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High-scored premium wines are typically produced under moderate drought stress, suggesting that the
water status of grapevine is crucial for wine quality. Aquaporins greatly influence the plant water status
by facilitating water diffusion across the plasma membrane in a tightly regulated manner. They adjust the
hydraulic conductance of the plasma membrane rapidly and reversibly, which is essential in specific
physiological events, including adaptation to soil water scarcity. The comprehension of the sophisticated
plant-water relations at the molecular level are thus important to optimize agricultural practices or to
assist plant breeding programs. This review explores the recent progresses in understanding the water
transport in grapevine at the cellular level through aquaporins and its regulation. Important aspects,
including aquaporin structure, diversity, cellular localization, transport properties, and regulation at the
cellular and whole plant level are addressed. An ecophysiological perspective about the roles of grape-
vine aquaporins in plant response to drought stress is also provided.

© 2021 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
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1. Introduction exploration at the molecular level is still missing. This review ad-
Grapevine (Vitis vinifera L.) is a widely cultivated plant across
arid and semi-arid ecosystems. They are considered as a good
woody tree/fleshy fruit plant model to study water stress. It is
generally considered a ‘drought avoiding’ species [1]. A moderate
water deficit irrigation technique is commonly practiced in vine-
yards to achieve high-quality wine grapes without affecting their
yield [2]. Premium wine grapes are produced within very narrow
climate ranges, and fluctuations in temperature or precipitation
may affect the wine flavor and aroma [3]. Prolonged water scarcity
and high temperature, due to ongoing global warming, affect the
yield and also disturb the fragile equilibrium of water, sugar, tannin,
and flavor in berries [3]. The understanding of the molecular events
that govern water relations in grapevine is important under both
the scientific and agricultural perspectives.

Aquaporins, belonging to the major intrinsic family (MIP), are
considered the molecular entry point of water in the cells and
regulate numerous physiological phenomena [4]. These water
channels are highly conserved and are found in almost all living
forms. They are involved in intra/intercellular water and ion ho-
meostasis. Alteration of aquaporins expression has been shown
under various stresses like drought and nutrient deficiency/toxicity,
suggesting their important role in plant response to environmental
constraints [5]. Depending on their sequence homology and sub-
cellular localization, plant aquaporins are classified into five major
subfamilies: plasma membrane intrinsic proteins (PIPs), tonoplast
intrinsic proteins (TIPs), nodulin 26-like proteins (NIPs), small basic
intrinsic proteins (SIPs), and uncharacterized intrinsic proteins
(XIPs) [6,7]. Apart from water, these multifunctional channels are
also involved in the transport of awide range of other small solutes,
including micronutrients like ammonia (NH3), boron (B), glycerol,
silicon (Si), selenium (Se) and urea, exchange of O2 and CO2, and
mobilization of reactive oxygen species (ROS) like H2O2 [4,8]. They
also mediate the uptake, translocation, and extrusion of toxic met-
alloids like arsenium (As), germanium (Ge), aluminium (Al), and
antimony (Sb) [9]. Some aquaporins are specific water transporters,
while others show low/null intrinsic water permeability but may
facilitate the transport of other small solutes. Aquaporin transport
activity can be regulated by different signals like pH, phosphoryla-
tion, cations, membrane tension, among others [5,10,11].

Although numerous reviews have summarized the role of
aquaporins in grapevine cultivars and rootstocks [12,13], their
2

dresses the diversity of grapevine aquaporins and the importance
of heterologous expression systems to characterize their function.
The role of grapevine aquaporins at the whole-plant level and their
tissue-specific functions included in shoots, roots, leaves, and
berries is likewise considered. An ecophysiological perspective on
the role of specific aquaporins in plant-environment interaction is
also provided. The accumulated scientific knowledge is of pivotal
importance at the agronomic level in the context of the ongoing
climate changes, ultimately enabling the optimization of agricul-
tural practices.

2. Grapevine aquaporins diversity

The diversity and number of aquaporins are much higher in
plants than in any other life form [4,14]. Up to 121 AQP isoforms can
be found in a single plant species, with different physiological roles
during biotic and abiotic stresses, whereas only 15 types of AQP
isoforms have been found in mammals [14,15]. Gene duplication,
polyploidy, and horizontal gene transfer (HGT) [16,17] are likely to
account for the exceptional abundance of aquaporins in plants.
Likewise, different types of gene duplication events, either specific
(tandem, segmental and proximal) or disperse, contributing to the
overall size and structure of the MIP gene family, were recently
revealed in grapevine [18]. Recent genome-wide studies identified
a total of 121 aquaporin isoforms in Brassica napus [19], 35 in
Arabidopsis genome [7,20], while in grapevine, 33 MIP sequences
were identified, four of which are recognised as incomplete [18,21].

2.1. Phylogeny and classification of grapevine aquaporins

A phylogenetic relationship between Vitis vinifera and Arabi-
dopsis thaliana MIPs is depicted in Fig. 1, which shows that grape-
vine aquaporins are divided into five subfamilies of PIPs, TIPs, NIPs,
SIPs, and XIPs. Additionally, sequences of hAQP1 (an orthodox
water selective human aquaporin) [22] and GlpF (glycerol uptake
facilitator protein of E. coli) [23] were included in this tree showing
that water transporters PIPs and TIPs cluster with hAQP1 whereas
NIPs and SIPs share high sequence similarity with GlpF (Fig. 1).

Different studies further grouped the aquaporin subfamilies in
various ortholog clusters, according to their branching. In each
cluster, the distinct functionality of the homologous gene and their
evolution by gene duplication was elucidated [24e26]. In this



Fig. 1. Phylogenetic tree containing Vitis vinifera L. aquaporins and the previously identified Arabidopsis thaliana aquaporins. Human AQP1 (hAQP1) and E. coli GLPF (a glycerol
facilitator protein) are also included as outgroups. The tree was generated by the Neighbor-Joining method [27] on 66 amino acid sequences. The bootstrap consensus tree inferred
from 1000 replicates [28] was used to represent the evolutionary history of the taxa analysed [28]. Evolutionary analyses were conducted in MEGA X [29]. The aquaporin subfamilies
are labelled with different colours: PIPs with fuchsia, TIPs with blue, NIPs with red, SIPs with green.
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review, we organized the clusters of grapevine aquaporins using
Arabidopsis subfamilies clusters (Fig. 1).

2.1.1. The VviPIP subfamily
PIPs are aquaporins with approximately 30 kDa and an iso-

electric point of 9.0 due to the numerous basic amino acids in the C-
terminal [19,30]. They are highly conserved and constitute the
largest plant aquaporin subfamily, widespread in all plant species,
including algae, ferns, gymnosperms, monocots, and dicots, indi-
cating their early emergence during evolution [26]. In grapevine,
this subfamily consists of eight members, which are split into two
subgroups, VviPIP1s and VviPIP2s. VviPIP1s AQPs (PIP1; 1, PIP1; 3,
PIP1; 4 and PIP1; 5) cluster together in a single branch (PIPCLI),
while VviPIP2s (PIP2; 1, PIP2; 2, PIP2; 3 and PIP2; 4) cluster into two
separate branches (PIPCLII and PIPCLIII) (Fig. 1), suggesting the
origin of PIPs from three types of ancestor PIPs in the common
ancestor of mono and dicots [25].

2.1.2. The VviTIP subfamily
TIPs are 25e28 kDa aquaporins with an acidic isoelectric point

from 4 to 6.7 [19]. They are highly conserved in land plants andmay
3

have evolved from a PIP ancestor [7]. In grapevine, the tenmembers
of TIPs are divided into five subgroups (TIP1 to TIP5), as proposed
for other plant TIPs [25]. These subgroups are organized into seven
clusters, in which VviTIP1s (TIP1; 1, TIP1; 2, TIP1; 3 and TIP1; 4) are
grouped into two clusters (TIPCL-I and TIPCL-II) with Arabidopsis
TIP1s (Fig. 1). On the other hand, VviTIP2s (TIP2; 1 and TIP2; 2) are
distributed in two clusters (TIPCL-IV and TIPCL-V), but AtTIP2; 3,
which belongs to TIPCL-IV, does not group with other members of
this cluster. The remaining grapevine TIP3; 1, TIP4; 1 and TIP5s
(TIP5; 1 and TIP5; 2) cluster with the corresponding Arabidopsis
members in TIPCL-III, TIPCL-VI, and TIPCL-VII, respectively (Fig. 1).
The observed internal family-specific gene duplications in each TIP
subgroup were previously proposed [20,26].
2.1.3. The VviNIP subfamily
NIPs constitute a highly divergent subfamily. Soybean NIP was

the first member of the plant MIPs family to be identified [31] and
this subfamily is abundant in the plant kingdom, from mosses to
flowering plants [9]. Although still matter of debate, it is believed
that NIPs were originated by horizontal gene transfer from bacterial
ancestors due to its higher phylogenetic similarity with bacterial
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AqpZ thanwith the other plant aquaporins [16]. A total of seven NIP
members were identified in grapevine, distributed into three
groups NIPeI, NIP-II, and NIP-III [32]. These groups were further
organized into six clusters (Fig. 1). The NIPeI group in NIPCL-I
(NIP1; 1 and NIP3; 1) and NIPCL-II (NIP4; 1 and NIP4; 2), NIP-II
group in NIPCL-IV (NIP5; 1), NIPCL-V (NIP6; 1), and NIPCL-VI
(NIP7; 1) clusters (Fig. 1), whereas the NIP-III group, which be-
longs to NIPCL-III (NIP2; 1) cluster was absent in Arabidopsis MIP
sequences as well as in other flowering plant species [19,20].
2.1.4. The VviSIP subfamily
VviSIP is the smallest subfamily found in seed plants (sper-

matophytes) and mosses [20] with only two members identified in
grapevine [33] and classified into two subgroups: SIPCL-I (SIP1; 1)
and SIPCL-III (SIP2; 1), much like Arabidopsis SIPs (Fig. 1). The SIPCL-
II cluster is missing in both plants. SIPs are small proteins of 26 kDa
like TIPs, but with a higher isoelectric point (~9.0) due to basic
amino acids in C-terminal [19,24].
2.1.5. The VviXIP subfamily
Its evolutionary history suggests that the XIP subfamily has

undergone a relatively recent lineage-specific expansion, gener-
ating different clades with distinct functions [34]. The transcript
variants of XIP1 gene were identified only in Solanaceae, likely due
to alternative splicing, which resulted in slightly different proteins
[35]. In Nicotiana species, the splice variant XIP1; 1a is one amino
acid shorter than XIP1; 1b splice variant.

The XIP subfamily was initially associated with the NIP sub-
family due to their sequence similarity and their overlapping sub-
strate profile [6,36]. XIPs were found in fungi, mosses, and dicots,
but interestingly, no homologs were identified in Brassicaceae,
including Arabidopsis thaliana [6,36]. After their recent recognition,
XIPs were phylogenetically divided into four subgroups (I-IV) [37].
In grapevine, only one homolog VviXIP1 was identified (Fig. 1) [38].
2.2. Structure and conserved sites of grapevine aquaporins

So far, the high-resolution structure of plant aquaporins by X-
ray crystallography, is available only for SoPIP2; 1 [39] and AtTIP2; 1
[40]. The topology prediction of grapevine aquaporins showed the
general feature of the MIP family, which includes six trans-
membrane spanning helices (TMH1-TMH6), connected with five
intra- and extracytosolic loops (LA-LE), and N- and C-termini, facing
the cytosolic side [7] (Fig. 2). The membrane aquaporin holoprotein
is assembled by four monomers, each comprising an individual
transmembrane pore, which are stabilized by hydrogen bonds and
interaction between the loops of monomers [5]. The central pore
constriction is formed by the highly conserved Asparagine-Proline-
Alanine (NPA) residues present at the two hydrophobic loops, LB
and LE. These loops fold back into the membrane, positioning the
NPA motifs at the center of the pore of aquaporins, which appear
like an hourglass [7]. The NPA motif forms the first constriction of
the pore and is considered as Filter 1, allowing the movement of
one single row of water molecules. Furthermore, four aromatic/
arginine (ar/R) residues at the cytosolic opening of the pore form
the second and narrowest constriction [8]. The ar/R residues are
highly conserved among the subfamilies, defining their substrate
specificity. Likewise, Froger's position residues (P1eP5) throughout
the aquaporin, have been described as relevant to distinguish
aquaporins from aquaglyceroporins [41], and in the interaction
with other substrates and their selectivity (Fig. 2).

Unique characteristics of each subfamily of grapevine aqua-
porins are described in the following sections.
4

2.2.1. The AEF (Ala-Glu-Phe) motif
The AEFXXT motif, located in the first helix (TMH1), is highly

conserved in almost all grapevine MIPs. Although the first two
amino acids (AE) were found in all aquaporins, the motif was
different in VviTIP2; 2 (SEFXXT) and VviTIP4; 1 (MEFXXT). The third
amino acid in the motif was not conserved in NIPs and varied to
either V/M/L, which are always hydrophobic, as suggested by Hove
and Bhave (2011) [8]. This motif was not conserved in VviSIPs, but
sequence alignment showed G/S-D-G/F-XXX-T/A residues in both
SIPs of grapevine (Fig. 2). The exact function of the AEFXXT motif is
still unclear, but it was suggested that it interacts between Filter 1
and Filter 2 due to their close vicinity [8].

2.2.2. Length of N-and C-terminal and loops
Grapevine MIPs showed distinct variations in their N-and C-

terminal length, similar to the previously reported plant MIPs.
Despite having similar sequences, PIP1s and PIP2s showed different
characteristics due to their N-and C-terminal length (reviewed by
Ref. [14]). VviPIP1 has a longer N-terminal with a shorter C-terminal
than VviPIP2s [42] (Fig. 2). VviNIPs and VviXIPs have distinguishably
longer N-and C-termini, while the shortest N- and C-terminal were
observed in VviSIPs (Fig. 2). The cytosolic termini are critical for
various regulatory functions and trafficking of aquaporins, which
will be discussed further in the relevant sections.

Among all five loops, LE is the most conserved in grapevine
MIPs. In general, a very short LD was observed in grapevine MIPs,
except in VviPIPs and VviXIPs (Fig. 2). These two subfamilies
showed a distinguishable long loop D, which was proposed to have
an essential role in the gating of aquaporins [34,39]. Like other
plant XIPs, VviXIP showed distinctly a very short LB but a very long
LC, as [34,38], and contains a highly conserved LGGCmotif in loop C
[6]. The LC is considered to connect loop B and loop E and also to
interact with monomers in the tetrameric structure, which is
functionally necessary for water permeability (reviewed by
Ref. [5]).

2.2.3. NPA motif
The NPA motifs, present in both loops LB and LE, are considered

as the most crucial feature in all aquaporins to maintain their
function, and they are highly conserved in MIPs [7]. In plants, these
two motifs are highly conserved in PIPs and TIPs, while the third
residue (alanine) shows a variation in NIPs, SIPs, and XIPs (reviewed
by Refs. [8,14]). Similarly, these motifs are conserved in grapevine
PIPs and TIPs subfamilies [42]. Among VviNIPs, the alanine in the
NPAmotif of loop B motif is replaced by serine (S) in VviNIP5; 1 and
VviNIP7; 1 of NIP-II, whereas the other member of this subgroup,
VviNIP6; 1, has conserved NPA motif (Fig. 2). The motif in loop E
possesses a valine instead of alanine in all these NIP-II members
[32]. On the other hand, NIPeI and NIP-II do not show any variation
in thesemotifs. VviSIPs and VviXIP showed variation only in the first
NPAmotif (loop B). Alaninewas replaced by threonine in VviSIP1; 1,
leucine in VviSIP2; 1, and valine in VviXIP1 (Fig. 2) [33,38]. Different
studies have shown the role of NPA motifs specifically in water
transport, but, paradoxically, mutations in these residues could not
significantly affect the transport of other substrates (reviewed by
Ref. [8]). Precise spacing (108 amino acids) between these motifs
was shown to be a prerequisite for silicon selectivity in NIPs [43].
More recently, the silicon transporter, VviNIP2; 1, showed exactly
108 amino acid spacing between the two motifs [44]. Besides
affecting the channel activity, NPA motifs have also been shown to
regulate membrane trafficking during aquaporin biogenesis in an-
imal aquaporins [45].

2.2.4. Aromatic/arginine (ar/R) selectivity filter
The ar/R residues, in combinationwith the NPAmotif, define the



Fig. 2. Topological structure of grapevine aquaporin subfamilies based on the sequences alignment of identified sequences with the previously reported representatives of other
plant species [42]. Six transmembrane domains (TMH1eTMH6), five connecting loops (LAeLE) and N- and C-termini are shown. Yellow circle: NPA motifs (Filter 1), P1eP5 blue
ovals: Froger's position residues, ovals: aromatic/arginine (ar/R) residues (Filter 2), red stars: Putative phosphorylation sites, pink circles: pH regulation sites, green and yellow
rectangles: Methylation and sorting signals, red rectangle: Mercury binding site in loop C of TIPs, green rectangle: conserved site in loop C of XIPs.
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substrate selectivity in plant aquaporins. They determine the hy-
drophobicity/philicity and size of the pore and eventually decide
the substrate's size and nature [32]. Contrary to NPA motifs, ar/R
selectivity filters are highly variable, except in PIPs (reviewed by
Refs. [8,14]). In grapevine PIPs, highly conserved hydrophilic resi-
dues FHTR were identified, which are similar to the mammalian
water channel AQP1 (reviewed by Ref. [14]). On the other hand,
VviTIPs showed group-specific diversity in ar/R residues, VviTIP1s
have HIAV, VviTIP2s have HIGR, and VviTIP4; 1 has HVAR, which are
similar to TIP groups from other plants [19], suggesting diverse
substrate selectivity [46]. Interestingly, X-ray crystallography of
Arabidopsis TIP2; 1 showed an extended selectivity filter with the
fifth residue (H131) located in loop C [40]. This residue is likely to
participate directly in the substrate interactions in the selectivity
region and is conserved in the members of the TIP2 group. In TIP1s,
H131 is replaced by phenylalanine (F). A similar pattern of conser-
vation of these residues was observed in grapevine TIPs (Fig. 2).

Significant variations in the ar/R region have been reported in
NIPs. Based on the ar/R amino acid composition, NIPs are divided
into three groups, NIPeI, NIP-II, and NIP-III, possessing distinct
estimated pore sizes, which allows the selection of a broad range of
substrates [47]. The amino acid residues in the ar/R region of NIPeI
(WeV/I-A-R), NIP-II (T/A-A/I/V-G/A-R), and NIP-III (G-S-G-R) are
group-specific, and changes in these residues significantly affect
the NIPs functional efficiency in grapevine [48] and in other plants
[49,50].

The ar/R residues in grapevine VviSIP1 were identified in a 3D
computer simulation study using SoPIP2; 1 [39] as a template [33],
showing that VviSIP1 has IVPN residues at the ar/R filter. All the
analysed SIP1 proteins showed a conserved asparagine (N) at LE2
position, which is entirely different from most PIPs, TIPs, and NIPs,
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which contain an arginine (R). However, SIP1s from the Brassica-
ceae family have isoleucine (I) at the same position. Two conserved
characteristics in the SIP1 group were identified: i) proline (P) at
LE1 position, and ii) a highly conserved AFGWAYI motif in loop E
[33]. On the other hand, VviSIP2 has SHGA residue at the ar/R filter,
which is highly conserved in other plants also [19].

Similar to NIPs, an extensive variation of amino acids at the ar/R
filter of XIPs has also been identified [36]. The ar/R filter in grape-
vine XIP1 is composed of VTAR. Amino acid residues in the ar/R
region of some XIPs were found similar to the residues of some
plant NIPs, while in other XIPs, these residues were more hydro-
phobic, facilitating the transport of hydrophobic and bulky sub-
strates [36]. Additionally, a cysteine residue located after the
second NPA motif (NPARC) was also identified as the signature
sequence of plant XIPs [6].

3. Localization and molecular functions of grapevine
aquaporins

3.1. Cellular/sub-cellular localization

As previously described, PIPs, NIPs, and XIPs are mainly local-
ized at the plasma membrane [36,51], while TIPs and SIPs are
localized at tonoplast and endoplasmic reticulum (ER), respectively.
Although PIPs are generally considered as markers of the plant
plasma membrane, some isoforms, especially PIP1s, are also found
intracellularly [52,53]. It has been proposed that PIP2 isoforms are
required for proper trafficking of PIP1s to the plasma membrane
[54], but stress-induced re-localization of PIPs to intracellular
vesicles was also described (reviewed by Ref. [55]).

Different mechanisms may account for the complex pattern of
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aquaporin subcellular localization. In eukaryotes, the diacid motif
(D/E)-X-(E/D), present in the N-terminal of the transmembrane
proteins, is involved in the trafficking of proteins to the plasma
membrane through the endoplasmic reticulum (ER)eGolgi secre-
tory pathway [56]. Alignment of grapevine PIPs showed that EED
residues in VviPIP1s and D-V/I-E residues in VviPIP2s are conserved,
as previously reported in PIPs of maize [57] and Arabidopsis [58].
Mutation in these residues resulted in the retention of ZmPIP2s and
AtPIP2; 1 in the ER, further suggesting the role of diacidmotifs as ER
export signals. However, diacid motifs are not the exclusive regu-
latory signal for the trafficking of aquaporins because ZmPIP1s
localize at the ER despite having this motif, and ZmPIP2; 1 localizes
at the plasma membrane but lacks the motif [57]. Moreover, when
the N-terminal portion of the maize ZmPIP2; 5, with a functional
diacid motif, was introduced into ZmPIP1; 2, the chimeric protein
was not targeted to the plasmamembrane [57]. Similarly, VviPIP2; 2
lacks this sortingmotif (D/E)-X-(E/D) (Fig.1), but it is targeted to the
plasma membrane in heterologous expression in yeast [59]. Thus,
because different proteins lacking this diacid motif are successfully
trafficked to the plasma membrane, other mechanisms are likely to
be involved in aquaporin sorting [51,55,60].

The transmembrane helix 3 (TMH3) has also been involved in
the membrane trafficking of aquaporins. The motif 127L-XXX-A131

present in the TMH3 of ZmPIP2s was demonstrated to regulate the
trafficking of the aquaporin [61]. However, thismotif is present only
in VviPIP2; 1 and not in other members of grapevine PIP2s group.
Interestingly, these residues are not confined to PIP2s and are also
present in TIP1s and some members of NIPs of grapevine and
Arabidopsis.

Cellular localization of aquaporins in grapevine is depicted in
Fig. 3. The heterologous expression of GFP-tagged grapevine PIPs,
TIPs, and NIPs showed that most of these proteins are localized in
the plasmamembrane of S. cerevisiae [32,42,44,59]. However, some
fractions of the GFP-tagged proteins were retained at intracellular
structures, most likely at the endoplasmic reticulum or vesicles of
the secretory pathway, as previously observed (reviewed by
Ref. [10]).
Fig. 3. Sub-cellular localization of grapevine aquaporin isoforms, substrate specificity and
arsenate reductase, GSH-glutathione, GSSG-glutathione disulphide and ER-Endoplasmic ret
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After heterologous expression in yeast, the grapevine SIP1-
tagged with GFP was localized at endoplasmic reticulum as
confirmed by Western blot analysis with specific ER antibodies
[33]. In agreement, when transiently expressed in tobacco
epidermal cells, VviSIP1-tagged with RFP localized at the ER.

The lysine-rich residues in the C-terminal of plants and
mammalian ER aquaporins have been identified by many re-
searchers [30,62,63]. This motif was suggested to be responsible for
retrograde Golgi-to-ER transport and ER retention of these aqua-
porins. Grapevine SIP (VviSIP1) also shows an ER dibasic retention
signal (KQKK) in its C-terminus [33].

Furthermore, transient expression of VviXIP1-RFP in
N. benthamiana epidermal cells, co-localized with the ER marker
YFP-HDEL and with the tonoplast marker YFP-ZmTIP2; 1 [38].
Contrary to VviXIP1, all the previously studied plant XIPs were
localized in the plasma membrane [35,36]. Indeed, the true sub-
cellular localization of some aquaporins remains puzzling. AtNIP1;
1 was previously localized in the plasma membrane [64,65], but a
recent study revealed its unusual occurrence in ER and tonoplast,
suggesting its crucial role in metalloids [As (III)] homeostasis at the
sub-cellular level [66].

3.2. Membrane transport and substrate selectivity

Xenopus laevis oocytes has been the primary model to func-
tionally characterize grapevine aquaporins [21,67,68], although
some disadvantages of this model have been reported (reviewed by
Ref. [7]). On the other hand, aqy-null S. cerevisiae strains is a
powerful tool that has unveiled multifaceted roles of grapevine
aquaporins (Table 1). Transport activity of aquaporins has also been
studied in membrane vesicles purified from transformed yeast cells
or in artificial membrane vesicles after protein purification [33,69].

3.2.1. Water conductance
Functional characterization of many grapevine aquaporins (five

VviPIPs, four VviTIPs, four NIPs, one VviSIP, and one VviXIP) has been
performed by stopped-flow spectroscopy [75] in yeast cells
regulatory mechanisms. Abbreviations: PHT1-inorganic phosphate transporter, ACR2-
iculum.



Table 1
Specific sequence features and conserved sites of grapevine aquaporins, functionally characterized in different expression systems.

Grapevine
aquaporin
isoforms

NCBI Accession
number

Protein
length
(Amino
acid)

Termini length
(Amino acid)

Filter 1 (NPA
motifs)

Filter 2 (ar/R
residues)

Functional characterization Regulation

N-
terminal

C-
terminal

NPA1
(LB)

NPA2
(LE)

H2 H5 LE1 LE2 Expression system Substrates

PIPs VviPIP1;
1

HQ913643 286 5 9 NPA NPA F95 H225 T233 R239 Yeast ND [59] e

VviPIP1;
4

KJ697714 286 53 9 NPA NPA F94 H223 T232 R238 Yeast H2O2, Boron (B) [42] e

VviPIP2;
1

KJ697715 284 37 17 NPA NPA F84 H213 T222 R228 Yeast Water [42] Inhibition by
HgCl2 [32]

VviPIP2;
2

HQ913642 279 37 17 NPA NPA F79 H208 T217 R223 Yeast ND [42] e

VviPIP2;
3

KJ697716 287 39 17 NPA NPA F67 H196 T205 R211 Yeast H2O2, Boron (B) [42] e

TIPs VviTIP1;
1

KJ697717 251 21 12 NPA NPA H65 I187 A196 V202 Yeast Water, H2O2, Boron (B) [42] Inhibition by
HgCl2 [32]

VviTIP2;
1

HQ913640 249 19 12 NPA NPA H63 I185 G194 R200 Yeast Water [59] Cytosolic pH-
dependent
gating [59]
Turgor-
induced
membrane
tension [73]
Inhibition by
HgCl2 [59]

VviTIP2;
2

KJ697718 250 24 13 NPA NPA H63 I185 G194 R200 Yeast Water, H2O2, Boron (B) [42] Inhibition by
HgCl2 [32]

VviTIP4;
1

KJ697719 253 19 17 NPA NPA H60 V183 A192 R198 Yeast Boron (B) [42] e

NIPs VviNIP1;
1

MN723560 282 48 26 NPA NPA W86 V206 A215 R221 Yeast Water, Glycerol, Arsenite (As),
Boron (B), Selenium (Se) [32]

Cytosolic pH-
dependent
gating [32]
Inhibition by
HgCl2 [32]

VviNIP2;
1

100265406 294 49 38 NPA NPA G87 S206 G215 R221 Yeast and Xenopus
oocytes

Silicon (Si), Arsenite (As), Boron
(B), H2O2 [32,44]

e

VviNIP5;
1

MN723561 298 78 18 NPS NPV A111 I230 G239 R245 Yeast Boron (B), Cadmium (Cd) [32] e

VviNIP6;
1

MN723562 312 84 65 NPA NPV T118 I239 A248 R254 Yeast Glycerol, Arsenite (As), Boron
(B), Cadmium (Cd) [32]

Cytosolic pH-
dependent
gating [32]
Regulation by
C-terminal
[32]
Inhibition by
HgCl2 [32]

SIP VviSIP1;
1

DQ086835 238 10 7 NPT NPA I52 V175 P184 N190 Yeast ER vesicles,
proteoliposomes
and Xenopus
oocytes

Water [33] e

XIP VviXIP1 F6I152
(XP_010647342)

320 61 26 NPV NPA V99 T243 A254 R260 Yeast membrane
vesicles

Glycerol, H2O2, Arsenite (As),
Boron (B), Heavy metals-
Copper (Cu) and Nickle (Ni) [38]

Inhibition by
HgCl2 [38]

— Not determined, ND- Not detected.
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(Table 1) [32,33,38,42,44,59]. Among PIPs, only VviPIP2; 1 showed.
Water conductance [42,59]. The remaining members, VviPIP2; 2

and VviPIP2; 3, and VviPIP1; 1 and VviPIP1; 4, did not affect yeast
water transport despite their correct localization in the plasma
membrane [42,59].

Although PIPs share similar residues in the selectivity filter,
PIP1s and PIP2s show distinct substrate specificity. For instance,
most PIP1s showed null or very low water conductance when
expressed in heterologous systems [52,70e72], even though their
expression analysis suggests a crucial role in root hydraulic
conductance in tobacco [74] and Arabidopsis [75] and in developing
pea seed coat during water imbibition [76].

Results have shown that water permeability of grapevine Vvi-
TIPs is generally higher than VviPIPs, as observed for other heter-
ologously expressed plant TIPs and PIPs [77,78]. This high water
7

permeability exhibited by TIPs may allow the cells to rapidly recruit
the vacuolar space to maintain cellular integrity in case of osmotic
fluctuations caused by rapid water exchange [77,79].

Water transport activity of grapevine NIPs (NIP1; 1, NIP2; 1,
NIP5; 1, and NIP6; 1) was also measured after heterologous
expression in yeast [32,44]. This MIP subfamily showed no or lower
intrinsic water permeability than PIPs and TIPs. Among all NIPs,
only VviNIP1; 1 showed significant water channel activity. This
isoform belongs to the NIPeI group, which includes the archetype
GmNod26 that has been characterized as a water channel [49]. The
ar/R filter of the NIPeI group is composed of hydrophilic amino acid
residues, which tend to form a narrower pore (diameter ~2.8 Å)
[80]. A wider pore aperture was proposed for NIP-II and NIP III
groups [49] that include VviNIP5; 1, VviNIP6; 1 (NIPII) and VviNIP2;
1 (NIP-III), but these proteins were not able to mediate water
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transport when expressed in yeast [32,44]. Numerous NIP-III group
members share the same ar/R filter, but their water permeability
differs from each other. For instance, OsLsi1 (OsNIP2; 1) and
HvNIP2; 1 were able to transport water [50,81], while the other
functional Si transporters of pumpkin (CmLsi1) and grapevine
VviNIP2; 1 were unable to mediate water transport despite pos-
sessing the similar NPA and Ar/R filters [82]. These NIP members
contain selectivity filters with more hydrophobic residues, and
their incapacity to transport water is likely due to different gating
mechanisms or to their inability to organize the water molecules in
the pore [80,83].

VviSIP1 showed water transport activity measured by stopped-
flow using ER vesicles isolated from yeast cells overexpressing
VviSIP1 and in reconstituted proteoliposomes [33]. VviSIP1 has an
NPT-NPA signature, as in Arabidopsis AtSIP1; 1 and AtSIP1; 2, that
has also been associated with water transport [84]. Nonetheless,
the physiological relevance of water transport at the ER still re-
mains to be deciphered. On the other hand, increased water
permeability was not detected in membranes isolated from yeast
cells overexpressing VviXIP, in agreement with previous data from
Nicotiana tabacum [36] and in Hevea brasiliensis [85]. Interestingly,
Populus trichocarpa has two XIP members, from a subfamily of six,
that showed small water transport activity when expressed in
Xenopus oocytes [86].

3.2.2. Transport of other substrates
In general, PIP isoforms have highly conserved and narrow pores

quite specific for water transport, while TIPs, NIPs, and XIPs show a
more diverse pore configuration (Table 1, Fig. 3). Different reports
have suggested that PIPs and TIPs are orthodox water channels,
while NIPs and XIPs are aquaglyceroporins permeating both water
and glycerol [4,7,87]. But the specificity of other aquaporins is
rather uncommon, being able to permeate H2O2, silicon, arsenite
[4,8].

3.2.2.1. Glycerol transport. Glycerol transport activity of aquaporins
expressed in yeast has been evaluated through stopped-flow
spectroscopy by measuring the yeast cell volume changes trig-
gered by glycerol osmotic gradients [32]. This approach showed
that VviNIP1; 1 is an aquaglyceroporin with a higher capacity to
transport glycerol and water, much like it has been observed in
other members of the NIPeI group, including in the archetype
GmNod26 and Arabidopsis NIPs [88], while VviNIP6; 1 was able to
mediate the transport of glycerol but not of water as observed in
Arabidopsis AtNIP6; 1 [49]. NIP6; 1 protein belongs to NIP-II cluster
(Fig. 1). The enormous variation in its ar/R region and the presence
of hydrophobic amino acid residues and of a wider pore (diameter
~3.4 Å) [89] may have resulted in their broad substrate specificity.

Recently, a decline in membrane glycerol permeability of
grapevine NIPs was observed when the ar/R residues at H2/H5
helices positions were switched between grapevine VviNIP1; 1 and
VviNIP6; 1, but the functional properties of each NIP were not
significantly changed in particular in what regards water transport
[48].

However, homology modelling suggested that NIP6; 1 has a
much wider pore than NIP1; 1, which could accommodate more
than one water molecule [48,49]. Similarly, switch the ar/R residue
between the aquaglyceroporin LIMP2 and the water selective
aquaporin LIMP1 did not enhance the water permeability of LIMP2
[90].

Furthermore, homology modelling analyses suggested that
amino acids at the entrance of the channel, which influence its
physicochemical properties, may also play relevant roles in deter-
mining NIP substrate selectivity [48].

Besides NIPs, grapevine XIP1 also showed glycerol transport
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when studied by stopped-flow spectroscopy in vesicles purified
from yeast cells overexpressing VviXIP1 [38]. The ar/R filter of
VviXIP (VTAR) is similar to the ones of Nicotiana tabacum and of
NIP-III isoforms that have been shown to transport uncharged
molecules like glycerol, urea and metalloids [36].

While in yeasts, glycerol plays an important role as osmopro-
tectant [91], its physiological relevance in plants is still puzzling,
although other polyols, like mannitol and myo-inositol, are
important compatible solutes in grapevine [92]. Glycerol may act as
a carbon source in plants [93] and its exogenous application was
shown to improve plant growth and root development [94]. In
symbiotic nodules, the aquaporin GmNod26 is potentially involved
in glycerol and NH3 uptake during the nitrogen fixation [88].

3.2.2.2. H2O2 transport. Growth assays of yeasts, overexpressing
different grapevine aquaporins, in the presence of toxic concen-
trations of H2O2 have shown that PIPs and TIPs are permeable to
this compound, much like their counterparts in Arabidopsis [95,96]
and maize [97].

In plant cells, H2O2 is a harmful molecule that induces oxidative
stress but also plays important physiological roles as a signalling
molecule [75]. During stress conditions, it can be compartmental-
ized intracellularly or exported into the apoplast [98]. It has been
suggested that PIPs are involved in apoplastic exclusion of excess
H2O2, while TIPs compartmentalize H2O2 into vacuoles, resulting in
their further detoxification by vacuolar peroxidases [99].

Furthermore, functional studies with the ROS sensitive probe 5-
(and-6)-chloromethyl-20,70-dichlorodihydrofluorescein diacetate
acetyl ester (CM-H2DCFDA) and with a Clark electrode, monitoring
the rate of O2 release by transformed yeast cells elicited with H2O2,
suggested that NIP2; 1 [44] and XIP1 [38] mediate H2O2 uptake.
Although H2O and H2O2 are structurally and electrostatically
similar, these aquaporins were remarkably able to distinguish both
substrates because they are unable to transport water.

3.2.2.3. Boron transport. Boron is a plant micronutrient with rele-
vant roles in preserving the cell wall integrity [100], and aquaporin-
mediated uptake of boron in plants has been described under
limited boron conditions [101]. PIPs of squash [102] and barley
[103] root were able to mediate boron transport when heterolo-
gously expressed. Additionally, two Arabidopsis NIPs, AtNIP5; 1 and
AtNIP6; 1, members of the NIP-II group, were also characterized as
boric acid channels [101,104]. It was suggested that AtNIP5; 1 me-
diates uptake of boron from the soil by root cells, which is loaded
into the xylem by a borate exporter BOR1, thereafter AtNIP6; 1
mediates the xylem-phloem transfer of boric acid at the nodal re-
gions in the aerial part of the plants [104].

Growth assays have shown that strains overexpressing grape-
vine PIPs, TIPs, NIPs, and XIPs exhibited sensitivity when chal-
lenged with boric acid [38,42,44,48], suggesting that they mediate
boric acid uptake. Among grapevine NIPs, the NIP-II member Vvi-
NIP6; 1 is likely the most prominent boron transporter, but mem-
bers of other groups such as VviNIP1; 1 of the NIPeI group and
VviNIP2; 1 of the NIP-III are also likely able tomediate boron uptake
[32]. The significance of the ar/R residue at the H5 position has been
established in the NIP-III group [50]. Recently, our study suggested
that the ar/R residue at the H5 position is crucial for boron uptake
by VviNIP2; 1. Thus the substitution of a serine, a small polar amino
acid, by the bulkier and non-polar isoleucine (S206I) resulted in the
complete loss of yeast growth sensitivity towards boron. However,
the sensitivity was unaffected by the substitution at the H2 position
(G87A) [32].

3.2.2.4. Arsenite transport. In higher plants, phosphate trans-
porters (PHT1) non-specifically transport non-toxic form As (V),
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which is rapidly reduced to the toxic form As (III) by arsenate
reductase (ACR2), and subsequently sequestered in vacuole by ABC
transporters [105]. Alternatively, As (III) can be exported to the
extracellular space by NIPs and PIPs. A recent report showed that
yeast strains expressing VviNIP1; 1 or VviNIP6; 1 are able to
mediate both influx or efflux of As (III) [32]. The observed bidirec-
tional flux of As (III) through grapevine NIPs was previously
demonstrated in Arabidopsis, rice, and lotus [64,106]. Besides, Vvi-
NIP2; 1 was also permeable to arsenite [As (III)] when expressed in
oocytes [44], similarly to rice Lsi1 and barley HvNIP2; 1
[81,106,107]. Nonetheless, the main form of this compound in
aerated soils, where grapevine generally grows, is arsenate [As(V)].
Thus, it appears that arsenite transport capacity seems to be an
ancestral feature shared by NIP2; 1 with no, or very limited, bio-
logical significance in grapevine. Previous studies demonstrated
that the selectivity of NIPs to As (III) is not strictly dependent on ar/
R residue, as different groups with distinct ar/R residues showed
selectivity for As (III) [50,108]. However, the mutational study of
VviNIP2; 1 indicated that similar to boron, the residue at the H5
position is crucial for the transport of As (III) in grapevine [48].

3.2.2.5. Silicon transport. Supplementation of Silicon (Si) is bene-
ficial for plants under biotic and abiotic stresses [109,110]. Studies
in rice mutants allowed the identification of the first Si channel in
plants, Lsi1 [111], and since then, similar proteins have been iden-
tified in different plant as NIP2 aquaporins [44]. Specific features
are needed for a NIP2 being able to transport Si, including the
presence of NPA motifs separated by 108 amino acids and a GSGR
ar/R selectivity filter [43]. Indeed, VviNIP2; 1 is a bona fide silicon
transporter in grapevine, highly expressed in roots, and localized at
the plasma membrane. Besides Si, it also mediates the uptake and
Ge (Si analog) when expressed in Xenopus oocytes [44]. Although
grapevine is considered a non Si-accumulator, own-rooted plants
accumulated >0.2% Si (DW) in leaves when irrigatedwith 1.5 mM Si
for one month.

4. Gating and functional regulation

A high transmembrane water conductance through plant
aquaporins is a prerequisite for plant growth and development and
response to environmental cues. The inter/intracellular water flux
is adjusted by distinct regulatory mechanisms that control the
aquaporin expression, function, and gating. Aquaporins regulation
at the transcriptional level is mainly associated with their differ-
ential expression, which is greatly altered by environmental stress.
On the other hand, different co- and post-translational modifica-
tions such as methylation, phosphorylation, and heteromerization,
regulate the aquaporin trafficking and, subsequently, their func-
tionality [4]. A faster regulatory mechanism to control the opening
and closing of the aquaporin pore is called gating and may be
triggered by different mechanisms [5], including phosphorylation
[39], organization in heterotetramers [112,113] membrane tension
and turgor [73], and protonation [59].

A plethora of studies has been performed in grapevine, showing
the differential expression of aquaporin transcripts under various
stress conditions, especially under water stress [13,67,114e116].
However, only a few studies revealed the underlying molecular
mechanisms for gating and functional regulation of grapevine
aquaporins (Table 1, Fig. 3).

4.1. Gating by cytosolic pH

A pH-dependent gating of heterologously expressed VviTIP2; 1
showed that acidification of yeast cytosol resulted in the loss of
activity [59]. The molecular basis of pH-dependent gating was
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explained by the presence of a His131 in cytosolic loop D, which is
considered as a pH-sensor in PIPs [39,117]. The molecular mecha-
nism of gating was unveiled by the pioneering work based on the
atomic structure of closed and open conformations of SoPIP2; 1.
Results showed that protonation of the conserved His193 residue
changes the conformation of loop D, which occludes the pore. Both
in spinach (His193 in SoPIP2; 1) and in Arabidopsis (His197 in AtPIP2;
1), protonation of histidine residue by cytosolic acidification
resulted in reduced water flow, which is considered crucial to close
the pore during anoxic stress conditions like under flooding
[39,117]. Although this residue is not conserved in other aquaporin
isoforms, altered membrane permeability was observed under
different pH conditions. For instance, an enriched fraction of
tonoplast membrane vesicles of B. vulgaris showed reduced
permeability at acidic pH [118], whereas AtTIP5; 1 permeability was
dependent on extracellular pH [119] and permeability of VviTIP1; 1
was unaltered under different pH conditions [21]. A recent report
showed that water and glycerol permeabilities of grapevine NIPs
are also reduced by cytosolic acidification [32]. The lack of any His
residue in loop D suggests that other cytosolic acidic amino acids
are involved in the intracellular pH-sensitivity of aquaporins. For
instance, cytosol facing amino acids such as R194 and D195 in Ara-
bidopsis [117] and Leu206 in B. vulgaris aquaporins [120] have been
suggested to participate in their pH dependent gating.

4.2. Gating by membrane surface tension

Gating of grapevine VviTIP2; 1 by turgor-induced membrane
tension was also reported [73]. Vacuoles play an essential role
during osmotic cytosol fluctuations under drought conditions by
changing their size and shape [77]. The quenching of VviTIP2; 1
permeability in an internal pressure-dependent manner [73] sug-
gests that membrane tension prompts conformational changes of
VviTIP2; 1 from an open to a closed state, inducing the closure of
water channels to prevent rapid water loss [73]. Gating of water
channels by osmotic or hydrostatic tension has also been reported
in other plants, implying that high tension changes the aquaporin
conformation from an open to close state or causes the structural
collapse to close the protein channel [121,122]. Mechanosensitive
gating was also observed in maize roots [123]. Similarly, molecular
dynamic simulations of the crystal structure of yeast aquaporin,
Aqy1, supported that surface tension andmembrane curvature may
mediate mechanosensitive gating [124].

4.3. Functional regulation by aquaporin terminals

Numerous studies have shown that the conserved phosphory-
lation sites generally at serine/threonine are located at N- and C-
terminals of aquaporins [4,5,55]. Phosphorylation can directly
regulate the aquaporin gating, trafficking, and their functionality. In
grapevine, direct evidence of phosphorylation-mediated channel
regulation is not available. However, one of our recent studies
demonstrated that C-terminal extension in VviNIP6; 1 improved the
water and glycerol permeability [32]. The sequence analysis showed
that besides the presence of a conserved phosphorylation site of
GmNod26 at Ser262 [125], six additional putative phosphorylation
sites were also predicted in the extended C-terminal. This study
suggested that additional phosphorylation sites are involved in
gating and improved targeting of the channels to the membrane, as
observed in C-terminal extension of Arabidopsis AtNIP7; 1 [88].
Sequence analysis in this review showed conserved phosphoryla-
tion sites in C-and N-termini of the respective groups of NIPs, as
mentioned byWallace et al.(2006) [88] (Fig. 2). Recently, N-terminal
phosphorylation at threonine in the conserved TPG (Threonine-
Proline-Glycine) repeat of Arabidopsis AtNIP5; 1 was shown to
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regulate the polar localization of this boron channel in the plasma
membrane of root cells [126].We identified this conserved sequence
in both VviNIP5; 1 and VviNIP6; 1 of grapevine in this review (Fig. 2).

Our previous study also analysed the conserved phosphoryla-
tion sites in grapevine PIPs and TIPs [42]. A serine residue in loop B,
identified as phosphorylation site (Ser115) in spinach SoPIP2; 1
[127], was shown to be conserved in all plant PIPs and some TIPs
[128], including grapevine PIPs, TIPs [42] and VviXIP1 (Fig. 2).
Additionally, serine in consensus sequences of loop D (N/
SARDSHVP) and C-terminal (Lys-x-xx- Ser-x-Arg) was identified in
grapevine PIPs [71,129]. Unlike PIPs, TIPs, and NIPs, regulatory
mechanisms of XIPs have been scarcely explored. A recent mass
spectrometry study confirmed the phosphorylation sites at five
residues (four serine and one threonine) in the N-terminal of
NbXIP1; 1a in Nicotiana benthamiana [35]. However, sequence
analysis showed that none of the serine residues was present at
equivalent positions in grapevine VviXIP1 except Thr26 (Fig. 2). The
unusual retention of VviXIP1 in the endoplasmic reticulum may be
explained by the lack of sufficient phosphorylation sites at the N-
and C-termini of this protein [38].

4.4. Inhibition by mercury chloride

Mercury (HgCl2) is frequently used as blocker of aquaporin
transport activity (reviewed by Ref. [7]). All grapevine aquaporins
functionally characterized up to now, showed significant mercury-
dependent inhibition for water, glycerol, and H2O2 transport
[32,38,42,59]. Mercurial compounds bind to the thiol group of the
cysteine residue located downstream to the first NPA motif, which
blocks the pore and subsequently shuts-down the aqueous
pathway [4,42]. In grapevine, this cysteine residue was conserved
in loop C of TIPs, whereas in PIPs, two cysteine residues in the
second and third transmembrane helices were implied for mercury
binding [42,130]. Due to cell toxicity induced by mercury, re-
searchers are in continuous urge to find out safer and specific
potent aquaporin blockers (reviewed by Ref. [5]).

5. Ecophysiological perspectives: role of aquaporins in
grapevine response to drought stress

To cope with water stress, grapevine developed efficient adap-
tation mechanisms to transfer water from roots to their growing
aerial organs mediating an efficient stomatal control of transpira-
tion [1] and an efficient xylem embolism avoidance system
[67,131,132], as well as osmotic adjustment ability [133,134].
Aquaporins are deeply involved in the non-vascular transport of
water through inter-and intracellular pathways [7] within the
plant. They contribute to rapid and reversible regulation of cells
hydraulic conductance in several organs by adjusting the mem-
brane water permeability [67,135,136] and play an essential role in
the adaptation to drought condition by maintaining water and ion
homeostasis of vines.

The large heterogeneity existing across Vitis vinifera L. genotypes
results in differences in plant drought responses, in terms of their
leaf stomatal aperture (iso and anisohydric behavior), hydraulic
response (at root and leaf levels), modulated in part by aquaporin
activities, and resulting in different water use efficiency
[1,137e140]. However, the subject is far to be simple, since several
grapevine genotypes showed the ability to switch its strategy by
balancing from a near-isohydric behavior when the soil water
content is low, to near-anisohydric behavior when levels of soil
water content increase, thanks to aquaporins activities [67]. This
leads several authors to consider aquaporins as a central master in
the transduction of chemical signals (namely abscisic acid ABA) into
hydraulic signals [116,141].
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In addition to Vitis vinifera L. genotypes, differences among Vitis
spp. rootstocks in terms of aquaporins expression under drought or
in term of the proportion of conductance under the control of
aquaporins have also been reported [12,142,143]. This was attrib-
uted to the contrasting ability to produce ABA among rootstocks
under water stress [144] and the effect of ABA on the expression
and activity of aquaporins [145,146]. Considering the importance of
the chemical (namely ABA) and hydraulic (as well as aquaporins)
signals exchanged between the rootstock and the scion, in partic-
ular under water deficit condition [139,147], and the correlation
existing between root aquaporin expression and plant hydraulic
conductance and transpiration (E) [67], the interpretation of
aquaporin expression pattern in a grafted plant is much more
complex, and scion effects should be considered [143,148]. In
addition, the different function and regulation of aquaporins are
highly variable among the distinct isoforms and across different
genotypes and organs, impairing the interpretation of the role of an
individual aquaporin [67].

5.1. Physiological roles of grapevine aquaporins in the leaves

Aquaporins have been linked to grapevine stomatal regulation,
which varies between varieties [147,149,150]. Through hormonal
and hydraulic mechanisms, stomata tightly regulate their aperture,
measured by stomatal conductance (gs) [151e153], in response to
environmental conditions, and aquaporins have a key role in this
process [11,146,154]. Rapid and reversible changes in leaf hydraulic
conductance Kleaf involving aquaporins have been first observed in
Vitis rootstock under water stress [155]. Later studies, reported the
concomitance between the decrease in Kleaf (c.a 30%) and the
down-regulation of some PIPs and TIPs isoforms, in particular
VviTIP2;1, in the anisohydric Chardonnay genotype [156].

In the near-anisohydric Touriga Nacional grapevines, an up-
regulation of aquaporins isoforms VviTIP1;1 and VviPIP2;1 in
leaves was observed concomitant with a decline in leaf water po-
tential, suggesting the role of aquaporins in maintaining plant
water status during high transpiration [116]. Conversely, a syn-
chrony between VviTIP2;1 down-regulation and the increase in leaf
ABA and xylem sap pH was observed, without any changes in Kleaf,
suggesting a role of hormonal signalling. Stomatal activities depend
on the conjugation of metabolism of abscisic acid (ABA), hydraulic
signals, and the regulation of aquaporin activity. The ABA accu-
mulation in leaves reduces the activity and/or expression of some
aquaporins in the bundle sheath cells [157], which induce a
decrease in Kleaf and exerts a feed-forward signal to stomata to
close [158,159]. The involvement of ABA in the post-transcriptional
regulation of aquaporin isoform (PIP2; 1), e.g., by OST1-dependent
phosphorylation, in ABA-triggered stomatal closure was previously
confirmed [146]. The involvement of VviERF055 transcription factor
in aquaporin expression, concomitant with the increase of ABAwas
also reported in Vitis riparia leaves in response to dehydration
[160]. Altogether, this suggests the key role of aquaporins in the
transduction of chemical signals into hydraulic signals and in the
differentiation between the isohydric and anisohydric strategies
[141]. Discrepancies in aquaporins expressions among genotypes
under water stress could be accounted to isohydric strategy being
linked to an interaction between hydraulic and ABA signalling,
whereas anisohydric genotypes appear not to respond to such
interaction [161,162].

Aquaporin expression in the anisohydric Chardonnay petioles
(VviPIP2;1 and VviPIP2;2) tend to be more down-regulated than in
the isohydric Grenache petioles in stressed vines [13]. They also
reported a significant down-regulation of leaf VviPIP2;1 and Vvi-
TIP2;1 in both cultivars under water stress correlated with signifi-
cant decreases in leaf water potential but not with hydraulic
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conductivity measurements of Grenache, suggesting their role in
regulating petiole and leaf hydraulics only in anisohydric cultivars.
Additionally, a differential circadian changes in aquaporins
expression between both varieties, both in well-watered and
water-stressed vines was observed [13], which could account for
the iso- and anisohydric behavior of the cultivars. Recently, Dayer
et al. (2020) [158] showed the correlation of VviPIP1;1, VviPIP2;1
and VviTIP2;1 with Kleaf in the isohydric Grenache but not in the
near-anisohydric Syrah, attributing the result to a stronger leaf
hydraulic control in the isohydric Grenache to changes in transpi-
ration (E) which could account to stronger regulation of aquaporins.

Latest reports by Cochetel et al. (2020) [163], investigating
transcriptomic responses to water stress of four genotypes: Vitis
champinii, Vitis riparia, Vitis vinifera, and SC2 (Vitis vinifera x Vitis
girdiana), showed upregulation of VviPIP1;3 among all studied ge-
notypes, while the only PIP1;2 and TIP1;3, were decreased by
dehydration especially in Vitis champinii leaves. In addition,
VviXIP2;2 expression was detected mainly in Vitis champinii and
Vitis riparia mostly in leaves, while it was not detected in Vitis
vinifera and SC2, and its expressionwas only significantly repressed
in Vitis champinii leaves by the water stress.

In grapevine, reports show the positive correlation between
fine-root Kroot and leaf area and transpiration [12]. The underlying
mechanisms governing these processes are not yet elucidated,
however, changes in Kroot by aquaporins could in turn modulate
Kleaf and hydraulic conductivity of whole plants, impacting leaf
growth [164]. Aquaporins have been suggested to regulate water
transport across roots to ensure the transpirational demand need
by a root water transport capacity [67]. Recent RNAseq data
generated from Vitis riparia roots and shoots indicate that the only
two aquaporins expressed in roots (VIT_08s0040g018 90,
VIT_14S0108g00700) were upregulated under water stress, while
the 16 aquaporins expressed in shoots were down-regulated, sug-
gesting that aquaporins contributed to water uptake in the root
while contributed to limit water loss in the shoot [165].

5.2. Physiological roles of grapevine aquaporins at root level

Aquaporins play a major role in the regulation of root hydraulic
conductance (Lpr) at the cellular level. In grapevine, the examina-
tion of four different rootstocks put in evidence the importance of
metabolic control in root hydraulic adjustment and root embolism
recovery, being higher in the genotypes known as more resistant to
water stress [142,148]. Corroborating these data, a higher expres-
sion of VviPIP2;1 and VviPIP2;2 and an increase of Lpr (approxi-
mately 60% increase) in the high-vigour rootstocks comparing with
the low-vigour and drought-susceptible ones under well-watered
conditions was reported [12]. Also, the involvement of root aqua-
porins in the regulation of Lpr as a response to changes in plant E
through shoot-to-root signalling was suggested [166]. In contrast,
the control of Lpr of grapevine rootstock was suggested to be
related to the activity of aquaporins in leaves, since no relation
between root aquaporins and Lpr was found [155]. In this topic, in
own-rooted Touriga Nacional grapevines, an increase in leaf tem-
perature (linked to decrease in E) was observed with an increase in
chemical signal (e.g. root [ABA] and xylem sap’ pH) in water-
stressed vines, concomitant with the downregulation of VviPIP2;1
and VviTIP2;2 in the roots and a decrease in Lpr [116]. Recently, the
stronger adjustment of Lpr and greater sensitivity of stomata to
(ABA) xylem sap were indicated keys to the greater conservation of
soil moisture and rootstock resistance to drought [158]. Thus, like in
leaves, that root hydraulic conductance is also a function of ABA
levels (reviewed by Ref. [167]). Meggio et al. (2014) [168] suggested
that under water deficit, roots of the more anisohydric vines are
more able to adjust their osmolality as well as to maintain their cell
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integrity and consequently more able to sustain plant E than the
isohydric vines. This observation is in agreement with the findings
of [166], who observed a contribution of root aquaporins in Char-
donnay to sustain leaf E, but not in Grenache, under water stress
conditions. Besides, a decrease in Lpr in Grenache was observed
without any change in aquaporin expressions, concluding that in
isohydric genotype, Lpr reduction is mainly resulting via the apo-
plastic pathway [158]. In contrast, an upregulation of the root
VviPIP1;1 and VviPIP2;1 was observed with a constant Lpr in the
near-anisohydric Syrah, suggesting a contribution of aquaporins to
water transport via the symplastic pathway in the anisohydric ge-
notypes. Cochetel et al. (2020) [163] showed an identical pattern of
decrease in the expression of VviPIP2;4, VviTIP2;1 and VviTIP1;4
after 2 weeks of water stress in the different Vitis species, even
though the down-regulation of these aquaporins was observed
earlier in Vitis champinii. These data indicate a different sensitivity
to water stress intensity in the aquaporin response among Vitis
species.

Considering the importance of hydraulic conductivity of roots in
cell division, elongation, and differentiation in the root tip, changes
impacting Lpr by aquaporin expression and activities will impact
root growth and root ability to absorb water. Consistent with this,
artificial down-regulation of aquaporins resulted in compensatory
increases in root size and Lpr [74,75,169], suggesting the existence
of a feedback mechanism connecting aquaporins to Lpr and root
growth. On the other hand, in grapevine, the contribution of Lpr in
the meristematic and elongation zones is greater than that in the
secondary growth zone of fine roots, where abrupt drop in aqua-
porin expressionwas observed [115]. In fact, several PIPs (VviPIP1;1,
VviPIP1;2/1;4, VviPIP1;3/1;5, VviPIP2;1, VviPIP2;2, VviPIP2;3 and
VviPIP2;4) were more expressed in root tips than in more mature
suberized zones of the roots where the radial hydraulic conduc-
tivity is lower [12,115], suggesting that root tip are more prone to
take up soil water [115]. However, the greater expression of aqua-
porin in root tip was only observed in the drought-resistant root-
stock and not in the drought-susceptible rootstock [12,115]. This
suggests that drought resistance in grapevine rootstock is related to
aquaporin activity to maintain Lpr in the root tip. Consistent with
this, recent reports by Cuneo et al. (2021) [170] demonstrate the
ability of drought-resistant rootstocks to rapidly re-establish
growth and Lpr near the root tip upon re-watering by limiting
competing sites along with the root cylinder.

In addition, new evidence showed the post-translational regu-
lation of aquaporins (PIP2) by phosphorylation in maize upon the
arbuscular mycorrhizal symbiosis subjected to water stress condi-
tions [171], suggesting their role in the cell hydraulic conductivity
maintenance under water stress. In grapevine, arbuscular
mycorrhiza-colonized roots can exhibit more efficient water uptake
and allow grapevine to cope with water stress [172]. Studies have
suggested that increased root hydraulic conductivity inmycorrhizal
roots could be the result of increased cell-to-cell water flux via
aquaporins. However, the mechanisms of improved water uptake
are still unclear, and no arbuscular mycorrhiza-inducible aquaporin
gene has been identified so far.

5.3. Physiological roles of grapevine aquaporins at berry level

Different studies reported the involvement of aquaporins in the
ripening processes in grape berries [135,136]. Aquaporins were
either related to the changes in xylem hydraulic resistance (Rh)
along maturation stages or to the accumulation of sugars at post-
veraison stages.

At veraison, a hydraulic buffering of grape berries from the
parent plant occurs and is mainly associated with the changes in Rh
[136,173], suggesting that variation in berry Rh could be mediated
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by changes in the expression and activity of aquaporins. Authors
found that a peak of expression of predominant PIP isoforms, in
particular, VviPIP1;3 and VviPIP2;1, occurs at veraison, concomitant
with a harsh decrease in Rh. The up-regulation of these aquaporins
is in alignment with data previously reported by Fouquet et al.
(2008) [135], and could be related to an interaction between these
aquaporins to increase membrane permeability. After veraison, Rh
increases to attain a maximum level at the maturation stage,
negatively correlating with the expression of predominant aqua-
porins, in particular, VviPIP1;3 and VviPIP2;1, while other non-
predominant isoforms showed high levels of expression along
maturation stages. The authors [136] proposed that the influence of
aquaporins on berry hydraulics (Rberry) will depend on aquaporin
tissue localization and suggested that significant changes in aqua-
porin expression in underrepresented tissues could be masked by
changes taking place in tissues having minimal impact on berry
hydraulics in general.

On the other hand, aquaporin expression may not significantly
impact Rberry but may contribute to the ripening process in other
ways. Recent studies have demonstrated a large increase in
hydrogen peroxide production postveraison [174], which could be
transported by aquaporins across membranes. In addition, the
ripening process in general is associated with large increases in
sugar transport and accumulation, changes in cell wall metabolism,
and changes in turgor, all of which are certainly impacted by
aquaporins and their modulation of membrane water permeability.
In this context, it was described that PIPs and TIPs are highly
expressed in expanding berry cells and their expression is upre-
gulated concomitantly with the increase of expression in sugar
transporters, suggesting the existence of a link between sugar and
water transports [135]. In an earlier study by Picaud et al., 2003
[175], the expression of PIP1 aquaporins increased in post-veraison
berries concomitant with the accumulation of sugars in the
mesocarp. More recently, Coetzee et al. [176] confirmed the tight
association between sugar accumulation and VviPIP2;1 expression
in Shiraz berries, suggesting sugar loading as the main osmotic
driver for the accumulation of water in the grape berry along
ripening.

A close analysis of aquaporin expressionwas examined byWong
et al. (2018) [18] highlighted the relationships between aquaporins
and functional categories involved in cell wall modification and
transport, as well as with other aquaporins revealing a strong co-
regulation within the family itself. Consistent with these results,
the increase of berry size was associated with high levels of tran-
scripts related to aquaporins, as well as transcripts related to cell
wall modification, after ethylene application [177].

This later study suggests the involvement of aquaporins in
hormonal response during grape berry ripening. In this regard,
Espinoza et al. (2006) [178] showed the potential role of gibberel-
lins in the control of PIP and TIP gene expression in berries after
veraison as away to sustain thewater flow into berries during berry
growth. Ziliotto (2012) [179]showed the regulation of VviPIP1 by
auxins in berries during ripening and reports by Pilati et al. (2007)
[174] suggested the possible link between ABA and expression of
several VviPIP isoforms during ripening.

On the other hand, the expression pattern of aquaporins is
highly dependent on berry phenological stages. In a previous study,
two isoforms assigned to subfamily PIP1 were specifically up-
regulated after veraison [175]. Similarly, Choat et al. (2009) [136]
demonstrated that both PIP1 and PIP2 were upregulated after
veraison. Pilati et al. (2007) [174] demonstrate that several PIPs,
TIPs, and NIPs were highly expressed before veraison, while other
PIP2 were up-regulated during maturation. More recently, Wong
et al. (2018) [18] showed evidence of the existence of a set of
aquaporins more related to young green berries (e.g VviTIP1;2,
12
VviTIP2;1, VviPIP1;2, VviPIP1;3, VviPIP2;1, VviPIP2;3), while another
set was linked to maturation stages (VviTIP1;2, VviTIP1;3, VviPIP2;3
and VviPIP2;5). These authors also showed the dependence of
aquaporin expression on the berry tissues (exocarp ormesocarp), in
consistence with previous data [180], indicating the time-lapse
between the up-regulation of aquaporins in mesocarp and in the
skin at veraison.

Curiously, only a few reports showed the effect of water stress in
grape berry aquaporins [181]. micro-array analysis observed a
decrease in PIP aquaporin abundance of berries under water stress,
and Noronha et al. (2014) [33] showed a slight down-regulation for
VviSIP1 in mature berries. In addition, interesting data by Noronha
et al. (2014) [33] showed the dependence of single aquaporin on
the genotype. These authors showed that expression of VviSIP1
increase from green to mature berries in Vinh~ao genotype, while
the opposite trend of expression was observed in Aragones
genotype.

In addition, some reports have speculated that aquaporins may
facilitate small ion transport and/or osmoregulation [182]. How-
ever, the details of mineral transport across the plasma membrane
and the tonoplast into the mesocarp cells are not yet well eluci-
dated. It became clear that still information is needed in what
concerns the expression and activity of aquaporins in the different
berry tissues, namely concerning key processes that drive aqua-
porin modulation and link with water accumulation into berry
pericarp cells.

6. Concluding remarks

Grapevine response to drought stress is a complex network of
different physiological and biochemical mechanisms, but aqua-
porins certainly play pivotal roles in the regulation of the plant
hydraulic conductance at molecular level. They have been identi-
fied and found in different plant compartments in grapevine, and
are expressed in all grapevine tissues. When expressed in yeast,
grapevine aquaporins showed diverse substrate selectivity, and
their gating is regulated by cytosolic pH, membrane tension, among
other mechanisms. Despite the role of aquaporins is relatively well-
known in a broad range of living organisms, our knowledge is still
limited on how they cooperate at organ and tissue specific levels
and how they are regulated in grapevine response to environ-
mental stress, particularly against drought. It is known that under
water stress conditions, the differential expression pattern of
aquaporins isoforms has been shown among different genotypes
with different drought tolerance strategies, as well as between
tissues and portions of the same tissues. This pinpoints the versa-
tility and diversity of aquaporins within the plant and their
involvement in several different physiological processes in grape-
vine, but the puzzle is far from being completed. Thus, the
involvement of aquaporins in the regulation of root hydraulic
conductance (Lpr) under drought remains unclear, which requires
further investigation of aquaporins expression and activity during
drought and recovery stage in different root regions. Furthermore,
exploring the role of aquaporins in arbuscular mycorrhiza-
colonized roots will provide clues about plant-microbe interac-
tion ultimately aiming the improvement of drought stress tolerance
in grapevine.
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