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bstract

Plant aquaporins play an important role in water uptake and movement—an aquaporin that opens and closes a gate that regulates water movement
n and out of cells. Some plant aquaporins also play an important role in response to water stress. Since their discovery, advancing knowledge of
heir structures and properties led to an understanding of the basic features of the water transport mechanism and increased illumination to water
elations. Meanwhile, molecular and functional characterization of aquaporins has revealed the significance of their regulation in response to the

dverse environments such as salinity and drought. This paper reviews the structure, species diversity, physiology function, regulation of plant
quaporins, and the relations between environmental factors and plant aquaporins. Complete understanding of aquaporin function and regulation
s to integrate those mechanisms in time and space and to well regulate the permeation of water across biological membranes under changing
nvironmental and developmental conditions.

 2007 Elsevier B.V. All rights reserved.
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ig. 1. Models for water molecules through the aquaporin in the membrane
adapted from Chrispeels and Agre [7]).

. Introduction

The discovery of aquaporins showed a new insight into the
echanism of water-transmembrane transportation (the model

n Fig. 1), which provided solid molecular basis for fast and
eversible regulation of transmembrane water transport and gave
trong support to the idea that such high water permeability
ight be required for certain physiological processes [1,2].
quaporins, or major intrinsic proteins (MIPs), are channel-

orming membrane proteins with the extraordinary ability to
ombine a high flux with a high specificity for water across
iological membranes. They belong to a well-conserved and
ncient family of proteins called the major intrinsic proteins
MIPS) with molecular weights in the range of 26–34 kDa [3],
ith members found in nearly all living organisms. The aqua-
orin family in plants is large, indicating complex and regulated
ater transport within the plant in order to adapt to different envi-

onmental conditions, which includes more than 150 membrane
hannel proteins [4]. Regulation of aquaporin-mediated water
ow, through indirect or direct means, appears to be a mechanism
y which plants can control cellular and tissue water movement
5]. All aquaporin isoforms probably work together in an orches-
rated manner, where each individual aquaporin isoform displays
specific localization pattern, substrate specificity, and regula-

ory mechanism [6]. The structure, function and gene regulation
f aquaporins as well as research methodology are reviewed as
ollowing.

. Diversity of plant aquaporins
The physiological role of water channel proteins is partic-
larly important in plants because of their continuous water
ecruitment [7,8]. Many more MIP family genes have since been
dentified in plants, with additional members in Arabidopsis,

i
p
fi
v
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obacco, spinach, tomato, the ice plant (Mesembryanthemum
rystallinum), radish, and snapdragon [2,3,9]. The perme-
bility values establish limits on aquaporin tissue densities
equired for physiological function and suggest significant
tructural and functional differences among the aquaporins
10].

There are two highly important aspects of plant aquaporins
2]. One aspect is their tremendous diversity in plants: in the Ara-
idopsis genome, 35 AQP genes have been identified [2,11,12].
he other aspect is the discovery that some aquaporins are multi-

unctional channel proteins, allowing some small neutral solutes
cross cellular membranes, such as glycerol, CO2, ammonia
NH3), urea, boron, and hydrogen peroxide [13–17]. The diver-
ity of aquaporin isoforms in plants can also be explained in
art by their presence in multiple subcellular compartments
7,9,18].

Aquaporins are differentially expressed in different organs
nd membranes. In the plant kingdom, a single plant expresses
considerably large number of MIP homologues. These homo-

ogues can be subdivided into four groups with highly conserved
mino acid sequences and intron positions in each group: the
onoplast intrinsic proteins (TIPs) [19–21], the plasma mem-
rane intrinsic proteins (PIPs) [22,23], the nodulin like plasma
embrane intrinsic proteins (NIP) [24], and the small intrin-

ic proteins (SIP) [25]. There are various isoforms of plant
IP: alpha (seed), gamma, root (Rt), and water-stress induced

Wsi). These proteins may allow the diffusion of water, amino
cids and/or peptides from the tonoplast interior to the cyto-
lasm [21–26]. The plasma membrane aquaporins (PIPs) can be
ivided into two subfamilies: PIP1 with inactive or low water-
hannel activity and PIP2 with high water-channel activity [27].
he high diversity of aquaporins reveals novel facets of plant
embrane functions [6].
Discovery of the aquaporin family of water channel proteins

as provided a molecular explanation for rapid water movements
cross the plasma membranes of cells while diffusion still works
n parallel [9,26,28]. This may be one reason for the abundance
nd diversity of aquaporins, in particular in plants. Their activity
ay be required for fine regulation at the gene and/or protein lev-

ls, which is influenced directly or indirectly by cell metabolism,
or example, via phosphorylation of the aquaporin proteins and
ater stress [6,29–31].
The numerous aquaporin isoforms of plants have spe-

ific expression patterns throughout plant development and in
esponse to environmental stimuli. Once a protein is involved,
he cell has the ability to regulate its abundance (transcriptional
r post-transcriptional) or to modulate its activity [2,32]. Water
ermeability of the plasma membrane and tonoplast through
he aquaporins depends on their quantity, activity, and substrate
pecificity [33]. In part because of this very high diversity, the
nowledge about plant aquaporin expression and subcellular
ocalization is far from complete [34]. Thus, future investiga-
ions on the aquaporin family of proteins will provide important

nformation not only on the physiology of membrane transport
rocesses in many cell types, but also on the targeting and traf-
cking signals that allow proteins to enter distinct intracellular
esicular pathways in cells [6,32,34].
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. Aquaporin gene expression and diurnal fluctuations

Because of aquaporin potentially important role in regulat-
ng water flow in plants, studies documenting aquaporin gene
xpression in specialized tissues involved in water and solute
ransport are important [35,36]. The high level of expression of
mTIP1 in maize tissues (root epidermis, root endodermis, small
arenchyma cells surrounding mature xylem vessels in the root,
nd so on) facilitates rapid flow of water through the tonoplast to
ermit osmotic equilibration between the cytosol and the vacuo-
ar content, and to permit rapid transcellular water flow through
iving cells when required. Specific plasma membrane aquapor-
ns of the PIP1 subfamily are expressed in sieve elements and
uard cells [37] Barley HvPIP2:1 is a plasma membrane aqua-
orin and its expression was down-regulated after salt stress in
arley [38].

The abundance of water channel proteins is a critical param-
ter to understand their function at the tissue, cell, or subcellular
evels. Studies regarding the aquaporin mRNA abundance have
ed to the following conclusions: (1) many aquaporins are highly
xpressed in the vascular tissues; (2) some tonoplast aquaporins
re highly expressed in meristems, where vacuolar biogenesis
akes place; (3) aquaporins are highly expressed in the tissues
hat can experience high water or metabolite flux [39–41]. It
s therefore of interest to study the expression patterns of AQP
soforms in order to further elucidate their involvement in plant
ater transport [6,18,19].
Under water-deficit conditions, expression of the tonoplast

quaporin gene in cauliflower is subject to a precise regula-
ion that can be correlated with important cytological changes
n the cells [43]. Therefore, the expression of aquaporin genes
ay be independently regulated in an organ and stage-specific
anner, while the amount of aquaporin protein can be regu-

ated at the translational level and by the rate of protein turnover
13,33,43,44]. Meanwhile there are numerous reports providing
lear evidence that the abundance of aquaporins can be reg-
lated by developmental and environmental factors [6,13,32].
onitoring aquaporin gene expression patterns in many plant

pecies in specific tissues, cell types or in response to phyto-
ormones or environmental factors has highlighted the putative
oles of water channels [13,32,44,45]. Currently, modulation
f aquaporin expression in plant is considered the strategy of
hoice for elucidating the role of aquaporins in plant physiology
13].

In Lotus japonicus roots, the PIP1-type water channel showed
iurnal fluctuations that were correlated with the diurnal varia-
ion in root hydraulic conductivity [46]. Harmer et al. found that
he mRNA level of an Arabidopsis tonoplast aquaporin, GTIP,
ycled in a circadian manner [47]. The plasma membrane aqua-
orin in the motor cells of Samanea saman also showed a diurnal
nd a circadian regulation [48,49].

. Aquaporin cellular and subcellular localization
Regardless of whether all or only the majority of the plant
IPs are aquaporins, it is clear that a large number of aqua-

orins are present in plants, some localized in the tonoplast,

W
d

n
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ome in the plasma membrane and some possibly localized in
ndomembranes [4,6,11,18,20,21,26,32,45]. MIP-B was found
n fractions containing tonoplast proteins and possibly in a
raction of intermediate density, distinct from both plasma mem-
rane and tonoplast, and also distinct from the fractions in which
IP-A was located [19,34,50]. Only a small amount of MIP-
was located in the plasma membrane fractions, as predicted

y sequence alignments. Based on the distribution of PIP pro-
eins within plant cells, Kirch et al. suggested that the control
f plant water-channel activity might appear through an anal-
gous vesicle shuttle mechanism [51]. It is possible that the
ubcellular localization (in the plasma membrane or intracellu-
ar vesicles) of aquaporin tetramers is dependent on the level of
hosphorylation of the subunits [5,52].

Multiple aquaporin genes could allow for variable expres-
ion in different tissues, cells and intracellular membranes
uring development, under changing external conditions and
n response to rapidly changing demands for water movement
4,6,11,18,20,21,26,32,45,50,52]. Höfte et al. found that a pre-
umptive tonoplast aquaporin (Phaseollus �-TIP) is located
n multivesicular bodies in transgenic tobacco that expresses
haseollus �-TIP [53]. Aquporins have been also localized in
lasmalemmasomes, invaginating domains of the plasma mem-
rane that protrude into the vacuole [54,55]. As suggested by
obinson et al., clustering of aquaporins in the plasmalemma-

omes may provide the means for achieving a rapid osmotic
alance, and therefore, turgor maintenance in mesophyll cells
54]. Repeat experiments produced the same distribution, and
learly indicated that putatively plasma membrane-located aqua-
orins show a more complex pattern, and might be localized to
ifferent subcellular membranes or compartments.

. Aquaporin structure and selectivity

The structure of aquaporins is highly conserved in ani-
als, plants, yeast, and bacteria [4]. All MIP family proteins

hare six putative transmembrane domains with the N- and
-termini facing the cytosol (Fig. 2). The six transmembrane
omains were predicted to be �-helices, packed together with the
ore-forming domains outside and towards the center of an aqua-
orin tetramer [4,26,28,56]. There are five loops (A–E) joining
he transmembrane helices. The first cytosolic loop and the
hird extracytosolic loop are hydrophobic and contain the con-
erved asparagine–proline–alanine (NPA) sequence [8,3,57].
he two halves of the protein show obverse symmetry, with the
ydrophobic loops containing the NPA motif overlapping in the
iddle of the lipid bilayer to form two hemipores that together

reate a narrow channel proposed to be similar in shape to an
our-glass [3,57,58].

Aquaporin polypeptides generally form homotetramers in the
embrane [59–61], with each monomer forming a single water

ore [58]. Water molecules passing the channel are forced, by the
rotein’s electrostatic forces, to flip at the center of the channel.

ater is thought to flow across the water channel pore in either

irection down its potential gradient [1,62].
To account for the molecular selectivity of MIP family chan-

els, the pore so formed was hypothesized to function via a
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water channel composed of PM-AQP. Dephosphorylation of the
phosphorylated PM-AQP was also observed during petal clos-
ing at 5 ◦C, suggesting the inactivation of the water channel
[70].
ig. 2. Aquaporin structure: a schematic three-dimensional structure of AQP ba
t al. [120]).

ize-exclusion mechanism [1]. Inhibition of the water chan-
el by mercuric chloride is thought to be the result of the
ulfhydryl reagent binding a cysteine residue located in close
roximity to the pore, resulting in the physical blockage of the
olecular flow through the pore [5,62,63]. The gating mecha-

ism successfully unifies a significant body of biochemical and
enetic evidence that has identified specific amino-acid residues
overning plant aquaporin gating, and immediately suggests
ow the closed structure might be stabilized or destabilized
5,64,65].

Nevertheless, plant aquaporin structures have been reported
nly at low resolution. Further investigation is necessary to deter-
ine the atomic structure of the water pore and the mechanism

f its selectivity [5,64,66]. Moreover, the specificity of more
lant aquaporins also needs to be determined, and plausible
lant metabolites need to be tested, in order to identify regions
mportant to specificity [5,9,20,32].

. Change and regulation of aquaporin water
ermeability

Land plants have evolved to cope with rapid changes in the
vailability of water by regulating all aquaporins that lie within
he plasma membrane [1]. Regulation of aquaporin trafficking

ay also represent a way to modulate membrane water per-
eability, and the factors affecting and regulating aquaporin

ehaviors possibly involve phosphorylation, heteromerization,
H, Ca2+, pressure, solute gradients and temperature drought,
ooding and so on (Fig. 3), which suggests aquaporins are
nvolved in a versatile and dynamic regulation of water
ovement [1–3,5,9,20,32,50]. The abundance and activity of

quaporins in the plasma membrane and tonoplast may be reg-
lated, hence enabling the plant to tightly control water fluxes
nto and out of its cells, as well as within the cells [5,6,19,50].

F
g

n structural studies of human AQP1 and E. coli GLP-F (modified from Postaire

.1. Functional regulation of aquaporin activity by
hosphorylation

Aquaporin activity may also be directly regulated. Phospho-
ylation is a major mechanism used by cells as a molecular
switch’ to regulate protein activity [5,19,20,30]. The kinases
esponsible for protein phosphorylation are induced in response
o a number of signals, including drought or water stress [19,63],
ttack by pathogens [67], the plant hormones auxin and abscisic
cid [19,68], and light [6,20].

Mutation of the putative phosphorylation sites in �-TIP
Ser7Ala, Ser23Ala and Ser99Ala) reduced the apparent water
ransport activity of �-TIP in oocytes, suggesting that phos-
horylation of �-TIP occurs in the oocytes and participates
n the control of water-channel activity [29,35,69]. Phospho-
ylation of the putative PM-AQP was thought to activate the
ig. 3. Schematic illustration of how plant plasma membrane aquaporins are
ated (adapted from Törnroth-Horsefield et al. [121]).
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As demonstrated by Johansson et al., species- and stress-
pecific changes in cell hydraulic conductivity may be caused by
hosphorylation of aquaporins [26,35]. The phosphorylation of
oybean nodulin 26 on Ser-262, which is catalyzed by a symbio-
ome membrane-associated calcium-dependent protein kinase,
timulates its intrinsic water transport rate. Soybean nodulin 26
hosphorylation is enhanced further by osmotic stresses (water
eprivation and salinity) [71].

Phosphorylation of the plasma membrane aquaporin PM28A
s carried out by a Ca2+-dependent membrane-bound protein
inase and depends also on the apoplastic water poten-
ial [26,35]. Three PIP2 isoforms (ZmPIP2;1, ZmPIP2;3 and
mPIP2;4) were detected in the phosphorylated band. The
ater-channel activity of these isoforms was partially inhibited
y H7, a PKC inhibitor, suggesting an important effect of phos-
horylation on channel function [72]. Both tonoplast and plasma
embrane aquaporins have putative phosphorylation sites that

re conserved among different members of this family [24].

.2. Effects of turgor and osmotic pressure on aquaporin
ctivity

There is no direct evidence for mechanosensitivity of aqua-
orin proteins, although some studies illustrate the potential for
IPS to be involved in volume or turgor homeostasis in plants

3,73,74], and a different mechanism of mechanical inhibition
as recently reported in young maize roots [75]. The depen-
ence of mercury-induced closure of water channels on tissue
urgor indicates that changes in turgor can induce changes in the
onformation of the plasma membrane, or even in the aquaporins
hemselves [76]. In more recent experiments, membrane per-
eability parameters (hydraulic conductivity, permeability and

eflection coefficient) of Chara cells were measured using a cell
ressure probe as the concentration of variously sized osmolytes
as increased [77]. Water-channel activity, inferred from the
embrane permeability parameters, was seen to decrease with

ncreasing osmotic pressure and with increasing osmolyte size.
cohesion/tension mechanism was proposed to account for

he gating of Chara water channels, which suggests that the
smotic tension generated within the channel by a high osmotic
otential leads to the structural collapse and closure of the
rotein channel. Similar effects of high salinity on membrane
ater permeability as reported in several species could result,

t least partly, from the same mechano-sensitive mechanism
78–80].

.3. Effect of pH variation on aquaporin activity

There is not much known regarding the pH regulation of
quaporins in plants. However, several studies suggested the
nvolvement of pH in regulating the aquaporin activity. Thus,
tructural pH sensors must reside in these proteins. Furthermore,
he position of histidines in different members of the aquaporin

amily can “tune” the pH sensitivity toward alkaline or acid
H ranges. The water permeability of plasma membrane from
rabidopsis suspension cells or root cells was reduced in the
resence of low pH [14,81]. In contrast, acidic pH activated the

t
w
c
r
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ater conductance of the mammalian aquaporin AQP0 [82]. The
ater permeability of outer cortex cells of an acid sensitive maize
ariety was decreased by acidic pH, while no effect was recorded
n a variety that was acid tolerant [83]. On the other hand, in the
illifish AQP0 homologue, MIPfun, with His at position 39 in
oop A, alkaline rather than acid pH increased water perme-
bility. A novel molecular mechanism for aquaporin gating by
ytosolic pH was uncovered, which permits coordinate inhibi-
ion of plasma membrane aquaporins and, as a consequence, a
eneral block of root water transport [81].

.4. Sensitivity of aquaporin to cations

To date there is no doubt that the cellular biochemistry and
hysiology of a living organism is seriously affected by heavy
etal ions. Mercury (Hg2+) has been used extensively to provide

vidence for the involvement of aquaporins in water transport
rocess in animal and plant cells [66]. Due to mercury-induced
onformational changes and identification of conserved surface
oops in plasma membrane aquaporins from higher plants, mer-
ury is thought to bind to sulphydryl groups of the aquaporin
roteins, physically blocking the channels and reducing their
ydraulic conductivity [9]. Partial recovery of the water flow
ate following the application of mercuric chloride was also
bserved in tomato and aspen root systems, implying the pres-
nce of aquaporins as the regulators of plant water status [84,85].
owever, the inhibition of water flow with mercurial reagents

s neither completely understood nor a general characteristic
f aquaporins [28]. Some mercurial reagents, especially mer-
uric chloride, are highly membrane-permeant and are powerful
etabolic inhibitors. That is why the effect of HgC12 on water

ermeation across the living cells should be interpreted with cau-
ion, since a possible outcome of HgC12 application could be
he reduced phosphorylation of water channels [9]. As proven by
arone et al., mercury can also induce conformational changes

n the plasma membrane aquaporins of higher plants [86].
Calcium signalling is a common path in the response of plants

o stresses or hormones and cell-specific fluctuations in cytosolic
a2+ occur in the epidermis, endodermis and pericycle of Ara-
idopsis roots in response to drought and salt [87]. Aquaporins
n plant membranes can undergo Ca2+-dependent phosphoryla-
ion, which can increase their water-channel activity [19,29,35].
n the other hand, calcium showed a clear effect on aquaporin

ctivity, with two distinct ranges of sensitivity to free Ca2+ con-
entration (pCa 8 and pCa 4). Since the normal cytoplasmic free
a2+ sits between these ranges it allows for the possibility of
hanges in Ca2+ to finely up- or down-regulate water-channel
ctivity [88]. Ca2+ decreased the osmotic water permeability
f PM vesicles from Arabidopsis, suggesting a potential rele-
ance to intracellular Ca2+ signaling [14]. At the whole plant
evel, Ca2+ has been shown to ameliorate the reduction of root
ydraulic conductivity produced by salinity [80]. The calcium
ffect is predominantly on the cytoplasmic face, and inhibi-

ion corresponds to an increase in the activation energy for
ater transport. However, a link between these observations and

ell signalling and/or calcium-dependent water channel gating
emains to be established.
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Zinc (Zn2+) inhibited the water transport across the mem-
ranes of Chara cells [89] and the water transport activity of
ctinidia deliciosa protoplasts [90]. There is increasing evi-
ence that zinc may be an integral part of the biomembranes,
equired for the stability and control of lateral mobility of
embrane molecules [91]. As suggested by Tazawa et al.,

inc might bind to the proteinaceous water-pore (aquaporins)
89].

The effect of other cations on water-channel activity has
een tested. Sodium (Na+), magnesium (Mg2+), manganese
Mn2+), potassium (K+) had no effect on the water transport
ctivity of Actinidia deliciosa protoplasts [90]. On the other
and, Ba2+, Mg2+, and Sr2+ reduced the osmotic water per-
eability of Arabidopsis PM, suggesting a direct blockage of

quaporins by direct cation binding [14]. The Mg2+-dependent
rotein kinase phosphorylates the lentil seed aquaporins [69].
agnesium (Mg2+) can physically interact with the aquaporin

roteins or with their neighboring lipids as suggested by Ren
t al. [92], and Fu et al. [93]. AQPs in changes of hydraulic
onductivity provoked by K+-deprivation was examined in a
reliminary study. K+-deficiency reduced four ZmPIP and three
mTIP members [94].

The effect of cations on osmotic water permeability of the
lasma membrane is complex and not well understood. In plants
xposed to environmental stimuli, there is a complex interac-
ion of different cations with direct or indirect effects on the
quaporin water transport activity [95].

.5. Relationships between plant aquaporins and hormones

Abscisic acid (ABA) is a well-recognized mediator of
ater stress responses. The responsiveness of each aqua-
orin to ABA were different, implying that the regulation
f aquaporin expression involves both ABA-dependent and
BA-independent signaling pathways. Both energy-input and

ension-gating mechanisms might be used by the plant to sense
hanges in turgor pressure and surrounding water availability,
nd to adapt the membrane water permeability in an ABA-
ependent manner [75]. In many species including sunflower,
arley, sorghum and maize [96–98], exogenous ABA enhanced
oot Lp. Short-term effects (i.e. within 1–3 h) of ABA on root
quaporin gene expression have also been described in differ-
nt species including rice, C. plantagineum and Arabidopsis
11,99–101]. In tobacco flowers, ABA induced expression of
he aquaporin gene NtAQP1 [102]. The effect of ABA in rapid
ositive regulation of aquaporin gating might suggest a direct
inding to the channel. However, for both water stress and ABA,
omprehensive studies using macro- or micro-arrays are needed
o determine whether the complement of aquaporin genes varies
n a coordinated fashion, and parallels changes in root water
ransport [68,97].

Expression of certain plant aquaporins is regulated by gib-
erellic acid, or water deprivation. Gibberellic acid is also known

o activate the promoter of the aquaporin PIP1b [99,103]. The
ignificance of promoter regions for an abscisic acid- and gib-
erellic acid-induced gene expression could be restricted to a
egion between −1450 and −1112 upstream of the transcrip-

o
t
a
m
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ion start point by transient transformation of a bicistronic vector
nto tobacco protoplasts [102]. Gibberellic acid and abscisic acid
uppressed the levels of mRNAs of RsPIP2-1, RsPIP2-2 and
sPIP2-3 and the protein level of RsPIP2-1 in roots. On the
ther hand, the protein levels of RsPIP1-group members and
sTIPs were scarcely changed by these phytohormones [104].

Brassinolide may control aquaporin activities in Arabidopsis
haliana, which has been shown to be involved in the modifica-
ion of the water-transport properties of cell membranes [105],
owever, mRNA and protein levels of aquaporin isoforms in root
nd shoot of radish were not affected by brassinolide treatment
104]. Ethylene significantly increased stomatal conductance,
oot hydraulic conductivity (Lp), and root oxygen uptake in
ypoxic seedlings. Ethylene can increase plasma membrane
ermeability permitting more water to cross the cells [106].
t the whole plant level, increased water transport in hypoxic

spen seedlings exposed to ethylene was explained in terms of
nhanced aquaporin activity, probably due to a direct effect of
thylene on the phosphorylation of aquaporins [107]. The Lp
f root cortex cells was maximally stimulated ≥30-fold after
1 h exposure to 1 �M ABA, but these effects disappeared

ver the next hour. In the same studies it was also noted that in
ontrast to ABA, auxin (IAA) and cytokinin (kinetin) reduced
he cell Lp by three- to four-fold [98]. Studies at the cell level
rovide more direct evidence for cell membranes and aquapor-
ns being involved in stimulus-induced regulation of root Lp
1–3,5,7,108].

.6. Effects of water and nutrient stress on aquaporins

The role of aquaporins in plant water status under water stress
s a complex issue, because the expression of different aquaporin
enes may be stimulated, reduced, or unchanged under abiotic
tress [1,51,109–110]. The expression of some genes that encode
lasma membrane aquaporins, such as Arabidopsis RD28 and
he NeMip2 and NeMip3 genes of Nicotiana excelsior, is stimu-
ated under drought stress [111,112]. Conversely, expression of
he M. crystallinum MIPA plasma membrane aquaporin gene is
own-regulated under salt stress [112], whereas expression of
he Arabidopsis PIP1a gene is not altered significantly by stress
onditions [113].

Drought stress induced in the rice seedlings appeared to
ncrease the physiological functioning of water channels by
ncreasing the root water-channel activity or by increasing the
quaporin number compared with unstressed control seedlings
114]. Under water-deficit conditions, expression of the tono-
last aquaporin gene in cauliflower is subject to a precise
egulation that can be correlated with important cytological
hanges in the cells [42]. PIP1b overexpression had no beneficial
ffect on transgenic tobacco under salt stress, whereas during
rought stress it had a negative effect, causing faster wilting
115]. Since drought stress decreased the osmotic permeability
f root protoplasts but did not have any influence on the amount

f PIP1 and PIP2 aquaporins, it is plausible that drought affected
he protein functionality [52]. The accumulation of transcripts
rising from NgMIP2, NgMIP3 and NgMIP4 diminished dra-
atically in drought-stressed plants. This down-regulation of
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IP gene expression may result in reduced membrane water per-
eability and may encourage cellular water conservation during

eriods of dehydration stress [116,122,123].
Aquaporin functionality fits well with the overall water rela-

ions response is very relevant, since the two-phase adaptation
o salinity may imply two types of aquaporin regulation. Salin-
ty can negatively affect root water uptake. The work shows that
xposure of roots to salt induces changes in aquaporin expres-
ion at multiple levels. These changes include a coordinated
ranscriptional down-regulation and subcellular relocalization
f both PIPs and TIPs [117]. On the other hand, salt and
ater stresses induced the accumulation of ZmTIP2-3 transcripts

118]. Similar findings on the dominance of symplastic water
ransport were obtained using transgenic tobacco plants express-
ng an antisense construct of the tobacco NtAQP1 gene that
ncodes another PIP1b isoform [25], while Barley HvPIP2;1
s a plasma membrane aquaporin and its expression was down-
egulated after salt stress in barley [38]. Two aquaporin-encoding
ranscripts were found to be down-regulated during the first 15
nd 60 min of a salt treatment, respectively. The expression level
f the two transcripts then recovered and, after 7 d, expression
ad become higher than in plants grown in standard conditions
118].

It is the incoming nutrient supply that is registered as defi-
ient, not the plant’s nutrient status. At some point, close to the
nitiation of these responses, changes in water-channel activity
ay be involved. The reduction of root hydraulic conductivity

n wheat plants affected by nutrient (N-, P- and S-)deficiencies,
uggested that either the activity or the density of water channels
n the root cell plasma membrane is diminished during nutri-
nt deficiency, but the manner in which monitoring of nutrient
tress is transduced into an hydraulic response is also unknown
119].

. Conclusions and future perspectives

The discovery of aquaporins in plants has resulted in a
aradigm shift in the understanding of plant water relations.
ater flux across cell membranes has been shown to occur

ot only through the lipid bilayer, but also through aquaporins,
hich are members of the major intrinsic protein super-family
f channel proteins [2,3,5,9,20,32]. As has been found in other
rganisms, plant MIPs function as membrane channels per-
eable to water (aquaporins) and in some cases to small

onelectrolytes. Aquaporins greatly increase the membrane per-
eability for water, but may also be regulated, allowing cellular

ontrol over the rate of water influx/efflux [1–7]. As a result,
quaporins provide a unique molecular entry point into the water
elations of plants and establish fascinating connections between
ater transport, plant development and the adaptive responses
f plants to their ever-changing environment [2].

Plants counteract fluctuations in water supply by regulating
ll aquaporins in the cell plasma membrane. Aquaporins can

rovide spatial markers to explore the intricate flows of water
nd solutes that play a critical role throughout all stages of plant
evelopment [2]. The rate of transmembrane water flux may be
ontrolled by changing the abundance or the activity of the aqua-
B: Biointerfaces 62 (2008) 163–172 169

orins. Actually, there are observations showing the alteration
f water permeabilities in responses of plants to biotic or abiotic
tresses such as high salinity, nutrient deprivation, or extreme
emperatures [1–3,5,9,20]. In plants, aquaporins are likely to be
mportant both at the whole plant level, for transport of water
o and from the vascular tissues, and at the cellular level, for
uffering osmotic fluctuations in the cytosol [19].

By combining molecular biology with plant physiology, it
hould be possible to determine the role that aquaporins play in
ater transport in the plant [1–7]. There is growing evidence that

uggests that aquaporins play different roles throughout plant
evelopment [120–125]. Therefore, aquaporin genomic infor-
ation is important because, assigning physiological function

ia transgenic reduction or removal of gene expression requires
equence information for precise targeting. Direct determination
f the location of each aquaporin within tissues is still required
o understand its function in the plant. A powerful tool in elu-
idating the aquaporin function is given by the reverse genetics
hat can also reveal unexpected function of water channel pro-
eins, which benefit to our understanding of sequence-structure
nd structure–function relationships in plants [2,4,5,9,121,122].
his should be done both at the transcript and at the protein

evel because aquaporin turnover appears to be variable, such as
hen comparing constitutively expressed and inducible aqua-
orins. The transcriptional and/or post-translational regulation
f aquaporins would determine changes in membrane water
ermeability. Both phosphorylation and translocation to/from
esicles have been reported as post-translational mechanisms
123–125]. However, translocation in plants has not yet been
hown. Here, the aquaporin family is a set of genes whose
unctions are intuitively perceived as important, much isolated
nformation has been accumulated, yet their function is far
rom being understood in living plant, and we still have a
ong way to go to fully understand the significance of these
roteins.
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and root cortical cells in proton- and Al-sensitive maize varieties, Plant
Physiol. 113 (1997) 595–602.

[84] A. Maggio, R.J. Joly, Effects of mercuric chloride on the conductivity of
tomato root system, Plant Physiol. 109 (1) (1995) 331–335.

[85] X. Wan, J.J. Zwiazek, Mercuric chloride effects on root water transport
in aspen seedlings, Plant Physiol. 121 (3) (1999) 939–946.

[86] L.M. Barone, C. Shih, B.P. Wasserman, Mercury-induced conformational
changes and identification of conserved surface loops in plasma mem-
brane aquaporins from higher plants, J. Biol. Chem. 272 (49) (1997)
30672–30677.

[87] E. Kiegle, C.A. Moore, J. Haseloff, et al., Cell-type-specific calcium
responses to drought, salt and cold in the Arabidopsis root, Plant J. 23 (2)
(2000) 267–278.

[88] K. Alleva, C.M. Niemietz, M. Sutka, et al., Plasma membrane of Beta
vulgaris storage root shows high water channel activity that is regulated
by cytoplasmic pH, and a dual range of calcium concentrations, J. Exp.
Bot. 57 (2006) 609–621.

[89] M. Tazawa, K. Asai, N. Iwasaki, Characteristics of Hg- and Zn-sensitive
water channels in the plasma membrane of Chara cells, Bot. Acta 109
(1996) 388–396.

[90] Q.S. Qiu, Z.Z. Wang, N. Zhang, Q.G. Cai, et al., Aquaporins in the plasma
membrane of leaf callus protoplasts of Acnitia deliciosa var. deliciosa cv.
Hayward, Aust. J. Plant Physiol. 27 (2000) 71–75.

[91] J. Rygol, W.M. Arnold, U. Zimmermann, Zinc and salinity effects on
membrane transport in Chara connivens, Plant Cell Environ. 15 (1992)
11–23.

[92] G. Ren, A. Cheng, P. Melnyk, et al., Polymorphism in the packing of
aquaporin-1 tetramers in 2-D crystals, J. Struct. Biol. 130 (2000) 45–53.

[93] D. Fu, A. Libson, L.J.W. Miercke, et al., Structure of a glycerol-
conducting channel and the basis for its selectivity, Science 290 (2000)
481–486.

[94] C.F. Zhu, D. Schraut, W. Hartung, Differential responses of maize MIP
genes to salt stress and ABA, J. Exp. Bot. 56 (421) (2005) 2971–2981.
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