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ABSTRACT

The impact of aquaporin function on plant water balance is
discussed. The significance of these proteins for root water
uptake, water conductance in the xylem, including embo-
lism refilling and the role of plant aquaporins in leaf physi-
ology, is described. Emphasis is placed on certain aspects of
water stress reactions and the correlation of aquaporins to
abscisic acid as well as on the relation of water and CO2

permeability in leaves.

Key-words: abscisic acid; aquaporin; CO2 mesophyll con-
ductance; hydraulic conductance; stomata opening; water
uptake; xylem refilling; xylem water transport.

INTRODUCTION

Membrane barriers are not rate limiting for vascular long-
distance water transport in plants. In short-distances and
non-vascular tissues, however, water has to cross mem-
branes. This engages diffusion through the lipid bilayer and
water-conducting channels, the so-called aquaporins. In
general, pure biomembranes are permeable for water,
however, the water permeability of living cells could be
rather low. Insertion of aquaporins into these membranes
can increase the water permeability drastically. As a
common rule, the presence of aquaporins in membranes is
necessary when high rates of water transport across mem-
branes are required (i.e. when a low resistance is necessary),
like for example during root water uptake, cell elongation,
plant water transport, stomatal movement, leaf movement –
either pulvinus mediated or nyctinastic – or during some
processes of flowering and fertilization. Besides water,
some aquaporins can conduct CO2. This feature is rel-
evant for mesophyll conductance to CO2 and eventually
photosynthesis.

The scope of the present review was to discuss the impact
of aquaporin function on whole plant water balance and the
coupling of stomata opening and photosynthesis to CO2

concentrations and water balance.

AQUAPORINS

Aquaporins belong to the class of major intrinsic proteins
(MIPs) and were initially discovered and cloned from
human erythrocytes (Preston & Agre 1991; Preston et al.
1992). Members of this pore-forming integral membrane
protein family were found in virtually all living organisms.
Aquaporin proteins show a characteristic-conserved
arrangement of six transmembrane helices connected by
three extra- and two intracellular loops, N- and C-terminal
domains protruding into the cytoplasm. Two highly con-
served amino acid motifs, asparagine-proline-alanine
(NPA) are located at the first intracellular and the third
extracellular loop. The amino acid sequence of aquaporins
shows an internal symmetry.The N-terminal half is homolo-
gous to the C-terminal half of the protein, and both are
inversely connected. Often, aquaporins are incorporated
into the respective membranes in a tetrameric arrangement
comprising four functionally independent pores that are
provided by the respective monomers (de Groot & Grub-
muller 2001) and a putative additional central as well as
four predicted lateral pores (Wang et al. 2007).

The mechanism of water permeation through the pore of
an aquaporin monomer has been analysed on the human
aquaporin 1 (Murata et al. 2000; de Groot & Grubmuller
2001). Selectivity of this pore is established by a two-stage
filter. One stage is supplied by the conserved fingerprint
NPA motifs located at the first intracellular and the third
extracellular loop. Both loops are hydrophobic and dip into
the membrane lining the NPA boxes directly on top of each
other (Jung et al. 1994) forming the selectivity region. The
other stage is provided by the so-called aromatic/arginine
regions and operates as a proton filter. These hydrophobic
regions near the NPA motifs are rate-limiting water barri-
ers, and reduce interactions between water molecules. It
has been shown for human aquaporin 1 (HsAQP1) that
water permeates in a single-file arrangement, and that
a fine-tuned water dipole rotation during passage is essen-
tial for water selectivity (Murata et al. 2000; de Groot &
Grubmuller 2001).

A possible contribution to membrane gas transport of the
so-called fifth pore, which can be formed by an aquaporin
tetramer, is under consideration (Wang et al. 2007). Theo-
retical evidence for the involvement of this pore in ion
conductance was also provided (Yu et al. 2006). Molecular
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dynamics simulations revealed four additional putative
pores appearing in the aquaporin tetramer at the contact
sites between two neighbouring monomers. From molecu-
lar dynamics studies, these so-called ‘lateral pores’ could
also exhibit gas conductivity (Wang et al. 2007). The obser-
vation that each of the four monomers in a tetrameric con-
formation has a functionally independent pore, but yet a
tetrameric organization is favourable, suggests that oligo-
merization could be beneficial to protein stability or func-
tional properties.

Supporting the hypothesis of functionally different
aquaporin isoforms, it was found that aquaporins show a
surprisingly high diversity in conductivity.Accordingly, con-
ductivity for water, small uncharged solutes (Biela et al.
1999; Gerbeau et al. 1999), hydrogen peroxide (Bienert,
Schjoerring & Jahn 2006), gases (Uehlein et al. 2003; Holm
et al. 2005; Endeward et al. 2006) or ions (Saparov et al.
2001; Yool & Weinstein 2002) was observed.

AQUAPORINS IN PLANTS

To date, 14 aquaporins were identified in mammals (King,
Kozono & Agre 2004), whereas plants display a higher
abundance of aquaporin homologs (Kaldenhoff & Fischer
2006). The higher aquaporin diversity in plants has been
attributed to a higher degree of compartmentation of
plant cells and a greater necessity for fine-tuned water
control (Johanson et al. 2001) to adapt to changing envi-
ronmental conditions. Arabidopsis thaliana, for example,
has 35 sequences with high similarity to aquaporin genes
(Johanson et al. 2001; Quigley et al. 2001); maize, 36
(Chaumont et al. 2001); and in the rice genome, 33 aqua-
porin sequences were identified (Chaumont et al. 2001;
Sakurai et al. 2005). Plant aquaporins can be subdivided
into four major groups (Kaldenhoff & Fischer 2006), indi-
cating different possible subcellular or plant organ local-
ization: plasma membrane intrinsic proteins (PIPs),
tonoplast intrinsic proteins (TIPs), NOD26-like intrinsic
proteins (NLMs, NIPs) and small basic intrinsic proteins
(SIPs), which were shown to be targeted to the endoplas-
matic reticulum (Ishikawa et al. 2005). The PIP subfamily
can be further subdivided into two groups, namely, PIP1
and PIP2. The members of these groups differ in N- and
C-termini lengths, the N-terminus being longer in PIP1
aquaporins. Functional analysis in Xenopus oocytes
showed that the expression of PIP2-type aquaporins
increases the water permeability of oocyte membranes
about 10- to 20-fold. In contrast, the expression of PIP1-
type aquaporins does not affect the membrane water per-
meability considerably (Kammerloher et al. 1994; Biela
et al. 1999). The coexpression of PIP1 and PIP2 aquapor-
ins increases the water permeability of oocytes, supporting
the notion of a cooperative effect (Moshelion et al., 2002;
Fetter et al., 2004). In plant cells, the transport of PIP1
proteins to the plasma membranes or the integration into
this membrane appears to be dependent on PIP2 expres-
sion (Zelazny et al. 2007).

Aquaporins and root water uptake

One of the early studies for analysis of root water uptake
appeared in 1995, showing that application of a mercury
chloride solution reduced the hydraulic conductivity of
tomato roots by about 60%. The effect was found to be
reversible by addition of mercaptoethanol (Maggio & Joly
1995). Heavy metal ions were used in heterologous expres-
sion systems to block aquaporin water conductivity
(Daniels et al. 1996; Rivers et al. 1997), and the inhibition of
aquaporin water conductivity could be reversed by addition
of mercaptoethanol. Furthermore, complete plants were
treated with these substances, and the effect on water per-
meability or on physiological processes related to water
transport rates was measured. Similar studies were pub-
lished for onion (Barrowclough, Peterson & Steudle 2000),
pea (Beaudette et al. 2007) and other plant species.
However, for a thorough interpretation of these effects, it
should be considered that mercury ions interact not only
with aquaporins but also with numerous other proteins. In
addition, it was found that several PIPs and TIPs were
insensitive to mercury treatment in heterologous expres-
sion systems (Daniels, Mirkov & Chrispeels 1994; Biela
et al. 1999). Consequently, it is difficult to conclude from the
effects induced by mercury application on a complex
system like a living plant to the function of aquaporins or an
aquaporin family. More potent inhibitors of aquaporin
function were found in the past years as, for example, silver
and gold compounds (Niemietz & Tyerman 2002). A strat-
egy to circumvent unpredicted effects of chemical treat-
ments is to compare aquaporin mutants (Tournaire-Roux
et al. 2003) or plants that are inhibited for aquaporin
expression by RNAi or antisense techniques (Kaldenhoff
et al. 2007).

Many aquaporins are known to be expressed in roots
(Kaldenhoff et al. 1995; Quigley et al. 2001). The tobacco
PIP1 aquaporin NtAQP1 was shown to be present in cells
controlling the water flow between symplast and apoplast,
for example, in cells associated with vascular elements, the
xylem parenchyma, in cells of the exo- and endodermis as
well as in the root cortex (Otto & Kaldenhoff 2000). Reduc-
tion of NtAQP1 content in tobacco plants using the anti-
sense technique reduced the root hydraulic conductivity by
55% compared with unmodified control plants. As a conse-
quence, the plants were more susceptible to water stress
(Siefritz et al. 2002). In Arabidopsis, it was shown that a
member of the PIP2 subfamily, namely AtPIP2;2, is present
in the root endodermis. Silencing of PIP2;2 expression
reduced the root hydraulic conductivity by 14% (Javot et al.
2003).

Aquaporins and xylem water transport

The xylem sap moves via a cell wall continuum in the apo-
plast. Thus, there is no direct involvement of aquaporins on
water transport in xylem. However, the symplastic cells sur-
rounding xylem vessels, the xylem parenchyma for example,
could contribute to the regulation of xylem transport
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by variation of radial cell-to-cell water movement from
perivascular tissues to xylem. This, in turn, affects longitu-
dinal xylem sap flow, especially upon critical situations of
water balance. Moreover, especially in root tips (Otto &
Kaldenhoff 2000) and leaves (Sack & Holbrook 2006),
apoplastic water pathways compete with transcellular,
aquaporin-controlled water pathways, providing an indirect
control mechanism of xylem water flow that is dependent
on aquaporin function.

Earlier physiological studies stated that water leaves the
xylem through cell walls, not entering bundle sheath cells,
because membrane resistance was thought to be too high
(Boyer 1974). Recently, Sack, Streeter & Holbrook (2004)
partitioned the leaf hydraulic resistance (R-leaf) by mea-
suring water flow through the leaves before and after
cutting specific vein orders. After temperature change, a
temperature response on R-leaf beyond that expected from
changes in viscosity was observed. The extra response was
not found for leaves with veins cut, indicating that water
crosses cell membranes after being removed from xylem.

Ever since, studies on aquaporin expression showing high
levels of PIP expression in the region of Arabidopsis vas-
culature, a role for aquaporins to control water transport
from root cells to xylem into the stele, or to deliver water
from leaf xylem veins to mesophyll cells, had been postu-
lated (Yamamoto et al. 1991; Kaldenhoff et al. 1995;
Yamada et al. 1995; Daniels et al. 1996). As a consequence,
at the Arabidopsis root level, the increase of root mass in
PIP1 antisense plants has been explained as a compensation
for a reduction in aquaporins, a strategy to maintain radial
cellular pathways in order to load root xylem (Kaldenhoff
et al. 1998). Furthermore in maize, a high expression level of
ZmTIP has been found in perivascular tissues of root and
shoot (Barrieu, Chaumont & Chrispeels 1998), and when
the promoter region of the MiPB gene encoding an aqua-
porin from Mesembryanthemum crystallinum was used to
control uidA expression in tobacco, the promoter was
active in cells with high water capacity, especially in the
xylem parenchyma (Yamada et al. 1997). In tobacco
petioles, xylem and epidermal cells show high levels of
NtAQP1 expression associated to symplasm/apoplasm
water balance during leaf unfolding (Siefritz et al. 2004).An
example of aquaporin-mediated water balance at the inter-
face between xylem and xylem-surrounding cells in repro-
ductive organs was observed in cauliflower. Sequential
drying of cauliflower floret tissue slices resulted in a cell
volume reduction parallel to an increased expression of
BobTIP26-2 in the affected cells and in the differentiated
cells delivering water to xylem vessels (Barrieu et al. 1999).

Observation focused on water balance at the interface
between xylem and surrounding parenchyma provides a
tool to explain unclear mechanisms of plant xylem recovery
from water deficit (Tyree 2003). It was found that aquapor-
ins (Martre et al. 2002; Galmes et al. 2007) and cell metabo-
lism sensitive to mercury chloride (Martre, North & Nobel
et al. 2001; Lovisolo & Schubert 2006) play a significant role
in these processes. Water reloading from parenchyma-
surrounding vessels to xylem has been suggested to take

place at some stage of plant rehydration after water stress
during embolized-vessel refilling – a mechanism quite
similar to that described in the root stele, but occurring in
all xylem-fed organs. Xylem refilling can, in principle, occur
because of the contribution of root pressure pushing embo-
lisms out of the xylem vessels, as it has been reported for
seasonal embolism recovery after summer drought and/or
after winter freezing in woody plants (Lovisolo & Schubert
2006). More often, however, it was shown that hydraulic
conductivity in roots, stems or leaves recovers when xylem
pressure is significantly negative (Holbrook & Zwieniecki
1999; Tyree et al. 1999; Trifilo et al. 2003; Vesala et al. 2003;
Domec et al. 2006). This indicates for mechanisms of embo-
lism repair. At least three mechanisms for embolism refill-
ing were proposed (Salleo et al. 2004), and all these imply a
native osmotic gradient driving the flux contemporarily
to radial membrane water flow through vessel-associated
cells towards repairing xylem. This water transport could
be facilitated by the presence of aquaporins (De Boer &
Volkov 2003). Activation of aquaporin genes in xylem
parenchyma during embolism refilling has been reported on
walnut trees (Sakr et al. 2003), demonstrating that JrPIP2
aquaporins are highly expressed in vessel-associated cells
at the same time as embolism refilling takes place in
springtime. Simultaneously, cellular water potentials were
changed by increasing soluble sugar levels, and recovery of
winter embolisms was observed (Ameglio et al. 2001).
Direct evidence of aquaporin involvement in embolism
repair during rehydration was provided by analysis of
RNAi tobacco plants with an impaired expression PIP1 or
PIP2 genes (Lovisolo, Heckwolf & Kaldenhoff, unpub-
lished data). Wild-type controls and PIP1-RNAi plants
repair shoot xylem embolisms a few hours after rehydra-
tion, while PIP2-RNAi plants show delayed kinetics of
embolism repair (Fig. 1). Aquaporin function and abscisic
acid (ABA) signal transduction are interconnected
(Tyerman, Niemietz & Bramley 2002).ABA effects increase
transcellular water flow by, for example, regulating aqua-
porins (Kaldenhoff, Kolling & Richter 1993, 1996; Morillon
& Chrispeels 2001), and ABA root-to-shoot xylem signal-
ling controls water stress/recovery of plant dynamics
(Hartung, Sauter & Hose 2002).

A possible mechanism for increasing root hydraulic
conductance as an ABA-induced increased activity of
aquaporins was invoked by Kaldenhoff et al. (1993, 1996)
and Thompson et al. (2007). Both ABA-dependent
up-regulation at the transcriptional level (Zhu et al. 2005)
or possible gating of pre-existing aquaporins have been
proposed. Moreover, it is possible to speculate that ABA
loading by xylem to perivascular tissues acts as a signal
to trigger the aquaporin-mediated parenchyma-to-xylem
radial water flow during embolism refilling. In this putative
mechanism,ABA would play an indirect role in modulating
hydraulic conductivity even in not-living xylem cells via
complementary aquaporin-mediated cell pathways. Besides
ABA, auxin levels also were shown to modify aquaporin
expression (Werner et al. 2001; Lin et al. 2007). However,
only few examples are present in literature relating auxin
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effects on aquaporin expression and activity. An auxin-
related cellular water flux during tobacco leaf unfolding or
the gravitropic bending of rice leaf was attributed to aqua-
porins (Siefritz et al. 2004; Hu et al. 2007).

Xylem and extraxylem water paths participate in the
development of maximum leaf hydraulic conductance
(Sack & Holbrook 2006), which is in turn depending on
irradiance (Tsuda & Tyree 2000).The responses vary among
species, and conductivity increases as irradiance increases,
involving activation of aquaporins (Eckert et al. 1999;
Nardini & Salleo 2005; Tyree et al. 2005). To date, a fully
quantitative understanding of partitioning of maximum leaf
hydraulic conductivity among the venation architecture and
cell-to-cell pathways is still needed, also including the
behaviour of aquaporins in these pathways (Sack &
Holbrook 2006).

Aquaporins and water stress

Under drought stress conditions, which can be induced by
water depletion, low atmosphere humidity, salinity or
osmotic stress, photosynthesis is decreased through several
mechanisms (Fig. 2) including stomata closure, reduced
mesophyll conductance to CO2 and feedback regulation by
end-product accumulation (Flexas et al. 2004). In turn,
stomata closure under water stress may be mediated by
chemical signals such as ABA (Christmann et al. 2005),
electrical signals (Grams et al. 2007) or by hydraulic signals
caused by cavitation of xylem vessels (Cochard et al. 2002;
Brodribb & Holbrook 2003). Regarding their cellular
localization, it can be anticipated that some of these pro-
cesses might be influenced by aquaporin function (Fig. 3).

However, studies trying to relate physiological responses to
water stress with expression patterns of different aquapor-
ins have led to disparate results, mainly because of the
fact that patterns of aquaporin expression are complex,
and different aquaporin forms may induce distinct
responses (Alexandersson et al. 2005). Actually, the
responses of aquaporins to water stress may involve either
up- or down-regulation of gene expression or no change
(Tyerman et al. 2002) depending on the time course and

Figure 1. Loss of shoot hydraulic conductance and recovering after water stress treatment. After a period of 8 d without irrigation,
tobacco plants were rehydrated at the time indicated (x). Loss of conductivity was measured of stressed (day 0), rewatered (days 1, 1.5
and 2) and recovered plants (day 4). A high value for loss of conductivity corresponds to a high degree embolization. Tobacco plants
(Nicotiana tabacum cv. Petite Havanna) were grown under normal greenhouse conditions with a photoperiod of 14 h at 27 °C in 5 L pots
and were regularly irrigated. Nine-week-old plants (three in each line) were exposed to drought stress by withholding water for 10 d.
After rewatering, shoot sections were excised from the plants under water and were perfused with degassed water using the HPFM
technique as developed by (Tyree et al. 1995). Measurement of initial hydraulic conductivity was performed by applying a pressure of
5 kPa for 2 min. The following flushing of air emboli was achieved by applying a linearly increasing pressure up to ca. 50 kPa (2 kPa s–1)
that was maintained for 2 min. At this pressure, maximum hydraulic conductivity was measured. Loss of conductivity (PLC) was
determined by calculation of the initial conductivity divided by the maximum conductivity.
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Figure 2. Plant responses to water stress. Physiological
responses to water stress lead to decreased photosynthesis.
Asterisks indicate those potentially affected by aquaporins.
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intensity of water stress (Galmes et al. 2007). Furthermore,
differences between drought adapted and non-adapted
varieties affect aquaporin expression (Lian et al. 2004).
Nevertheless, aquaporins are thought to play a role in
helping plants to maintain homeostasis and water balance
under water stress conditions (Tyerman et al. 2002; Galmes
et al. 2007).

The regulation of water balance through stomata conduc-
tance is strongly related to photosynthesis (Farquhar &
Sharkey 1982) as well as the whole plant hydraulic system
that is linked to photosynthetic capacity (Sack & Holbrook
2006; Brodribb, Feild & Jordan 2007). The interdependence
between water and photosynthesis becomes stronger under
water stress conditions, where stomata closure occurs to
avoid excessive water loss causing unavoidable detrimental
effects in photosynthetic carbon gain (Flexas et al. 2004).
Recent evidence suggests that aquaporins could be
involved in the regulation of photosynthesis, by affecting
CO2 transport from the atmosphere to the chloroplasts,
both indirectly through the regulation of water balance and
stomata control, and directly through the regulation of
mesophyll conductance to CO2.

Leaf hydraulic conductance

Aquaporins could be involved in the regulation of leaf
hydraulic conductivity, although direct evidence is scarce.
Siefritz et al. (2002) found a reduced leaf transpiration under
water stress in NtAQP1 antisense tobacco plants in compari-
son to wild-type plants, which seems to be related to root
hydraulic conductivity. Leaf hydraulic conductivity did not
differ between the controls and the NtAQP1 or NtPIP2
antisense plants (Uehlein & Kaldenhoff, unpublished
results). Martre et al. (2002) found no differences in leaf
hydraulic conductance between wild-type Arabidopsis and
double antisense plants with reduced expression of PIP1 and

PIP2. However, following rewatering after a period of water
stress,wild-type plants recovered leaf hydraulic conductance
and transpiration faster than antisense plants.More recently,
Nardini & Salleo (2005) showed that HgCl2 reduced leaf
hydraulic conductance in sunflower, but these results should
be interpreted with the same caution than all other results
obtained by treatment with heavy metals. Finally, evidence
for a direct role of PIP2 in variable hydraulic conductance in
response to light in walnut was suggested by Cochard et al.
(2007). Clearly, more physiological studies using aquaporin
knockouts would be needed to establish the role that aqua-
porins play in the regulation of leaf hydraulic conductivity
and hydraulic-mediated stomata closure in response to
water stress.

Aquaporins and stomata opening

A suggested role of aquaporins in changing water fluxes in
guard cells, and hence in the regulation of stomata move-
ment, is supported by the observation that the expression
of specific AQPs was high in guard cells (Kaldenhoff et al.
1995; Otto & Kaldenhoff 2000; Fraysse et al. 2005; Sun
et al. 2007). Both PIPs and TIPs are expressed in guard
cells, the latter being up-regulated under water stress con-
ditions (Sarda et al. 1997). However, a direct role of aqua-
porins in stomata movement has yet to be demonstrated.
On the other hand, a feed-forward up-regulation of aqua-
porin expression and xylem hydraulic conductivity also
occurs when transpiration is reduced either by stomata
closure, induced by drought or the exogenous application
of ABA or methotrexate (Aroca et al. 2006), or by high
relative humidity (Morillon & Chrispeels 2001). Hydraulic
conductivity and transpiration are intrinsically linked,
and aquaporins seem to play an important role in both
processes.

Figure 3. Water and CO2 pathways in
leaves and the location of aquaporins.
Black ellipses indicate aquaporin
location, which has been shown to be
present in the plasma membranes [plasma
membrane intrinsic proteins (PIPs)] and
vacuoles [tonoplast intrinsic proteins
(TIPs)] of mesophyll and guard cells as
well as in cells adjacent to xylem vessels,
in sieve elements in the phloem and in
the inner chloroplast membrane. The
likely pathways of water and CO2 are
indicated by dotted and continuous thin
arrows, respectively. Photoassimilates
pathway is indicated by the thick
continuous arrow. Dashed arrows indicate
feed-forward and feedback mechanisms
including the feedback regulation of
photosynthesis by restricted assimilate
loading, reduced transpiration-induced
up-regulation of aquaporin expression
and hydraulic conductivity and
cavitation-induced stomata closure.
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Aquaporins and mesophyll conductance to CO2

A role for photosynthesis of some CO2-transporting
aquaporins involved in mesophyll conductance to CO2 (gm)
has been suggested. The first indication was provided by
Terashima & Ono (2002), who impaired mesophyll conduc-
tance to CO2 by HgCl2. Uehlein et al. (2003) demonstrated
that tobacco aquaporin NtAQP1 facilitates transmembrane
CO2 transport by expression in Xenopus oocytes and in
photosynthesis of living plants. Furthermore, heterologous
overexpression of an Arabidopsis PIP1b in tobacco resulted
in a higher photosynthetic efficiency under favourable
conditions (Aharon et al. 2003). More recently, substantial
evidence has accumulated suggesting a role for specific
aquaporins in the regulation of gm. In rice, transgenic plants
overexpressing the barley aquaporin HvPIP2;1 not only
presented a higher gm, but also both anatomical (mesophyll
and chloroplast surfaces exposed to substomatal cavities,
mesophyll porosity, stomatal density and stomatal size)
and physiological [ribulose 1·5-bisphosphate carboxylase/
oxygenase (Rubisco) concentration] differences (Hanba
et al. 2004). However, it was not clear whether the aqua-
porin effect was directly on gm, or indirectly through the
anatomical and physiological changes caused by plant
transformation. Moreover, it was shown that the ectopic
expression of foreign aquaporins disrupts the natural
expression patterns of endogenous aquaporins (Jang et al.
2007), complicating even more the interpretation of the
results by Hanba et al. (2004). Changes in the expression of
the endogenous NtAQP1 in tobacco caused differences in
gm without anatomical changes (Flexas et al. 2006). These
results, together with the fact that NtAQP1 is permeable
to CO2, suggest a direct involvement of NtAQP1 in gm,
although some decreased or increased photosynthetic
capacity in antisense or overexpressing plants, respectively,
could also account for some of the observed changes in
photosynthesis. In leaves, CO2-conducting NtAQP1 seems
to be strategically located to form a pathway of CO2 from
the substomatal cavities to the sites of carboxylation in the
chloroplast stroma (Fig. 3), as it has been localized in
plasma membranes, accumulating in cells around stomatal
cavities (Otto & Kaldenhoff 2000) as well as in the inner
chloroplast membrane (Kaldenhoff et al. 2000). In contrast
to tobacco NtAQP1 mutants, Arabidopsis mutants altered
in PIP2 (Tournaire-Roux et al. 2003) did not show any dif-
ference in gm as compared to wild types (Flexas, unpub-
lished results), suggesting that Arabidopsis PIP2 does not
transport CO2. This was supported by analysing CO2 con-
ductance of PIP2 aquaporins in heterologous expression
systems (Uehlein et al., unpublished results).

OUTLOOK

Taken together, there are plenty indications or even evi-
dence that aquaporin function could modify plant water
balance, and by this has an effect on plant physiology and
development. Aquaporins could achieve this either directly
by modification of membrane permeability for water or

indirectly by facilitating the transport of gaseous sub-
stances like CO2 (Uehlein et al. 2003) and thereby affecting
stomata opening. Despite some progress achieved recently
(Tournaire-Roux et al. 2003; Tornroth-Horsefield et al.
2006), it remains to be elucidated what the precise mecha-
nism of activation or deactivation of aquaporins in planta is,
and how the corresponding signals were transmitted. In
fact, not much is currently known about the levels of
physiological relevant aquaporin function and regulation,
and its effects on plant water balance. In agreement with
others, the authors think that procedures that modify aqua-
porin expression like knockout, antisense or RNAi tech-
niques would have the potential to provide the correct
information about this issue. Increased knowledge about
aquaporins and their relevance for plant water balance will
complete our fragmentary picture about plant physiology
and development.

REFERENCES

Aharon R., Shahak Y., Wininger S., Bendov R., Kapulnik Y. &
Galili G. (2003) Overexpression of a plasma membrane aqua-
porin in transgenic tobacco improves plant vigor under favor-
able growth conditions but not under drought or salt stress. The
Plant Cell 15, 439–447.

Alexandersson E., Fraysse L., Sjovall-Larsen S., Gustavsson S.,
Fellert M., Karlsson M., Johanson U. & Kjellbom P. (2005)
Whole gene family expression and drought stress regulation of
aquaporins. Plant Molecular Biology 59, 469–484.

Ameglio T., Ewers F.W., Cochard H., Martignac M., Vandame M.,
Bodet C. & Cruiziat P. (2001) Winter stem xylem pressure in
walnut trees: effects of carbohydrates, cooling and freezing. Tree
Physiology 21, 387–394.

Aroca R., Ferrante A., Vernieri P. & Chrispeels M.J. (2006)
Drought, abscisic acid and transpiration rate effects on the regu-
lation of PIP aquaporin gene expression and abundance in
Phaseolus vulgaris plants. Annals of Botany 98, 1301–1310.

Barrieu F., Chaumont F. & Chrispeels M.J. (1998) High expression
of the tonoplast aquaporin ZmTIP1 in epidermal and conduct-
ing tissues of maize. Plant Physiology 117, 1153–1163.

Barrieu F., Marty-Mazars D., Thomas D., Chaumont F., Charbon-
nier M. & Marty F. (1999) Desiccation and osmotic stress
increase the abundance of mRNA of the tonoplast aquaporin
BobTIP26-1 in cauliflower cells. Planta 209, 77–86.

Barrowclough D.E., Peterson C.A. & Steudle E. (2000) Radial
hydraulic conductivity along developing onion roots. Journal of
Experimental Botany 51, 547–557.

Beaudette P.C., Chlup M., Yee J. & Emery R.J. (2007) Relation-
ships of root conductivity and aquaporin gene expression in
Pisum sativum: diurnal patterns and the response to HgCl2 and
ABA. Journal of Experimental Botany 58, 1291–1300.

Biela A., Grote K., Otto B., Hoth S., Hedrich R. & Kaldenhoff R.
(1999) The Nicotiana tabacum plasma membrane aquaporin
NtAQP1 is mercury-insensitive and permeable for glycerol. The
Plant Journal 18, 565–570.

Bienert G.P., Schjoerring J.K. & Jahn T.P. (2006) Membrane trans-
port of hydrogen peroxide. Biochimica et Biophysica Acta 1758,
994–1003.

Boyer J.S. (1974) Water transport in plants: mechanism of apparent
changes in resistance during absorption. Planta 117, 187–207.

Brodribb T.J. & Holbrook N.M. (2003) Stomatal closure during leaf
dehydration, correlation with other leaf physiological traits.
Plant Physiology 132, 2166–2173.

Aquaporins and plant water balance 663

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd, Plant, Cell and Environment, 31, 658–666



Brodribb T.J., Feild T.S. & Jordan G.J. (2007) Leaf maximum
photosynthetic rate and venation are linked by hydraulics. Plant
Physiology 144, 1890–1898.

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

Christmann A., Hoffmann T., Teplova I., Grill E. & Muller A.
(2005) Generation of active pools of abscisic acid revealed by in
vivo imaging of water-stressed Arabidopsis. Plant Physiology
137, 209–219.

Cochard H., Coll L., Le R. & Ameglio T. (2002) Unraveling the
effects of plant hydraulics on stomatal closure during water
stress in walnut. Plant Physiology 128, 282–290.

Cochard H., Venisse J.S., Barigah T.S., Brunel N., Herbette S., Guil-
liot A., Tyree M.T. & Sakr S. (2007) Putative role of aquaporins
in variable hydraulic conductance of leaves in response to light.
Plant Physiology 143, 122–133.

Daniels M.J., Mirkov T.E. & Chrispeels M.J. (1994) The plasma
membrane of Arabidopsis thaliana contains a mercury-
insensitive aquaporin that is a homolog of the tonoplast water
channel protein TIP. Plant Physiology 106, 1325–1333.

Daniels M.J., Chaumont F., Mirkov T.E. & Chrispeels M.J. (1996)
Characterization of a new vacuolar membrane aquaporin sensi-
tive to mercury at a unique site. The Plant Cell 8, 587–599.

De Boer A.H. & Volkov V. (2003) Logistics of water and salt
transport through the plant: structure and functioning of the
xylem. Plant, Cell & Environment 26, 26–101.

de Groot B.L. & Grubmuller H. (2001) Water permeation across
biological membranes: mechanism and dynamics of aquaporin-1
and GlpF. Science 294, 2353–2357.

Domec J.C., Scholz F.G., Bucci S.J., Meinzer F.C., Goldstein G. &
Villalobos-Vega R. (2006) Diurnal and seasonal variation in root
xylem embolism in neotropical savanna woody species: impact
on stomatal control of plant water status. Plant, Cell & Environ-
ment 29, 26–35.

Eckert M., Biela A., Siefritz F. & Kaldenhoff R. (1999) New aspects
of plant aquaporin regulation and specificity. Journal of Experi-
mental Botany 50, 1541–1545.

Endeward V., Musa-Aziz R., Cooper G.J., Chen L.M., Pelletier
M.F., Virkki L.V., Supuran C.T., King L.S., Boron W.F. & Gros G.
(2006) Evidence that aquaporin 1 is a major pathway for CO2

transport across the human erythrocyte membrane. FASEB
Journal 20, 1974–1981.

Farquhar G.D. & Sharkey T.D. (1982) Stomatal conductance and
photosynthesis. Annual Review of Plant Physiology 33, 317–
345.

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

Flexas J., Bota J., Loreto F., Cornic G. & Sharkey T.D. (2004)
Diffusive and metabolic limitations to photosynthesis under
drought and salinity in C(3) plants. Plant Biology 6, 269–279.

Flexas J., Ribas-Carbo M., Hanson D.T., Bota J., Otto B., Cifre J.,
McDowell N., Medrano H. & Kaldenhoff R. (2006) Tobacco
aquaporin NtAQP1 is involved in mesophyll conductance to CO
in vivo. The Plant Journal 48, 427–439.

Fraysse L.C., Wells B., McCann M.C. & Kjellbom P. (2005) Specific
plasma membrane aquaporins of the PIP1 subfamily are
expressed in sieve elements and guard cells. Biology of the Cell
97, 519–534.

Galmes J., Pou A., Alsina M.M., Tomas M., Medrano H. & Flexas J.
(2007) Aquaporin expression in response to different water
stress intensities and recovery in Richter-110 (Vitis sp.): relation-
ship with ecophysiological status. Planta 226, 671–681.

Gerbeau P., Guclu J., Ripoche P. & Maurel C. (1999) Aquaporin
Nt-TIPa can account for the high permeability of tobacco cell

vacuolar membrane to small neutral solutes. The Plant Journal
18, 577–587.

Grams T.E., Koziolek C., Lautner S., Matyssek R. & Fromm J.
(2007) Distinct roles of electric and hydraulic signals on the
reaction of leaf gas exchange upon re-irrigation in Zea mays L.
Plant, Cell & Environment 30, 79–84.

Hanba Y.T., Shibasaka M., Hayashi Y., Hayakawa T., Kasamo K.,
Terashima I. & Katsuhara M. (2004) Overexpression of the
barley aquaporin HvPIP2;1 increases internal CO(2) conduc-
tance and CO(2) assimilation in the leaves of transgenic rice
plants. Plant Cell Physiology 45, 521–529.

Hartung W., Sauter A. & Hose E. (2002) Abscisic acid in the xylem:
where does it come from, where does it go to? Journal of Experi-
mental Botany 53, 27–32.

Holbrook N.M. & Zwieniecki M.A. (1999) Embolism repair and
xylem tension: do we need a miracle? Plant Physiology 120, 7–10.

Holm L.M., Jahn T.P., Moller A.L., Schjoerring J.K., Ferri D.,
Klaerke D.A. & Zeuthen T. (2005) NH3 and NH4+ permeability
in aquaporin-expressing Xenopus oocytes. Pflugers Archiv 450,
415–428.

Hu L.W., Cui D.Y., Neill S. & Cai W.M. (2007) OsEXPA4 and
OsRWC3 are involved in asymmetric growth during gravitropic
bending of rice leaf sheath bases. Physiologia Plantarum 130,
560–571.

Ishikawa F., Suga S., Uemura T., Sato M.H. & Maeshima M. (2005)
Novel type aquaporin SIPs are mainly localized to the ER mem-
brane and show cell-specific expression in Arabidopsis thaliana.
FEBS Letters 579, 5814–5820.

Jang J.Y., Rhee J.Y., Kim D.G., Lee J.H. & Kang H. (2007) Ectopic
expression of a foreign aquaporin disrupts the natural expres-
sion patterns of endogenous aquaporin genes and alters plant
responses to different stress conditions. Plant and Cell Physiol-
ogy 48, 1331–1339.

Javot H., Lauvergeat V., Santoni V., et al. (2003) Role of a single
aquaporin isoform in root water uptake. The Plant Cell 15, 509–
522.

Johanson U., Karlsson M., Johansson I., Gustavsson S., Sjovall S.,
Fraysse L., Weig A.R. & Kjellbom P. (2001) The complete set of
genes encoding major intrinsic proteins in Arabidopsis provides
a framework for a new nomenclature for major intrinsic proteins
in plants. Plant Physiology 126, 1358–1369.

Jung J.S., Preston G.M., Smith B.L., Guggino W.B. & Agre P. (1994)
Molecular structure of the water channel through aquaporin
CHIP. The hourglass model. Journal of Biological Chemistry
269, 14648–14654.

Kaldenhoff R. & Fischer M. (2006) Aquaporins in plants. Acta
Physiology 187, 169–176.

Kaldenhoff R., Kolling A. & Richter G. (1993) A novel blue
light-inducible and abscisic acid-inducible gene of Arabidopsis-
Thaliana encoding an intrinsic membrane-protein. Plant
Molecular Biology 23, 1187–1198.

Kaldenhoff R., Kolling A., Meyers J., Karmann U., Ruppel G. &
Richter G. (1995) The blue light-responsive AthH2 gene of Ara-
bidopsis thaliana is primarily expressed in expanding as well as in
differentiating cells and encodes a putative channel protein of
the plasmalemma. The Plant Journal 7, 87–95.

Kaldenhoff R., Kolling A. & Richter G. (1996) Regulation of the
Arabidopsis thaliana aquaporin gene AthH2 (PIP1b). Journal of
Photochemistry and Photobiology 36, 351–354.

Kaldenhoff R., Grote K., Zhu J.J. & Zimmermann U. (1998) Sig-
nificance of plasmalemma aquaporins for water-transport in
Arabidopsis thaliana. The Plant Journal 14, 121–128.

Kaldenhoff R., Otto B., Biela A., Siefritz F. & Eckert M. (2000)
Expression, location and function of a plasma membrane and
chloroplast located aquaporin from tobacco. In Molecular
Biology and Physiology of Water and Solute Transport (eds S.

664 R. Kaldenhoff et al.

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd, Plant, Cell and Environment, 31, 658–666



Hohmann & S. Nielsen), pp. 307–309. Kluwer Academis/Plenum
Publishers, Dordrecht, the Netherlands and New York, NY,
USA.

Kaldenhoff R., Bertl A., Otto B., Moshelion M. & Uehlein N.
(2007) Characterization of plant aquaporins. Methods in Enzy-
mology 428, 505–531.

Kammerloher W., Fischer U., Piechottka G.P. & Schaffner A.R.
(1994) Water channels in the plant plasma membrane cloned by
immunoselection from a mammalian expression system. The
Plant Journal 6, 187–199.

King L.S., Kozono D. & Agre P. (2004) From structure to disease:
the evolving tale of aquaporin biology. Nature Reviews, Molecu-
lar Cell Biology 5, 687–698.

Lian H.L., Yu X., Ye Q., Ding X.S., Kitagawa Y., Kwak S.S., Su W.A.
& Tang Z.C. (2004) The role of aquaporin RWC3 in drought
avoidance in rice. Plant and Cell Physiology 45, 481–489.

Lin W., Peng Y., Li G., Arora R., Tang Z., Su W. & Cai W. (2007)
Isolation and functional characterization of PgTIP1, a hormone-
autotrophic cells-specific tonoplast aquaporin in ginseng. Journal
of Experimental Botany 58, 947–956.

Lovisolo C. & Schubert A. (2006) Mercury hinders recovery of
shoot hydraulic conductivity during grapevine rehydration: evi-
dence from a whole-plant approach. New Phytologist 172, 469–
478.

Maggio A. & Joly R.J. (1995) Effects of mercuric chloride on the
hydraulic conductivity of tomato root systems (evidence for a
channel-mediated water pathway). Plant Physiology 109, 331–
335.

Martre P., North G.B. & Nobel P.S. (2001) Hydraulic conductance
and mercury-sensitive water transport for roots of Opuntia acan-
thocarpa in relation to soil drying and rewetting. Plant Physiol-
ogy 126, 352–362.

Martre P., Morillon R., Barrieu F., North G.B., Nobel P.S. &
Chrispeels M.J. (2002) Plasma membrane aquaporins play a sig-
nificant role during recovery from water deficit. Plant Physiology
130, 2101–2110.

Morillon R. & Chrispeels M.J. (2001) The role of ABA and the
transpiration stream in the regulation of the osmotic water
permeability of leaf cells. Proceedings of the National Academy
of Sciences of the United States of America 98, 14138–14143.

Moshelion M., Becker D., Biela A., Uehlein N., Hedrich R., Otto B.,
Levi H., Moran N. & Kaldenhoff R. (2002) Plasma membrane
aquaporins in the motor cells of Samanea saman: diurnal and
circadian regulation. The Plant Cell 14, 727–739.

Murata K., Mitsuoka K., Hirai T., Walz T., Agre P., Heymann J.B.,
Engel A. & Fujiyoshi Y. (2000) Structural determinants of water
permeation through aquaporin-1. Nature 407, 599–605.

Nardini A. & Salleo S. (2005) Water stress-induced modifications
of leaf hydraulic architecture in sunflower: co-ordination with
gas exchange. Journal of Experimental Botany 56, 3093–3101.

Niemietz C.M. & Tyerman S.D. (2002) New potent inhibitors of
aquaporins: silver and gold compounds inhibit aquaporins of
plant and human origin. FEBS Letters 531, 443–447.

Otto B. & Kaldenhoff R. (2000) Cell-specific expression of
the mercury-insensitive plasma-membrane aquaporin NtAQP1
from Nicotiana tabacum. Planta 211, 167–172.

Preston G.M. & Agre P. (1991) Isolation of the cDNA for erythro-
cyte integral membrane protein of 28 kilodaltons: member of an
ancient channel family. Proceedings of the National Academy of
Sciences of the United States of America 88, 11110–11114.

Preston G.M., Carroll T.P., Guggino W.B. & Agre P. (1992) Appear-
ance of water channels in Xenopus oocytes expressing red cell
CHIP28 protein. Science 256, 385–387.

Quigley F., Rosenberg J., Shachar-Hill Y. & Bohnert H. (2001)
From genome to function: the Arabidopsis aquaporins. Genome
Biology 3, research0001.1–0001.17.

Rivers R.L., Dean R.M., Chandy G., Hall J.E., Roberts D.M. &
Zeidel M.L. (1997) Functional analysis of nodulin 26, an aqua-
porin in soybean root nodule symbiosomes. Journal of Biological
Chemistry 272, 16256–16261.

Sack L. & Holbrook N.M. (2006) Leaf hydraulics. Annual Review
of Plant Biology 57, 361–381.

Sack L., Streeter C.M. & Holbrook N.M. (2004) Hydraulic analysis
of water flow through leaves of sugar maple and red oak. Plant
Physiology 134, 1824–1833.

Sakr S., Alves G., Morillon R., Maurel K., Decourteix M., Guilliot
A., Fleurat-Lessard P., Julien J.L. & Chrispeels M.J. (2003)
Plasma membrane aquaporins are involved in winter embolism
recovery in walnut tree. Plant Physiology 133, 630–641.

Sakurai J., Ishikawa F., Yamaguchi T., Uemura M. & Maeshima M.
(2005) Identification of 33 rice aquaporin genes and analysis of
their expression and function. Plant Cell Physiology 46, 1568–
1577.

Salleo S., Lo Gullo M.A., Trifilò P. & Nardini A. (2004) New evi-
dence for a role of vessel-associated cells and phloem in the
rapid xylem refilling of cavitated stems of Laurus nobilis L.
Plant, Cell & Environment 27, 1065–1076.

Saparov S.M., Kozono D., Rothe U., Agre P. & Pohl P. (2001) Water
and ion permeation of aquaporin-1 in planar lipid bilayers: major
differences in structural determinants and stoichiometry. Journal
of Biological Chemistry 276, 31515–31520.

Sarda X., Tousch D., Ferrare K., Legrand E., Dupuis J.M.,
CasseDelbart F. & Lamaze T. (1997) Two TIP-like genes encod-
ing aquaporins are expressed in sunflower guard cells. The Plant
Journal 12, 1103–1111.

Siefritz F., Tyree M.T., Lovisolo C., Schubert A. & Kaldenhoff R.
(2002) PIP1 plasma membrane aquaporins in tobacco: from cel-
lular effects to function in plants. The Plant Cell 14, 869–876.

Siefritz F., Otto B., Bienert G.P., van der Krol A. & Kaldenhoff R.
(2004) The plasma membrane aquaporin NtAQP1 is a key com-
ponent of the leaf unfolding mechanism in tobacco. The Plant
Journal 37, 147–155.

Sun M.H., Wen X., Zhu Y.F., Su W.A. & Tang Z.C. (2007) A simple
method for in situ hybridization to RNA in guard cells of Vicia
faba L.: the expression of aquaporins in guard cells. Plant
Molecular Biology Reporter 19, 129–135.

Terashima I. & Ono K. (2002) Effects of HgCl2 on CO2 depen-
dence of leaf photosynthesis: Evidence indicating involvement
of aquaporins in CO2 diffusion across the plasma membrane.
Plant and Cell Physiology 43, 70–78.

Thompson A.J., Andrews J., Mulholland B.J., et al. (2007) Overpro-
duction of abscisic acid in tomato increases transpiration effi-
ciency and root hydraulic conductivity and influences leaf
expansion. Plant Physiology 143, 1905–1917.

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

Tournaire-Roux C., Sutka M., Javot H., Gout E., Gerbeau P., Luu
D.T., Bligny R. & Maurel C. (2003) Cytosolic pH regulates root
water transport during anoxic stress through gating of aquapor-
ins. Nature 425, 393–397.

Trifilo P., Gasco A., Raimondo F., Nardini A. & Salleo S. (2003)
Kinetics of recovery of leaf hydraulic conductance and vein func-
tionality from cavitation-induced embolism in sunflower. Journal
of Experimental Botany 54, 2323–2330.

Tsuda M. & Tyree M.T. (2000) Plant hydraulic conductance mea-
sured by the high pressure flow meter in crop plants. Journal of
Experimental Botany 51, 823–828.

Tyerman S.D., Niemietz C.M. & Bramley H. (2002) Plant aquapor-
ins: multifunctional water and solute channels with expanding
roles. Plant, Cell & Environment 25, 173–194.

Aquaporins and plant water balance 665

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd, Plant, Cell and Environment, 31, 658–666



Tyree M.T. (2003). Plant hydraulics: the ascent of water. Nature 423,
923.

Tyree M.T., Patino S., Bennink J. & Alexander J. (1995) Dynamic
measurements of root hydraulic conductance using a high-
pressure flowmeter in the laboratory and field. Journal of Experi-
mental Botany 46, 83–94.

Tyree M.T., Salleo S., Nardini A., Lo Gullo M.A. & Mosca R. (1999)
Refilling of embolized vessels in young stems of laurel. Do we
need a new paradigm? Plant Physiology 120, 11–22.

Tyree M.T., Nardini A., Salleo S., Sack L. & El Omari B. (2005) The
dependence of leaf hydraulic conductance on irradiance during
HPFM measurements: any role for stomatal response? Journal
of Experimental Botany 56, 737–744.

Uehlein N., Lovisolo C., Siefritz F. & Kaldenhoff R. (2003) The
tobacco aquaporin NtAQP1 is a membrane CO2 pore with physi-
ological functions. Nature 425, 734–737.

Vesala T., Holtta T., Peramaki M. & Nikinmaa E. (2003) Refilling of
a hydraulically isolated embolized xylem vessel: model calcula-
tions. Annals of Botany 91, 419–428.

Wang Y., Cohen J., Boron W.F., Schulten K. & Tajkhorshid E.
(2007) Exploring gas permeability of cellular membranes and
membrane channels with molecular dynamics. Journal of Struc-
tural Biology 157, 534–544.

Werner, M., Uehlein, N., Proksch, P. & Kaldenhoff, R. (2001) Char-
acterization of two tomato aquaporins and expression during the
incompatible interaction of tomato with the plant parasite
Cuscuta reflexa. Planta 213, 550–555.

Yamada S., Katsuhara M., Kelly W.B., Michalowski C.B. & Bohnert

H.J. (1995) A family of transcripts encoding water channel pro-
teins: tissue-specific expression in the common ice plant. The
Plant Cell 7, 1129–1142.

Yamada S., Nelson D.E., Ley E., Marquez S. & Bohnert H.J. (1997)
The expression of an aquaporin promoter from Mesembryanthe-
mum crystallinum in tobacco. Plant Cell Physiology 38, 1326–
1332.

Yamamoto Y.T., Taylor C.G., Acedo G.N., Cheng C.L. & Conkling
M.A. (1991) Characterization of cis-acting sequences regulating
root-specific gene expression in tobacco. The Plant Cell 3, 371–
382.

Yool A.J. & Weinstein A.M. (2002) New roles for old holes: ion
channel function in aquaporin-1. News in Physiological Sciences
17, 68–72.

Yu J., Yool A.J., Schulten K. & Tajkhorshid E. (2006) Mechanism of
gating and ion conductivity of a possible tetrameric pore in
aquaporin-1. Structure 14, 1411–1423.

Zelazny E., Borst J.W., Muylaert M., Batoko H., Hemminga M.A. &
Chaumont F. (2007) FRET imaging in living maize cells reveals
that plasma membrane aquaporins interact to regulate their sub-
cellular localization. Proceedings of the National Academy of
Sciences of the United States of America 104, 12359–12364.

Zhu C., Schraut D., Hartung W. & Schaffner A.R. (2005) Differen-
tial responses of maize MIP genes to salt stress and ABA.
Journal of Experimental Botany 56, 2971–2981.

Received 17 October 2007; received in revised form 11 January 2008;
accepted for publication 11 January 2008

666 R. Kaldenhoff et al.

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd, Plant, Cell and Environment, 31, 658–666


