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† Background Plant leaf movements can be mediated by specialized motor organs, the pulvini, or can be epinastic
(i.e. based on different growth velocities of the adaxial and abaxial halves of the leaf). Both processes are associated
with diurnally regulated increases in rates of membrane water transport, which in many cases has been shown to be
facilitated by aquaporins. Rhythmic leaf movements are known from many plant species, but few papers deal with
the involvement of aquaporins in such movements.
† Scope Many details of the architecture and function of pulvini were worked out by Ruth Satter and co-workers
using Samanea saman as a model organism. More recently a contribution of aquaporins to pulvinar movement in
Samanea was demonstrated. Another model plant to study pulvinus-mediated leaf movements is Mimosa pudica.
The contribution of both plasma membrane- and tonoplast-localized aquaporins to the seismonastic leaf movements
in Mimosa was analysed. In tobacco, as an example of epinastic leaf movement, it was shown that a PIP1 aquaporin
family member is an important component of the leaf movement mechanism.
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AQUAPORINS

Aquaporins are an old family of small (24–30 kDa)
pore-forming integral membrane proteins. They belong to
the class of major intrinsic proteins (MIPs) and numerous
members have been found in all kingdoms from Archaea
to animals. Aquaporins provide a proteinaceous pathway
for water (Preston et al, 1992; Quigley et al., 2001), some
small uncharged solutes (Biela et al., 1999; Gerbeau
et al., 1999) and even gases (Uehlein et al., 2003; Jahn
et al., 2004; Holm et al., 2005; Endeward et al., 2006)
across biological membranes. Based on results from
sequence analyses and functional characterization, the
MIP family was divided into the aquaporins (AQPs),
which are strictly water-selective, and the aquaglyceropor-
ins (glycerol facilitator-like proteins, GLPs), which are per-
meable to small molecules like glycerol and urea in
addition to water (Heymann and Engel, 1999; Zardoya,
2005).

To date, 13 different aquaporins are known in vertebrates
and correspond to the human AQP0 to AQP12 (Ishibashi
et al., 2003; King et al., 2004). Four members (AQP3, 7,
9 and 10) promote glycerol transport and thus belong to
the GLP sub-family. Human AQP8 and its homologues
diverge more strongly from other AQPs and occur as a
single-copy gene in animals, indicating that the diversifica-
tion and specialization of the other metazoan AQPs
occurred after the split of AQP8 (Zardoya, 2005).

Aquaporin homologues are particularly abundant in
plants. They show greater functional diversity than the
main metazoan paralogues, which has been attributed to a
higher degree of compartmentation in plant cells and a
greater necessity for finely tuned water control (Johanson
et al., 2001) in order to adapt to changing environmental

conditions. In the genome of the model plant Arabidopsis
thaliana, more than 35 different genes coding for
aquaporin-like proteins have been found (Johanson et al.,
2001; Quigley et al., 2001). The genome of Zea mays con-
tains about 33 aquaporin-encoding genes (Chaumont et al.,
2001). In contrast to the mammalian aquaporins, plant
aquaporins can be sub-divided into four major groups, indi-
cating different possible sub-cellular or plant organ localiz-
ation: plasma membrane intrinsic proteins (PIPs); tonoplast
intrinsic proteins (TIPs); NOD26-like intrinsic proteins
(NIPs; where NOD26 is an aquaporin discovered in the
peribacteroid membrane of nodulated soy bean roots); and
small basic intrinsic proteins (SIPs). Recently the SIP aqua-
porins were shown to be targeted to the endoplasmic reticu-
lum membrane (Ishikawa et al., 2005).

The PIP sub-family can be further sub-divided into two
groups named PIP1 and PIP2, the cytosol-protruding
N-terminal domain being longer in the PIP1 aquaporins.
Functional analysis in Xenopus oocytes showed that pro-
duction of PIP2 aquaporins increases the water-
permeability of the oocyte membrane about 10- to
20-fold. In contrast, production of PIP1 aquaporins alone
does not appreciably affect the membrane’s water-
permeability (Moshelion et al., 2002; Fetter et al., 2004).

AQUAPORIN STRUCTURE

Aquaporins have a characteristic conserved structure with six
tilted transmembrane helices linked by three extracellular
and two intracellular loops. N- and C-terminal domains
protrude into the cytosol and a highly conserved amino-acid
motif (asparagine-proline-alanine; NPA) occurs twice in
the pore region and is important for aquaporin function.
Aquaporins are incorporated into the membranes in a
tetrameric arrangement comprising four individual pores.* For correspondence. E-mail kaldenhoff@bio.tu-darmstadt.de
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The protein operates as a two-stage filter. One is built up by
the conserved NPA motifs forming a selectivity-determining
region and another is formed by an aromatic/arginine-region
functioning as a proton exclusion filter. Hydrophobic regions
near the NPA motifs are rate-limiting water barriers and
reduce interactions between water molecules. It was shown
for human AQP1 that water permeates in a single-file
arrangement and that a finely tuned water dipole rotation
during passage is essential for water selectivity (Murata
et al., 2000; de Groot and Grubmüller, 2001).

AQUAPORIN FUNCTION IN PLANTS

Many observations concerning the physiological role of
aquaporins in plants result from analyses of transgenic
plants with a modified expression of certain aquaporin
genes or from analysis of aquaporin mutant plants. The
first evidence for a function in cellular water uptake and
whole-plant water transport came from PIP antisense
plants. These developed a larger root system than the
control plants (Kaldenhoff et al., 1998). In tobacco, the
plasma membrane aquaporin NtAQP1 was shown to be
important for root hydraulic conductivity and water stress
resistance (Siefritz et al., 2002). Studies on plants with
impaired production of PIP1 and PIP2 indicated that both
of these aquaporins are required for an important role in
the recovery from water-deficiency (Martre et al., 2002).

In addition to their ability to transport water, some aqua-
porins facilitate the passage of gases such as CO2 and
ammonia across membranes (Niemietz and Tyerman,
2000; Holm et al., 2005; Loque et al.; 2005; Endeward
et al., 2006). Production of the human AQP1 or the plant
NtAQP1 in the heterologous Xenopus oocyte expression
system increases the CO2 permeability of the oocyte mem-
brane (Nakhoul et al., 1998; Uehlein et al., 2003). The
mechanism and the physiological significance of the CO2

transport facilitated by aquaporins is still a matter of
debate (Cooper et al., 2002; Hub and de Groot, 2006).
Recently a clear contribution of human AQP1 to CO2 trans-
port across the erythrocyte membrane was shown
(Endeward et al., 2006). Plants with impaired expression
of NtAQP1 showed changes not only in water transport
(Siefritz et al., 2002) but also in CO2-limited processes
such as stomatal opening and closing, photosynthesis and
leaf growth (Uehlein et al., 2003). In another study it was
shown that NtAQP1 increases mesophyll conductance to
CO2 in tobacco (Flexas et al., 2006). Overexpression of
Arabidopsis PIP1b in tobacco resulted in increased
growth rates under optimal irrigation (Aharon et al.,
2003), which could be interpreted as the sum of effects
on water uptake and photosynthesis. In addition to their
function in water management, plant aquaporins play a
role during leaf movement, a process requiring high rates
of cellular water transport.

PLANT LEAF MOVEMENT

Plant leaf movements can be mediated in two ways:
reversible (swelling) or irreversible (growth) changes in
cell volume. In contrast to typical growth movements,

turgor-regulated movements are reversible. They have
been observed in many plants, e.g. Mimosa, Phaseolus,
Albizzia, Desmodium and Samanea, which possess speciali-
zed motor organs called pulvini. As the direction of leaf
movement is determined by the architecture of the pulvinar
joint and not by the direction of the controlling stimulus,
this type of movement is referred to as nyctinastic. In
other plant species, e.g. tobacco, leaf movements (described
as epinastic) occur without the presence of specialized
motor organs. In those cases, the movements are the
result of periodically different elongation growth velocities
of the adaxial and abaxial sides of the leaf blades and
petioles.

Many data on pulvinus architecture and function were
collected on the nyctinastic, leguminous tree Samanea
saman as a model organism (Satter et al., 1974, 1990;
Gorton, 1987). The pulvinus contains two functionally
different tissues: the adaxial flexor and the abaxial half
referred to as the extensor. Changes in solute content and
ion composition, mainly potassium (Satter et al., 1974;
Moran et al., 1988), in the motor cells induce osmotic
water fluxes. Reversible osmotic swelling of the extensor
cells accompanied by shrinkage of the flexor cells induces
opening of the pulvinus and thus lifting of the leaves and
leaflets. Upon redistribution of potassium ions, extensor
cells shrink and flexor cells swell and the pulvinus closes
(Satter et al., 1974; Gorton, 1987). The water-permeability
of the membranes in both motor tissues is under strict tem-
poral regulation. In pulvini of Samanea saman, expression
of the genes for plasma membrane-localized aquaporins
was shown in both flexor and extensor tissues (Moshelion
et al., 2002). The encoded aquaporins were analysed in
the heterologous Xenopus oocyte expression system and
characterized as functional water conducting pores. The
gene for one of them, SsAQP2, shows a diurnal and circa-
dian rhythm in expression pattern in the pulvinus,
coinciding with changing requirements for cellular water
permeability over the day. The highest accumulation of
specific mRNA was observed in the morning, when the
pulvini open and high osmotic water fluxes are expected.

The seismonastic leaf movement of Mimosa plants is
associated with rapid water transport across cell mem-
branes. In mature motor cells of Mimosa, two types of
vacuole were identified: small vacuoles containing large
amounts of tannins and big aqueous vacuoles. Fast efflux
of potassium ions through outward-rectifying ion channels
followed by water efflux leads to a rapid turgor loss. A cor-
relation between the resulting pulvinus movement and the
presence of a g-TIP aquaporin was shown by immunogold
staining (Fleurat-Lessard et al., 1997) with an antiserum
against the water channel protein VM23 from radish vacuo-
lar membranes. The aquaporin protein detected was shown
to be located almost exclusively in the tonoplast of the
aqueous vacuole, thus probably facilitating fast water efflux.

In another more recent study, transcripts of aquaporin
genes (MpPIP1;1, MpPIP2;1) were detected in young seed-
lings of Mimosa pudica. Functional analysis was performed
in the heterologous Xenopus oocyte expression system
(Temmei et al., 2005). MpPIP1;1 does not confer a signifi-
cant water conductivity on oocytes whereas expression of
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MpPIP2;1 increases the water permeability of the oocyte
plasma membrane about 20-fold. Upon co-expression of
MpPIP1;1 and MpPIP2;1 a co-operative effect on water
channel activity was observed, suggesting heterocomplex
formation of MpPIP1;1 and MpPIP2;1. The interaction
led to an increase in the water permeability of the oocyte
membranes beyond that obtained by expression of
MpPIP2;1 alone. Furthermore, phosphorylation of a par-
ticular serine residue in MpPIP1;1 increases this
co-operative effect on water channel activity. It can be
assumed that transport properties and regulation of water
channel activity by interaction of the two isoforms and
phosphorylation, as analysed in the oocyte system, also
apply to the plant system. Taken together, these studies
provide a model of regulation of membrane water per-
meability in Mimosa.

Tobacco is an examle of diurnally and circadianly regu-
lated leaf movement occurring without the presence of a
specialized motor organ. Tobacco leaves are typically
oriented perpendicular to the shoot axis during the day
and fold upwards by the end of the light period. Siefritz
et al. (2004) analysed the contribution of the PIP1 aqua-
porin NtAQP1 to leaf movements in tobacco. NtAQP1 pro-
moter activity assays suggested that expression of NtAQP1
is mainly regulated at the level of transcription. The
maximum accumulation of specific mRNA was observed
in the morning when the leaves returned to their unfolded
position. The abundance of NtAQP1 transcript was regu-
lated diurnally, showing the highest accumulation at the
beginning of the light period and decreasing to a basal
level at the end of the light period. The presence of
NtAQP1 protein was followed by in situ immunological
studies with an NtAQP1-specific antiserum. It was shown
that the abundance of the protein follows the accumulation
of the specific mRNA with a delay of approx. 2 h. To
address functional changes at the plasma membranes of
petiole tissues during changes in aquaporin content,
Siefritz et al. (2004) performed swelling assays on proto-
plasts from petioles. It was shown that a high amount of
NtAQP1 protein corresponded to an increased cellular per-
meability to water. This study was followed by a reverse
genetic approach involving an analysis of the contribution
of NtAQP1 protein to the leaf movements of tobacco. In
tobacco plants with a highly impaired expression of
NtAQP1, the cellular water permeability of petiole proto-
plasts was substantially lower than that of controls.
Eventually these plants showed highly reduced leaf move-
ment compared with control tobacco plants, indicating
that NtAQP1 expression is required for proper epinastic
leaf movements.

CONCLUSIONS

Current literature presents a few contributions dealing with the
involvement of aquaporin expression and regulation to instan-
taneous or diurnally regulated plant leaf movements. The
studies were performed on Mimosa pudica and Samanea
saman regarding pulvinus-mediated leaf movements and on
tobacco with regard to epinastic leaf movements.
Fleurat-Lessard et al. (1997) showed the contribution of a

tonoplast intrinsic aquaporin to the fast and instantaneous
movements of Mimosa pudica leaves and leaflets. The work
presented by Temmei et al. (2005) presents an interaction
model of two PIP aquaporin isoforms which in combination
with phosphorylation of certain amino acid residues account
for rapid regulation of aquaporin activity in the plasma mem-
brane of Mimosa. Siefritz et al. (2004) and Moshelion et al.
(2002) showed a connection between temporarily adapted
expression of plasma membrane-localized aquaporins and
diurnally regulated leaf movement. Swelling assays of proto-
plasts isolated from petiole tissues at different times of day
connected the expression data with the proposed function at
the cellular level. Furthermore, a direct contribution of specific
aquaporins to properly regulated leaf movement has been ana-
lysed through a comparison of genetically modified tobacco
plants with an impaired aquaporin expression and the controls.
The slow epinastic leaf movement of the tobacco plants is
highly affected by the genetic modification.

For an analysis of the contribution of aquaporins to fast,
pulvinus-mediated leaf movements it could be helpful to
analyse genetically modified plants, for example in
Mimosa, with an altered expression of the respective aqua-
porin regarding their ability to exhibit leaf movement. The
involvement of aquaporins in growth movements suggests
that aquaporins may also play an equally prominent role in
overall growth regulation of leaves, stems and roots.
Tobacco, and particularly Arabidopsis, where collections of
T-DNA insertional mutants exist, could serve as model
systems to study the importance of single aquaporins for
regulation of plant organ growth. However, pleiotropic
effects as well as functional compensation by closely
related homologues have to be considered during attempts
to manipulate the expression of single aquaporin isoforms
in plants.
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