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Abstract

Aquaporins (AQP) are channel proteins belonging to the Major Intrinsic Protein (MIP) superfamily that play an impor-
tant role in plant water relations. The main role of aquaporins in plants is transport of water and other small neutral
molecules across cellular biological membranes. AQPs have remarkable features to provide an efficient and often,
specific water flow and enable them to transport water into and out of the cells along the water potential gradient.
Plant AQPs are classified into five main subfamilies including the plasma membrane intrinsic proteins (PIPs), tonoplast
intrinsic proteins (TIPs), nodulin 26 like intrinsic proteins (NIPs), small basic intrinsic proteins (SIPs) and X intrinsic pro-
teins (XIPs). AQPs are localized in the cell membranes and are found in all living cells. However, most of the AQPs that
have been described in plants are localized to the tonoplast and plasma membranes. Regulation of AQP activity and
gene expression, are also considered as a part of the adaptation mechanisms to stress conditions and rely on complex
processes and signaling pathways as well as complex transcriptional, translational and posttranscriptional factors.
Gating of AQPs through different mechanisms, such as phosphorylation, tetramerization, pH, cations, reactive oxygen
species, phytohormones and other chemical agents, may play a key role in plant responses to environmental stresses

by maintaining the uptake and movement of water in the plant body.
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Background
Structure and function of plant aquaporins
Aquaporins (AQPs) are transmembrane proteins, which
form channels in intracellular and plasma membranes
to facilitate rapid movement of water in either direc-
tion [1]. Water molecules can move toward the center of
the channel by the protein’s electrostatic forces and flow
across the water channel pore in both directions down its
potential gradient [2]. In addition to water, some major
intrinsic protein (MIP) family members can also trans-
port glycerol, CO,, urea, ammonia, hydrogen peroxide,
boron, silicon, arsenite, antimonite, lactic acid [3, 4] and
O, [5]. The molecular weight of AQP family members
ranges from 23 to 31 kDa [4].

All major intrinsic proteins, including AQPs, consist
of six transmembrane helices with N and C termini fac-
ing the cytosol. These structures are considered to be
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helical domains that are packed together (Fig. 1). As part
of their structure, they also have five loops (A-E) joining
to the transmembrane helices. Loop B and D are intra-
cytoplasmic and A, C and E are extracytoplasmic [6, 7].
The N terminus of each protein is located on the cyto-
plasmic side of the membrane. Four AQP monomers
assemble to form tetrameric holoproteins. Tetramers are
stabilized by hydrogen bonds and interactions among the
monomer loops [6]. Two conserved loops (B and E) are
extremely hydrophobic and contain an internal repeat
of Asparagine-Proline-Alanine residues that form NPA
motif, which is extended into the pore from both sides
of the membrane. This motif is among the most impor-
tant features in all AQPs to maintain their function. The
hydrophobic NPA motif is located at the first intracellu-
lar (loop B) and the third extracellular loops (loop E) and
form short helices. Loop C also connects to the loop B
and E. This connection is functionally necessary for water
permeability. These helices fold back into the membrane
from the opposite directions [6]. The appearance of AQP
protein can be compared with an hourglass and the two
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Fig. 1 a Protein arrangement showing how the two regions of
helical domains interact to form the three dimensional structure of
the protein. Pore of the AQP is composed of two halves called as
hemipores. MIPs consist of six transmembrane domains connected
by five loops (A-E), with cytoplasmic N- and C-termini. Locations of
NPA (Asn-Pro-Ala) motifs are at the loops B and E. b Functional AQP
formed by the interaction of the two hemipores [30, 31]

hemipores facing each other in reverse within the mem-
brane of AQP [8].

The principle function of AQPs in plants is regulation
of transmembrane water transport in situations where
water flow needs to be adjusted or the flow is critically
low [9]. In plants, AQPs are present in almost all organs
including roots, leaves, stems, flowers, fruits, and seeds
[10, 11]. Change in the hydraulic conductivity of a plant
could be partially controlled by the AQP activity, espe-
cially by PIPs [12, 13]. Studies also suggest that AQPs
can control water flow across cell membranes either by
the change in the AQP abundance or by the change in
the water flow rate [3]. The function of the AQPs can be
influenced by their interaction with other physiological
and biochemical processes of the plant [14].

Cellular and subcellular localization of aquaporins

As indicated above, the majority of AQPs present in
plants are located in either the tonoplast or the plasma
membrane and some are possibly localized in the endo-
membranes. Sequence analyses suggest that it is possible
that the level of phosphorylation of the AQP subunits
determines their subcellular localization in the plasma
membrane or in intracellular vesicles [15]. AQPs can
also be found in the plasmalemmasomes and inside of
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the plasma membrane that extends into the vacuole. The
presence of AQPs in the plasmalemmasomes suggests
that they may play a significant role in the osmotic bal-
ance and turgor maintenance of mesophyll cells [16].

The plant aquaporin family

Different plant AQPs have different substrate specifici-
ties, localization, as well as transcriptional and posttrans-
lational regulations [17, 18]. Depending on membrane
localization and amino acid sequence, AQPs in higher
plants are classified into five subfamilies [19] including
plasma membrane intrinsic proteins (PIPs), tonoplast
intrinsic proteins (TIPs), nodulin-26 like intrinsic pro-
teins (NIPs), small basic intrinsic proteins (SIPs), and
X intrinsic proteins/uncharacterized-intrinsic proteins
(XIPs) [20-22]. Plant species typically have a higher
number of AQP genes than animals, ranging from 30 to
70 [4, 18, 23]. For example, in poplar, 55 AQP genes have
been identified [22, 24].

Plasma membrane intrinsic proteins (PIPs)

The plasma membrane intrinsic proteins constitute the
largest plant AQP subfamily with the molecular weight of
around 30 kDa and an isoelectric point of 9.0. The major-
ity of PIPs have been identified in the plasma membranes
and they are generally localized in organs characterized
by large fluxes of water i.e. vascular tissues, guard cells
and flowers. They have several basic amino acids at the
C-terminal. Among the 35 full-length aquaporin genes of
the Arabidopsis genome, 13 encode for PIPs [22].

Based on the sequence similarities, PIPs are classi-
fied into two subgroups, PIP1s and PIP2s. The differ-
ences between these two subgroups is the length of
amino and C-termini, amino acid substitutions, and
their water permeability. Different isoforms of PIP1s
and PIP2s are generally localized in almost all parts of
the plant including roots and leaves, and the morphol-
ogy and physiological functions of these organs can be
totally different with regard to water or CO, transport
[25]. Based on the research and phylogenetic analysis of
Populus trichocarpa, among the 55 full-length MIP pro-
tein sequences, there are 15 active PIPs (five PIP1s and
ten PIP2s) [21, 22].

Pip1s

Despite the fact that the amino acid sequences are similar
in both PIP1 and PIP2 subgroups, their water transport
ability and cellular functions are very different. The PIP1
subgroup has five members (PIP1;1 to PIP1;5), whereas
the PIP2 subgroup has eight isoforms (PIP2;1-PIP2;8)
[1]. PIP1 proteins have longer N-terminal but shorter
C-terminal tails compared with PIP2. PIP1 proteins are
usually present in the plasma membrane [26] and are
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considered to have low water permeability [27]. Some of
the PIP1 proteins are not able to act independently and
they must form heterotetramers with the PIP2 mono-
mers to be able to facilitate water permeability [28], how-
ever, there is also strong evidence demonstrating their
importance in regulating water permeability. In tobacco
(Nicotiana tabacum) plants, reducing the expression of
NtAQP1, a member of the PIP1 family, caused a decline
of root hydraulic conductivity and decreased resistance of
plants to water stress. In pea (Pisum sativum), PIP1 was
demonstrated to play an important role in water absorp-
tion during seed water uptake [25]. Some members of the
PIP1 subgroup are also considered to be responsible for
transporting glycerol and CO, in addition to water [29].

Pip2s

Aquaporins of the PIP2 subfamily are thought to be more
efficient as water channels than members of the PIP1
group and different isoforms of PIP2 are considered to
be the main pathway for cell-to-cell water transport [25].
Different studies using Xenopus oocytes showed that
overexpression of the PIP2s significantly increased the
water permeability compared to the control group. Com-
pared with PIP1s, PIP2 AQPs have a shorter N-terminal
and a longer C-terminal ends with an additional stretch
of 4-10 amino acids located in the first extracytosolic
loop. These features can contribute to cell-to-cell water
transport in roots, leaves, reproductive organs, and seeds.

Tonoplast intrinsic proteins
Tonoplast Intrinsic Proteins (TIPs) are the most abun-
dant AQPs in the vacuolar membrane [18], and the
exact role of TIPs in the cellular membranes of different
plant species is known. TIPs were the first proteins with
water-transporting function that have been identified in
vacuolar membranes of Arabidopsis thaliana [32]. TIPs
possess molecular weight of between 25 and 28 kDa and
an isoelectric point of about 6.0 [33]. In maize, Arabi-
dopsis and rice, the TIP group consists of five subgroups
with respect to their sequence homologies: TIP1, TIP2,
TIP3, TIP4 and TIP5. TIPs are predominantly located
in the tonoplast, but some TIP isoforms are found in
the membrane surrounding the protein storage vacuoles
and small vacuoles [34]. Phylogenetic analysis of Populus
trichocarpa has revealed that there are 17 TIPs present
among the 55 full-length MIP protein sequences [22].
Plant vacuoles are generally considered as a cellular
storage compartment, but they can have many other
functions in addition to storage. Vacuoles may contain
hydrolytic enzymes and secondary metabolites such as
alkaloids or storage proteins, especially in seeds. Vacu-
olar membranes (tonoplasts) are involved in maintaining
water and osmotic balance and function as a barrier to
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intracellular transport. In addition to intracellular water
movement and non-limiting water flow through the
membranes, TIPs are considered to play an important
role in transporting small solutes and gases [35].

Water permeability of the tonoplast is considered
to be much higher than that of the plasma membrane,
because of the abundance of AQPs in the tonoplast [34]
and this leads to rapid osmotic adjustment of the cyto-
plasm and maintenance of cell turgor pressure. In addi-
tion to TIP biological roles, these proteins can also be
used as vacuolar markers. Using specific antibodies, it
was demonstrated that different TIP isoforms can have
different physiological functions. For example, in ice
plant (Mesembryanthemum crystallinum) the abundance
of TIP1; 2 decreased when the plant was exposed to salt
stress. This suggests that TIPs may play a role in stress
responses [36].

Nodulin intrinsic proteins (NIPs)

Plants of the Leguminosae family can be colonized by
nitrogen fixing bacteria and their roots form nitrogen-
fixing nodules. The formation of nodules is the result of
symbiotic relationship between the plant and bacteria.
During the formation of nodules, nodulin proteins are
expressed by plants and transferred to the membranes.
Most of the NIP proteins have similar sequences to the
nodulin-26 protein that is expressed at the symbiosome
membrane (SM) when the root of leguminous plants is
infected by rhizobacteria. Nodulin 26 (Nod26) is consid-
ered to be a major integral protein of the symbiosome
membrane. NIPs form about 10% of total symbiosome
membrane protein [37].

It has been shown that in root nodules, NIPs play an
important role in transporting water between the bac-
teria and the host plant. NIPs are different from other
plant MIPs and located in plasma and intracellular mem-
branes of both leguminous and non-leguminous plants
[1]. Although, Nod26 and other NIPs play a similar role
as transporters of water and small solutes, compared to
other aquaporins, NIPs have lower water permeability. In
poplar, Populus trichocarpa, there are eleven NIPs among
the full length MIP protein sequences [21, 22]. NIPs
also play an important role in drought and salt stress
responses and in maintaining plant water balance. Under
stress conditions, phosphorylation of NIPs increased,
indicating that, similarly to other AQPs, these proteins
may play a key role in plant stress responses [38].

Small basic intrinsic protein (SIPs)

The SIP subfamily is not structurally and functionally
well characterized. Proteins of this new subfamily are
small, like TIPs, but compared to TIPs, they are very
basic. The main reason for their small size is a very short
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cytosolic N-terminal region compared to the other plant
AQPs. In cotton, SIPs are categorized into one SIP1 sub-
group. Based on the NPA sequence, SIP1 is divided into
the SIP1; 1 and the SIP1; 2 [25]. Compared to other AQP
subfamilies, SIPs have shown completely different sites
of characteristic residues, which can suggest that differ-
ent SIP isoforms may have different solute permeabilities.
It was observed that Alanine residue present in the first
NPA motif was converted to Tyrosine in the first four
SIPs of cotton. The Asparagine-N residue present in the
first NPA motif of SIP1; 1 was converted to Asparagine-
D. These changes in the amino acids (Asparagine-N to
other amino acids) are among the important types of the
conversion of Asparagine-N in the NPA motif among the
aquaporins found in cotton [23].

Xintrinsic proteins

The first characterization of this newly discovered sub-
famliy was carried out in upland cotton [23]. XIPs have
been characterized in protozoa, fungi, mosses, and
dicots. There have been 19 XIP members described
including 5 XIPs in Populus. The remaining ten were
described from dicots other than Populus, three from
moss and one was from a protozoa. XIP homologs were
absent from monocots [17]. Expression analysis of Pop-
ulus MIPs indicates that Populus XIPs do not show any
tissue-specific transcript abundance. However, XIP sub-
family is not functionally well characterized in poplar
plants [22]. In grapevine, VvXIP1 was found to play a role
in osmotic regulation in addition to H,O, transport and
metal homeostasis [39].

Regulation of aquaporin gene expression

Gene expression is a process through which gene infor-
mation is converted into proteins. The first evidence con-
cerning the role of AQPs in plants came from the studies
of their gene expression in different cells, tissues and
organs after exposure to different environmental condi-
tions. The abundance of AQPs is critical for understand-
ing their function. Expression of AQPs may be altered by
abiotic factors including drought, salinity, low tempera-
tures, and wounding. AQP expression is also affected by
phytohormones including abscisic acid and gibberel-
lins [40, 41]. Since PatPIPI from a Populus tremula x P,
alba clone was strongly expressed in response to salinity
stress, it can be assumed that expression of AQPs is an
important mechanism in plant responses to salt-induced
water stress [42]. There are several approaches for study-
ing and analyzing gene expression of protein channels
in plants. Reverse transcription quantitative PCR (RT-
PCR) technique is one of the most common techniques
for measuring the mRNA abundance, however, it may
be cumbersome since it requires the right design of
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experimental conditions such as specific and efficient
primers [43].

Regulation of gene expression is a stress response
mechanism where a gene is transcribed, mRNA is trans-
lated into a protein and the protein is correctly targeted.
The regulation of water transport through AQPs is com-
plex and involves different mechanisms and factors. MIP
gene expression is regulated in a cell-specific manner via
hormones and by environmental factors such as water
stress, pathogens, low temperature and salinity. MIP gene
expression can be regulated by many signaling pathways
and through complicated transcriptional, translational
and posttranscriptional controls and it is difficult to dis-
tinguish a standard expression pattern for each AQP gene
[11, 44]. In plants, regulation of AQP expression has been
used to evaluate the protein’s activity in the osmotic water
permeability and how the manipulation of the expression
of the same genes acts. Different studies suggest that low
abundance of AQP proteins reduces the water permeabil-
ity and the high abundance (over-expression) increases
the hydraulic conductivity of biological membranes [45].
AQP gene expression can be regulated through different
processes such as methylation, phosphorylation, heter-
omerization and protonation. These mechanisms have
been demonstrated to affect AQP trafficking through
the secretary pathway to reach the plasma membrane or
opening and closing of the pores. Following AQP gene
expression patterns in different plant species and specific
tissues can also help identify their roles in responses to
environmental stresses.

Gating through phosphorylation and dephosphorylation
Plant responses to changes in water availability require
rapid regulation of membrane water permeability. AQP
gating involves opening and closing of the AQP water
channel pore and phosphorylation and dephosphoryla-
tion of AQPs are considered to be important mechanisms
regulating their activity [46]. Gating can be also regulated
by protons (H*) and divalent cations [47]. The enzymes
involved in gating are protein kinases and phosphatases.
Phosphorylation enhances AQP activity [9] by keeping
the AQP pores in the open state [48]. It has been shown
using different approaches such as mass spectrometry
analyses and the antibodies for phosphorylated AQP
peptides that there are different sites of phosphorylation
in AQPs of the PIP, TIP and NIP subfamilies.
Phosphorylation of plant AQPs can be directly involved
in rapid channel gating, protein trafficking and open-
ing and closing of the pore. It has been confirmed that
the loop B and the N- and C-terminal tails of AQPs are
the important sites in water channel regulation. A con-
served phosphorylation site has been determined in the
loop B of almost all plant PIPs [49]. In vivo and in vitro
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phosphorylation of serine residues within the N- and
C-termini has been reported for some plant species.
In addition to the phosphorylation of N- or C-terminal
serine, a Serine residue located in the cytoplasmic loop
close to the first NPA motif can also be phosphorylated.
The serine residue is conserved in all plant PIPs and in
some TIPs, and remains within protein kinase phospho-
rylation sequence (Arg/Xaa-Lys-Xaa-Ser-Xaa—Xaa-Arg)
recognized by several protein kinases, such as calcium-
dependent protein kinases [46].

Xenopus laevis oocytes have been used as a reliable
and convenient system for understanding the function
and regulation of AQPs. The role of phosphorylation in
aquaporin activity has been investigated using kinases
and phosphatases. Adding a cAMP antagonist, the water
transport activity of PvTIP3;1 in Xenopus was increased,
however, mutation in the phosphorylation site could pre-
vent this effect [1].

Regulation of AQPs by tetramerization

AQPs are capable of forming homotetramers and het-
erotetramers in the biological membranes [50]. Forming
homo- or hetero-tetramer structures enables AQPs to
be trafficked to cellular membranes and to function as
channel transporters. Among the different PIP isoforms,
PIP1 subgroup has greater water permeability com-
pared to PIP2 isoforms [27]. However, PIP2 proteins may
interact with PIP1 members by forming heterooligomer
structures that can function as water channels [50, 51].
Expressing PIP1s in conjunction with PIP2s can signifi-
cantly improve the water permeability [48, 52]. ZmPIP2s
in maize have been shown to be functional only if they
interact with ZmPIP1;2 and the membrane water per-
meability is significantly increased when they are co-
expressed with ZmPIP2 in Xenopus oocytes [7, 50]. Also,
SoPIP1 in spinach (Spinacia oleracea) has been shown to
have low water permeability whereas its heterotetramer
with PIP2 had relatively high water permeability [48, 52].
Although heterotetramers usually provide greater stabil-
ity and folding of the proteins resulting in highly efficient
water transport across biological membranes, not all of
the AQP subgroups are activated by forming heterote-
tramers [50].

The lack of expression clearly shows that heterote-
tramers may not be an important factor for the efficient
water transport in all plant tissues, for example, Zea
mays ZmPIP2;5 was lacking in shoot tissues of maize
[27], and NtPIP2 was lacking in tobacco stigmas [53]. In
fact, some PIP2s, TIPs and NIPs are functional when they
are expressed alone in heterologous conditions. In some
plants, PIP1s are not able to form tetramers individually,
but when PIP1s are co-expressed with PIP2s, then only
the PIP1s become active water channels and this proves
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that forming heterotetramer structures can be an impor-
tant factor in activating or regulating plant AQPs. Gen-
erally, Loop E of AQPs is considered to control tetramer
formation in plants [50].

Regulation of aquaporins by plant hormones
Plant hormones can play an important role in AQP reg-
ulation. Expression of some plant AQPs is regulated by
plant hormones such as gibberellins [40-42], abscisic
acid (ABA) [54-56], cytokinins and auxins [41]. Interac-
tion between gibberellins and brassinosteroids has been
shown to control AQP expression [42, 56]. ABA can also
regulate plant AQP function and induce stomatal clo-
sure. Treatments with exogenous ABA can alter the root
hydraulic conductivity [57, 58]. ABA also controls the
transcription of many AQP isoforms in different parts of
plant species [55]). It also regulates transcription of PIPI
gees of guard cells in maize [42, 56]. Applying ABA also
increased the abundance of AtAQPs in Arabidopsis [54].
TIPs can also be regulated by plant hormones. In rice,
the application of gibberellic acid and ABA increased
the expression of OsAQP gene, responsible for encod-
ing the TIP in leaves and roots [40]. In ginseng (Panax
ginseng) cells, PgTIPI was slightly more abundant when
the cells were treated with exogenous cytokinins and less
abundant when exogenous auxins were supplied [41].
Indole-3-acetic acid (IAA) has been reported to reduce
the hydraulic conductivity of root cortical cells in Pop-
ulus alba x P tremula var. glandulosa [42]. Studies in
Arabidopsis have shown that IAA acts through the auxin
Response Factor 7 (ARF7) and reduces the expression of
most PIPs at both transcriptional and translational lev-
els. Salicylic acid, a hormone produced in response to
pathogens and abiotic stresses, has been shown to simi-
larly respond to salt stress and decreased the abundance
of PIPs and root hydraulic conductivity by a ROS-medi-
ated mechanism. Other growth inducing hormones such
as gibberellic acid (GA3) and ethylene have also been
reported to regulate AQP expression [42, 59, 60], but
the mechanisms contributing to this response are little
known.

Effect of pH and cations on aquaporin activity

The effects of pH on regulation of AQP activity is not
well known, however, several studies suggest that AQPs
pose structural features which can act as pH sensors [61].
In addition, the position of histidine plays a key role in
AQP regulation by pH [62, 63]. Regulation of PIPs by
pH is very important during anoxic stress in plants. The
pH change in the cytosol can be recognized by the his-
tidine (His-197) residue in the intercellular loop [61].
Reversible reduction of AQP function caused by high
concentrations of HT was observed in many plants [64].
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In spinach, under flooding condition, the cytosolic pH is
dropped and the histidine residue (His193 in SoPIP2.1) is
protonated [48]. In Arabidopsis under low cytosolic pH,
a conserved H (His)-197 residue of the loop D is proto-
nated and subsequently, the water flow can be reduced
due to the closure of pores [61]. It was recently proposed
that PIP2 phosphorylation of the loop B serine residue is
triggered by a stimulus that is likely linked to water sta-
tus at the cell level. If PIP2 is dephosphorylated in this
residue, pH regulation becomes a significant regulatory
mechanism for water transport [65]. The trembling aspen
(Populus tremuloides) that were inoculated with H. crus-
tuliniforme had a maximum root hydraulic conductivity
at pH 7 than the non inoculated plants. Fungal inocula-
tion modified the response of root hydraulic conductiv-
ity of the trembling aspen to change in the root pH. At
higher pH levels, the root hydraulic conductivity of the
inoculated seedlings increased thus there was an increase
in aquaporin-mediated cell-to-cell water transport [66].
Growth and physiological responses of trembling aspen
(Populus tremuloides), white spruce (Picea glauca) and
tamarack (Larix laricina) seedlings were affected by the
change in the root zone pH [63]. It has been shown that
the change in the root zone pH would alter either AQP-
mediated water transport or root hydraulic conductivity
or both in diverse plant species [66]. A large and rapid
change of root water flow rates and root hydraulic con-
ductivity was observed when birch roots were exposed
to different root pH values. It was suggested that the
water channel function could be affected below or above
an optimum pH range and result in a decrease of water
flow through roots and leading to a loss of leaf hydra-
tion and stomatal closure [67]. It was recently proposed
that Mono- and divalent-cations are also important
in regulation of AQPs under low pH [63]. For exam-
ple, when Arabidopsis protoplasts were treated with
Ca®", the decline in the cell hydraulic conductivity was
observed, however, binding divalent cations to AQPs may
cause changes in AQP configuration that trigger signal
responses affecting the water transport under some abi-
otic stress conditions [68].

Reactive oxygen species

Reactive oxygen species (ROS) control signaling
responses of plants under abiotic stress conditions, how-
ever, it can cause severe oxidative damage at the tissue
and cellular levels. It has been observed that the forma-
tion of ROS in parenchyma cells can be induced by high
light intensity and cause reversible oxidative gating of
AQPs [69, 70]. Two different regulatory mechanisms of
ROS have been suggested. AQP function can be affected
by oxidizing cysteine residues of the pores which lead to
conformational changes of the protein and, consequently,
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the dephosphorylation will close the channel [9]. *OH
can also attack the triple bond structures between the
carbons of the plasma membrane through the oxidation
of lipids and the resulting lipid radicals will close the
AQP pore [70]. H,O, can be also produced by apoplast
in response to ABA and other adverse environmental
conditions such as drought and salinity [71]. It has also
been suggested that under stress conditions, ROS can be
excessively produced and causes signal transduction to
activate the AQP and close the AQP channel [9].

Regulation of aquaporins by different chemical agents
Some chemical agents such as mercury and silver can act
as inhibitors and block aquaporin transport. Mercury
(often applied as HgCl,) is one of the most commonly
used inhibitors of AQP activity [72, 73]. Most of the AQP
pores are blocked by various mercurial compounds [74].
Mercurial compounds affect AQP activity by binding to
the SH-groups of cysteine residues attached to the NPA
motif in the central pore and blocking the pore, which
leads to a disturbance of water flow [74]. It was also
reported that applying sodium naphthenates decreased
the hydraulic conductivity, root water transport and
root respiration rate in Populus tremuloides [75], but the
mechanisms of this inhibition are not clear. Respiration
rates are often strongly linked to AQP activity, possibly
through the effect on phosphorylation [72, 75-78]. A
wide range of metabolic inhibitors that includes sodium
azide, cycloheximide, naphthenates, mercurial com-
pounds and other sulphydryl reagents can inhibit AQP
activity. Cycloheximide, which inhibits protein synthesis,
almost immediately inhibited root water flow and stoma-
tal conductance in Populus tremuloides [76]. All sulphy-
dryl reagents are considered to be AQP inhibitors since
they block AQPs through oxidation of cysteine residues.
Inhibition by sulphydryl reagents can be reversed by
reducing agents, e.g.: 2-mercaptoethanol [72, 76, 77, 79].

Stress response of aquaporins

Numerous studies have confirmed that the abundance of
AQPs is regulated by various developmental and environ-
mental factors including biotic and abiotic stresses. Envi-
ronmental stresses such as salinity, drought and low root
temperature can quickly reduce water transport rates
[72, 77, 78, 80-83]. It is clear that among the different
changes in environmental conditions, preserving water
balance under stress conditions can be a difficult and
crucial challenge for plants [84]. Therefore, plants need
to have various adaptive responses to handle environ-
mental stresses and their effects on water balance. AQPs
play a key role in maintaining water homeostasis and bal-
ance under different environmental stress conditions [9,
82, 85-87]. The abundance and activity of AQPs in the
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plasma membrane is regulated in order to control water
fluxes within the cells and in and out of the cells [1].

Abiotic stresses such as drought and salinity can alter
transmembrane water movement [54, 55, 81]. Changes of
AQP expression can be effectively used to regulate water
transport under different abiotic stresses. However, its
effectiveness can vary depending on the plant growth
conditions, stages of development and tissue type as well
as the duration and intensity of stress [55, 82, 86] and the
type of AQP [54]. During abiotic stress, specific AQP iso-
forms may be expressed in certain tissues while other iso-
forms are expressed throughout the plant. Manipulation
of AQP gene expression has greatly helped to understand
plant water relations under stress conditions. Molecular
analyses of regulation of the whole AQP family have often
revealed complex transcriptional and posttranslational
responses, with sometimes opposite patterns between
the different isoforms. However, the abundance of AQP
transcripts and the encoded proteins are not necessar-
ily correlated [14, 24]. In fact, not all AQP transcripts
are converted into proteins, because of the protein turn
over and posttranslational modifications (PTM). PTM is
a step in protein synthesis where polypeptides undergo
structural and functional changes following initial syn-
thesis of protein. Turnover is the balance between syn-
thesis and degradation of protein [46, 88]. The exact role
of AQPs in maintaining plant water status under different
stress condition cannot be clearly explained because dif-
ferent AQP genes may be variously stimulated or reduced
or may remain unchanged under abiotic stresses. In rice,
AQP function was not strictly correlated with root water
fluxes, but the function of AQPs became more impor-
tant under drought stress conditions [89]. Stress can also
affect membrane trafficking of AQPs. In Arabidopsis, salt
stress was found to induce the internalization of PIP2;1
from the plasma membrane to the vacuolar lumen and
this process was suppressed by the inhibitors of kinases
and clathrin-mediated endocytosis [90]. Conferred stress
tolerance to tobacco by SpAQP1 gene from the halo-
phytic plant Sesuvium portulacastrum provides evidence
for the importance of AQPs in salt stress tolerance [91].

Considering that AQPs may function in transport pro-
cesses of other molecules in addition to water, under-
standing the nature of these complex changes may prove
challenging. This complex expression patterns also sug-
gest that water status is maintained by increased or
reduced cell-to-cell water transport via AQPs under abi-
otic stress conditions [81].

Numerous studies have confirmed that increasing AQP
expression in transgenic plants can increase plant resist-
ance to stresses [14, 78, 92]. However, in some cases,
negative effects on stress resistance have been observed
in plants over-expressing heterologous AQPs [14]. This
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can frequently be explained by the nature and intensity of
stress. In most cases, when over-expression of AQPs had
beneficial effects, leaf water potentials and transpiration
rates were higher compared with the wild-type plants
[24, 78]. These results can be more clearly demonstrated
under controlled environmental conditions. However,
growth optimization through the development of stress-
resistant genotypes overexpressing single AQP genes
may not be effective under complex natural environmen-
tal conditions [93].

Responses of plants to aquaporin over-expression

Physiological responses of plants to a variety of abi-
otic stresses can be altered by the genetic manipulation
of plants (Table 1). Increasing water use efficiency and
plant water retention in the cell are the important goals
in the development of tolerance to abiotic stresses. The
molecular mechanisms of regulation of AQP function are
also important in plants over-expressing AQP genes [56].
Expression of AQP PIPI of Vicia faba (VfPIPI) in trans-
genic Arabidopsis thaliana improved drought resistance
by the reduction of transpiration rates through stomatal
closure [92]. Over-expression of gene RWC3 responsi-
ble for relative water content in transgenic lowland rice
(Oryza sativa) showed increased resistance to poly-
ethylene glycol (PEG) induced osmotic stress through
increased root hydraulic conductivity [94]. Under salin-
ity stress, expression of OsPIP1;1 in rice increased in
leaves, but was reduced in roots [95]. Therefore, the
response of each over-expressed AQP isoform towards
a specific stress depends on the increase in water uptake
from soil, role of AQPs in the control of water loss by
transpiration and its capacity to maintain CO, assimila-
tion. The effect of interaction of a particular AQP iso-
form on other endogenous AQPs may alter the response
to stress. The stomatal density and transpiration rates
were increased in transgenic AtPIP1b-overexpressing
tobacco plants, whereas they remained unchanged in
transgenic NtAQP1-over-expressing Arabidopsis plants
[96] compared to the wild-type control plants. The phe-
notypic changes shown by AQP over-expression play a
key role in the development of tolerance during abiotic
stress [92]. Stress tolerance is achieved by the coopera-
tion between the over-expressing foreign AQPs and the
endogenous AQPs. The expression of one AQP gene
affects the expression patterns and distribution of endog-
enous AQP genes and this effect varies among plant spe-
cies [97]. The expression of cucumber (Cucumis sativus)
AQP genes CsPIP1;1 and CfPIP2;1 increased seed germi-
nation rates under high salinity. When the root tempera-
ture (RT) was lowered from 20 to 5 °C in solution culture
for 30 min, PIP2:5 over-expressing hybrid aspen Popu-
lus tremula x alba (PtdPIP2;50x) AQP had significantly
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Table 1 Examples of attempts to improve plant resistance to abiotic stress by manipulation of AQP expression
Aquaporin gene Aquaporin over expressing Promoter Stress condition Response References
isoform plant
VIPIP1 Arabidopsis thaliana 35S Drought (soil drying by withholding water) Resistance [92]
AtPIP1:b Nicotiana tabacum 35S Salinity (90 mM NaCl, 40 days) Sensitive [14]
WPIP2:4 N Vitis vinifera 35S Water stress (soil drying by withholding water, Sensitive [100]
14 days)
StPIP1 Nicotiana tabacum 35S Water stress (25% PEG 6000) Sensitive [99]
rd29A
RW(C3 Oryza sativa SWPA2 Water stress (PEG treatment, 10 h) Resistance [94]
OsPIP1;1 Oryza sativa 35S Salinity (100 mM NaCl, 14 days) Resistance [95]
SITIP2,2 Solanum lycopersicum EVO205 Salinity (180-200 mM NaCl) Resistance [93]
35S
HVPIP2;1 Oryza sativa 35S Salinity (100 mM NaCl, 2 weeks) Sensitive [88]
TdPIP1;1 Nicotiana tabacum - Salinity (250 mM NaCl, 30 days) Resistance [101]
Water stress (300 mM mannitol, 30 days) Resistance
BnPIP1 Nicotiana tabacum 35S Drought (stop irrigation, 20% PEG8000) Resistance [88]
TaAQP7 Nicotiana tabacum 35S Drought (water deprivation, 20 days) Resistance [102]
Osmotic stress (150-300 mM mannitol, 7-12 days) Resistance

AtPIP1,4, AtPIP2;5 Arabidopsis thaliana, Nicotiana 35S

tabacum

Water stress (100-400 mM mannitol 12-24 h, with-
holding water 15 days)

No effect [97]

Salinity (50 mM NaCl 14 days)
Cold (10°C, 24 h)

higher net gas exchange rates and hydraulic conductivi-
ties (L,) compared with the wild-type plants and recov-
ery also was fast in transgenic lines when the RT was
raised back to 20 °C [78]. When the plants were exposed
to low root temperatures for 3 weeks in solution culture,
gas exchange rates, water use efficiency and hydraulic
conductivity of the transgenic lines were significantly
higher than the wild-types but no differences in relative
plant height growth and dry weight [78].

The expression of leaf gourd (Cucurbita ficifolia) AQP
gene CfPIP2;1 increased the survival rate of Arabidop-
sis plants under extreme drought [98]. The functions
of PIP2 subfamily AQPs will be more affected than the
PIP] subfamily, under severe abiotic stress [98]. It is not
clear how the foreign AQP gene modifies the function of
endogenous PIPs of Arabidopsis. As mentioned above,
over-expression of plant AQPs did not always improve
tolerance to abiotic stress [14, 99, 100]. Over-expres-
sion of AQP gene AtPIP1b in Arabidopsis increased the
growth rate, gas exchange and stomatal density in Nico-
tiana tabacum under favorable conditions, but decreased
the growth, under drought stress conditions [14].

Conclusions

During the last years, intensive research has focused on
understanding the structure and function of plant AQPs
and the role of plant AQPs in water transport and stress
responses. These studies have helped to improve the
understanding of the functions of different AQP isoforms

in water and nutrient uptake as well as regulation of leaf
and root hydraulics, plant growth and development, and
stress response. Progress has been made in understand-
ing the molecular bases of AQP transport selectivity and
gating. Studies at the molecular level and gene expres-
sion analyses using methods such as RT-PCR or differ-
ent expression systems, suggest different co-translation
and post-translational mechanisms and molecular inter-
actions between AQP isoforms and regulatory proteins.
Signaling events and environmental changes can affect
the AQP function and regulation. AQPs can also play
an important role in plant growth and controlling tis-
sue expansion. However, manipulations of AQP gene
expression for the improvement of plant stress resistance
remain to be a challenge.
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