant
physiology, 178(4), 1679-1688.

Wang, C., Hu, H., Qin, X., Zeise, B., Xu, D., Rappel, W.-J., . . . Schroeder, J. |. (2016).
Reconstitution of CO; regulation of SLAC1 anion channel and function of CO»-
permeable PIP2;1 aquaporin as CARBONIC ANHYDRASE4 interactor. The Plant Cell,
28(2), 568-582.

Wang, H., Wang, Y., Sang, T., Lin, Z., Li, R., Ren, W., ... & Wang, P. (2023). Cell type -
specific proteomics uncovers a RAF15 - SnRK2. 6/0OST1 kinase cascade in guard
cells. Journal of Integrative Plant Biology, 65(9), 2122-2137.

Wang, L., Li, Q.-T., Lei, Q., Feng, C., Zheng, X., Zhou, F., . . . Kong, J. (2017). Ectopically
expressing MdPIP1;3, an aquaporin gene, increased fruit size and enhanced drought
tolerance of transgenic tomatoes. BMC Plant Biology, 17(1), 246.

Wang, M., Ding, L., Gao, L., Li, Y., Shen, Q., & Guo, S. (2016). The interactions of aquaporins
and mineral nutrients in higher plants. International Journal of Molecular Sciences,
17(8), 1229.

Wang, P., Duckney, P., Gao, E., Hussey, P. J., Kriechbaumer, V., Li, C., . .. Zhang, T. (2023).
Keep in contact: multiple roles of endoplasmic reticulum—membrane contact sites and
the organelle interaction network in plants. New Phytologist, 238(2), 482-499.

Wang, P., Qi, S., Wang, X., Dou, L., Jia, M.-a., Mao, T., . . . Wang, X. (2023). The OPEN
STOMATA1-SPIRAL1 module regulates microtubule stability during abscisic acid-
induced stomatal closure in Arabidopsis. The Plant Cell, 35(1), 260-278.

Wang, P., Richardson, C., Hawkins, T. J., Sparkes, I., Hawes, C., & Hussey, P. J. (2016).
Plant VAP 27 proteins: domain characterization, intracellular localization and role in
plant development. New Phytologist, 210(4), 1311-1326.

Wang, Y., Hills, A., Vialet-Chabrand, S., Papanatsiou, M., Griffiths, H., Rogers, S., ... & Blatt,
M. R. (2017). Unexpected connections between humidity and ion transport discovered
using a model to bridge guard cell-to-leaf scales. The Plant Cell, 29(11), 2921-2939.



908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925

926

Yaneff, A., Sigaut, L., Marquez, M., Alleva, K., Pietrasanta, L. I., & Amodeo, G. (2014).
Heteromerization of PIP aquaporins affects their intrinsic permeability. Proceedings of
the National Academy of Sciences, 111(1), 231-236.

Yaaran, A., Erez, E., Procko, C., & Moshelion, M. (2023). Leaf hydraulic maze: Abscisic acid
effects on bundle sheath, palisade, and spongy mesophyll conductance. Plant
Physiology, 193(2), 1349-1364.

Zelazny, E., Borst, J. W., Muylaert, M., Batoko, H., Hemminga, M. A., & Chaumont, F. (2007).
FRET imaging in living maize cells reveals that plasma membrane aquaporins interact
to regulate their subcellular localization. Proc Natl Acad Sci U S A, 104(30), 12359-
12364. doi:10.1073/pnas.0701180104

Zhang, J., De-oliveira-Ceciliato, P., Takahashi, Y., Schulze, S., Dubeaux, G., Hauser, F., . ..
Schroeder, J. I. (2018). Insights into the molecular mechanisms of CO,-mediated
regulation of stomatal movements. Current Biology, 28(23), R1356-R1363.

Zhang, T., Chen, S., & Harmon, A. C. (2014). Protein phosphorylation in stomatal movement.
Plant signaling & behavior, 9(11), e972845.

Zhou, L., Wang, C., Liu, R., Han, Q., Vandeleur, R. K., Du, J., . .. Shou, H. (2014). Constitutive
overexpression of soybean plasma membrane intrinsic protein GmPIP1;6 confers salt
tolerance. BMC Plant Biol, 14, 181. doi:10.1186/1471-2229-14-181



927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

Figure legends

Figure 1 Expression of PIPs and TIPs in Arabidopsis (a) and maize (b) leaves from RNA-
seq analysis. (a) The expression data in GC protoplasts was obtained from Lee et al. (2019).
The expression data in epidermis, mesophyll, vasculature and whole leaf was obtained from
Berkowitz et al. (2021). Epidermis, mesophyll and vasculature cells were collected by laser
microdissection. (b) The expression data was obtained from single-nucleus RNA-seq (Sun et
al., 2022, http://songlab.henu.edu.cn:3838/2021maizestomata/). TPM, transcript per million
reads. GCs, guard cells. ECs, epidermal cells. MCs, mesophyll cells. VCs, vasculature cells.

WL, whole leaf. PCs, pavement cells. BSCs, bundle sheath cells. SCs, subsidiary cells.

Figure 2 Schematic model of PIP-mediated stomatal closure induced by ABA and CO;
in Arabidopsis and maize. In Arabidopsis, ABA enters GCs and OST1 is activated. OST1
then phosphorylates AtPIP2;1 and activates its HO and H>O, channel activity (Grondin et al.,
2015; Rodrigues et al., 2017). Downstream ion channels are activated and water exits GCs to
decrease the turgor pressure and stomatal closure. When expressed in Xenopus oocytes
AtPIP2;1 facilitates the diffusion of CO, and interacts with carbonic anhydrase (CA) to further
activate the SLAC1 anion channel (Wang et al., 2016a). It is therefore proposed that AtPIP2;1
affects high CO2-induced stomatal closure by regulating its transport into GCs (Zhang et al.,
2018). In maize, ZmPIP2;5 is specifically expressed in GCs, and ZmPIP2;5 controls stomatal
closure induced by water deficit or ABA by facilitating the diffusion of H,O and H»O through
GCs (Ding et al.,, 2022). In maize GCs, the ABA-induced signaling pathway activating
ZmPIP2;5 activity and stomatal closure may be similar to that acting on AtPIP2;1 in
Arabidopsis. In SCs, ions and water accumulate during ABA-induced stomatal closure. PIPs
expressed in SCs, also affect H,O and H,O- diffusion. ZmPIP1;6 appears to be specifically

expressed in SCs, and may be involved in high CO.-induced maize stomatal closure as it also
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acts as a CO, channel when expressed in yeast (Heinen et al., 2014). It remains unclear which
PIPs facilitate the transport of CO- in maize GCs. RBOHSs, respiratory burst oxidase homologs.
OST1, open stomata 1 (SnRK2 kinase). CA, carbonic anhydrase. Prugor, turgor pressure. GC,

guard cell. SC, subsidiary cell.

Figure 3 A diversity of mechanisms controls PIP and TIP dynamic in stomatal cells.
After their synthesis in the endoplasmic reticulum (ER), PIPs and TIPs assemble in homo- and
hetero-oligomers. All PIPs follow the conventional vesicular trafficking pathway, which
involves COPII vesicle-mediated ER export and subsequent transport to the Golgi and trans-
Golgi network (TGN). TIP1s follow the same ER-Golgi-TGN route while TIP2s follow a Golgi
independent pathway to the vacuole. At the TGN, PIPs load in secretory vesicles to reach the
plasma membrane (PM). Proteins of the SYP1 family drive PIP targeting to the PM. SYP121
plays a relevant role in GCs in response to ABA. Upon an osmotic or salt stress, SYP132
interacts with PIP and induces the endocytosis of the channel. TIP1 loading on pre-vacuolar
compartments (PVC) is mediated by SYP21 before reaching the vacuolar membrane.
Internalization of PM-localized PIPs occurs via a clathrin-dependent pathway (represented by
clathrin coated vesicles, CCV), and via a membrane microdomain-mediated pathway. This
last pathway is enhanced under stress conditions. Once internalized, PIPs are delivered to
the TGN/Golgi, from where they can be recycled to the PM or follow a degradation pathway.
The autophagic degradation of PIPs mediated by TSPO requires the binding of P1(4,5)P2 by
TSPO and was suggested to happen in GCs. The light-induced phosphorylation at the C-
terminus of PIP2s is associated to the inhibition of stomata opening by a mechanism still
unclear. The flg22 treatment induces PIP endocytosis, increases the lateral mobility of the
channels at the PM and, as ABA treatment, induces the phosphorylation of the PIP loop B
mediated by OST1 resulting in stomata closure. At the same time OST1 mediates the ABA-
induced disassembly of microtubules. Microtubules also play a crucial role in regulating the

dynamics of PIPs in GCs, whereas actin appears to regulate the PIP dynamic in neighboring
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cells. PIPs are present at ER-PM contact sites (EPCSs) in interaction with the ER resident
VAP27s. The relevance of this interaction on stomatal dynamics needs to be evaluated.
Another EPCS structural protein, SYT, is also expressed in GCs, and is involved in stomatal
closure even though its interaction with PIPs remains unknown. VAP27s are found in contact
sites between the ER and different organelles. VAP27s and TIPs can interact in ER-Vacuole
contact sites and play a still unknown role in stomatal regulation. Compartment names are
indicated in bold black font. Question marks indicate possible pathways not yet supported by
experimental evidence, at least in stomatal cells. Abbreviations: PIP, plasma membrane
intrinsic protein; TIP, tonoplast intrinsic protein; SYP121, syntaxin 121; SYP132, syntaxin 132;
SYP21, syntaxin 21; TSPO, tryptophan-rich sensory protein/translocator; OST1, open stomata
1; VAP27, vesicle associated protein 27, SYT, synaptotagmin, ABA, abscisic acid; flg22,

flagellin 22.

Figure 4 Expression of genes relevant for stomatal development and dynamics,
encoding proteins that interact or are potential interactants of PIPs. Expression data
from  single-nucleus RNA-seq of maize leaves (Sun et al, 2022,
http://songlab.henu.edu.cn:3838/2021maizestomata/). Abbreviations: SYP121, syntaxin 121;
SYT, synaptotagmin; VAP27, vesicle associated protein 27. VST, VAP-related suppressor of

TMM.
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