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Abstract The ubiquitous cell membrane proteins called
aquaporins are now firmly established as channel proteins
that control the specific transport of water molecules across
cell membranes in all living organisms. The aquaporins are
thus likely to be of fundamental significance to all facets of
plant growth and development affected by plant–water
relations. A majority of plant aquaporins have been found
to share essential structural features with the human
aquaporin and exhibit water-transporting ability in various
functional assays, and some have been shown experimen-
tally to be of critical importance to plant survival.
Furthermore, substantial evidence is now available from a
number of plant species that shows differential gene
expression of aquaporins in response to abiotic stresses
such as salinity, drought, or cold and clearly establishes the
aquaporins as major players in the response of plants to
conditions that affect water availability. This review
summarizes the function and regulation of these genes to
develop a greater understanding of the response of plants to
water insufficiency, and particularly, to identify tolerant
genotypes of major crop species including wheat and rice
and plants that are important in agroforestry.
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Introduction

Plant–water relations for the improvement of plant toler-
ance to abiotic stresses and/or selection of appropriate
genotypes for improved agricultural productivity or refor-
estation provide major challenges for the new genetic
technologies. Water uptake and its supply throughout the
plant body are required for a large number of key
physiological processes, such as cell enlargement, stomatal
movement, photosynthesis, phloem loading, and transpira-
tion. Drought- and salt-affected plants suffer from affected
root function, slower growth rates, stunted form, metabolic
changes, reduced germination, reduced yields, and plant
death (Bernstein 1975; Munns 2002). Proteins called
aquaporins have emerged in the last 10 years as major
factors controlling the specific transport of water molecules
across cell membranes, not only in human cells where they
were discovered, but in cells of all living organisms. The
aquaporins are thus likely to be of fundamental significance
to all facets of plant growth and development affected by
plant–water relations and the behavior of plants under
osmotic stress induced by factors such as salinity and
drought. This review summarizes the key structural and
functional characteristics of aquaporins garnered mainly
from studies of human and bacterial proteins and key
observations in aquaporin research in plants. A particular
focus on cereals brings together the trends observed in
behavior of aquaporins under osmotic stress in cereals and
presents some of the emerging issues and challenges.

The major intrinsic proteins and aquaporins

The main biochemical factors associated with plant–water
relations include the “aquaporins”, the 26–30 kDa water
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channel proteins, belonging to the major intrinsic protein
(MIP) superfamily of integral membrane proteins. These
proteins specifically facilitate the passive flow of water
molecules across cellular membranes, appear to regulate the
transcellular route of water (Agre et al. 1993; Maurel 1997)
and fulfil a vital role by transporting a large volume of
water with minimal energy expenditure (Tyerman et al.
1999). Since the discovery of the first aquaporin as a 28-
kDa integral membrane protein in human red blood cells
and renal tubes (Denker et al. 1988; Preston et al. 1992),
MIPs have been identified in a diverse range of other
organisms, including plants (Fortin et al. 1987; Kammerloher
et al. 1994; Maurel et al. 1993), insects (Beuron et al.
1995), yeast (Carbrey et al. 2001), bacteria (Calamita et al.
1995), protozoa (Mitra et al. 2000), and Archaea (Kozono
et al. 2003). This illustrates their ancient evolutionary
history and functional significance. The MIPs have been
reviewed extensively (Maurel et al. 2002; Tyerman et al.
1999; Zardoya 2005; Zardoya and Villalba 2001). Figure 1
summarizes the key features of aquaporins-mediated trans-
port of water molecules across a cell membrane.

Establishment of the significance of aquaporins in water
permeability

In a landmark experiment, the RNA of human AQP1,
transcribed in vitro from a plasmid vector, was injected and

expressed in a Xenopus oocyte, and the cell was then placed
into hypertonic medium, resulting in high swelling rate in
contrast to the control oocyte, indicating the increased
water permeability attributable to the AQP1 protein
(Preston et al. 1992). This property was confirmed by other
methods including channel blockage with mercurial
reagents (Preston et al. 1992, 1993; Zhang et al. 1993)
and reconstitution of the AQP1 protein into proteolipo-
somes, which resulted in increase in water permeability
(Zeidel et al. 1992). Osmotic water permeability of
aquaporins is inhibited by mercurial sulfhydryl reagents
(Macey 1984) and was utilized as a test in the first Xenopus
oocyte swelling assay (Preston et al. 1992). It has since
been found, through site-directed mutagenesis of human
AQP1, that the Cys189 near the asparagine–proline–alanine
(NPA) motif of loop E of the protein structure (Fig. 2a;
discussed below) is sensitive to mercury (Preston et al.
1993). These studies showed that water does not only
diffuse across cellular membranes. It is thought that
mercury can block the pore aperture via oxidation of
cysteine residues (Maurel 1997). Assays similar to these
have now been applied to aquaporins from a range of
organisms to define them functionally and compare their
functions.

Osmotic water permeability (Pos) describes the overall
water movement in response to hydrostatic or osmotic
pressure gradients (and is controlled by aquaporins), while

Fig. 1 Water transport as medi-
ated by aquaporins in cellular
membranes. Water mostly per-
meates cellular membranes via
aquaporins (Pos, osmotic water
permeability) in a single file, or
to a lesser degree via simple
diffusion (Pd, diffusional water
permeability). The two NPA
(Asn-Pro-Ala) sites serve as a
proton exclusion mechanism by
reorientation of the water mole-
cules (see Fig. 2). The ar/R site
consists of four residues that
together act as a substrate se-
lectivity filter at the pore’s
constriction
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the diffusional permeability coefficient (Pd) describes
diffusion of water molecules that still occurs across the
membrane without any driving force (Finkelstein 1987).
Diffusion of individual water molecules across the phos-
pholipid bilayer was shown to be characterized by a
relatively low Pos (i.e., Pos/Pd ratio <1) and high activation
energy (EA) of membranes, whereas the transport of water
molecules via aquaporins exhibited high Pos (i.e., Pos/Pd

ratio >1) and low activation energy (Finkelstein 1987;
Haines 1994). The water-transporting capacity (and subse-
quently Pos) of individual MIPs or entire cells/protoplasts is
now typically evaluated using cell swelling assays, includ-
ing the Xenopus oocyte assay mentioned above (reviewed
in Maurel 1997; Verkman 2000).

A number of experimental and modeling studies have
now led to a greater understanding of unique structural

characteristics and physiological roles of MIPs, and these
have been reviewed elsewhere (King et al. 2004; Luu and
Maurel 2005; Tyerman et al. 2002). Their significance is
highlighted by the fact that human genetic diseases or
conditions such as cataracts, reduced urine concentration,
and nephrogenic diabetes insipidus appear to be associated
with lack of an aquaporin or mutations in its critical amino
acid residues (reviewed in Agre and Kozono 2003).
Furthermore, animal studies show the aquaporins to be
mislocalized under bacterial infections in mice (Guttman et
al. 2007) and involved in cell migration (Saadoun et al.
2005; Hu and Verkman 2006) and cell-to-cell adhesion
(Harries et al. 2004), suggesting other functions and effects.

Key structural properties and functional specialization
of MIPs

Individual MIP proteins range in size from 195 (animals) to
>500 amino acids (fungi) (Zardoya 2005). They are known
to function as a tetramer, composed of individually
functional monomeric units (discussed below). Each MIP
monomer has a highly conserved structure and typically
exhibits (1) six alpha-helical hydrophobic transmembrane
domains (H1–H6); (2) five inter-helical loops (LA–LE), of
which loops A, C, and D are hydrophilic in nature and have
an extracellular (loops A, C, and E) or cytoplasmic (loops B
and D) location, while loops B and E are hydrophobic and
partially embedded in the membrane; (3) an often observed
AEF (Ala-Glu-Phe) or AEFXXT motif in the N-terminal
domain (Zardoya and Villalba 2001); and (4) two highly
conserved NPA (asparagine–proline–alanine) motifs (the
“NPA box”) in the loops B and E (Reizer et al. 1993)
(Fig. 2a). The protein appears structured into two halves,
each with three transmembrane helices (TMH) (H1–H3 or
H4–H6) and a small hydrophobic loop (LB or LE)
containing the NPA box. In the case of an aquaporin-type
of MIP, the two halves together form a narrow water-filled
channel (“the hour glass model”) that mediates single-file
water molecule movement in either direction (Jung et al.
1994) (Fig. 1). The various subfamilies within the MIP
superfamily transport substances other than, or in addition
to, water; thus, the term “MIPs” is more appropriate for the
whole superfamily or its non-water conducting members, as
the term “aquaporins” suggests involvement in water
transport only, a function not necessarily associated with,
or tested for, all MIPs.

NPA motifs play an important role in substrate
selectivity of aquaporins

A number of mechanisms are suggested to contribute to the
selectivity of aquaporins for water molecules only. The two
NPA motifs have long been recognized as potentially

a

b

Fig. 2 Membrane topology of aquaporins and importance of NPA
motifs. a Aquaporins typically consist of six transmembrane helical
domains (H1–H6) and five interconnecting loops (LA–LE; not to
scale). LB and LE have a partial helical nature and are partly
embedded into the membrane, meeting at their respective NPA motifs.
The Cys shown corresponds to Cys189 of AQP1, which confers
mercury sensitivity. b The amide group of each Asn of the two NPA
motifs (Asn76 and Asn192, respectively) forms a hydrogen bond with
a water molecule, capturing the oxygen atom and causing the water
molecule to be reoriented. This prevents formation of a continuously
hydrogen-bonded chain of water molecules, and thus, prevents proton
transport
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important in this regard due to the high degree of
conservation of their sequence and position in numerous
MIPs from animals, plants, protozoa, yeast and other fungi,
eubacteria, and Archaea (Zardoya 2005). These motifs are
predicted to meet in the center of the two halves, forming
an hourglass-shaped pore, thought to contribute to the
channel transport function (Jung et al. 1994) (Figs. 1 and 2).
Their importance was established through site-directed
mutagenesis of residues within or near these motifs that
resulted in reduced osmotic water permeability and failure
of the protein to localize to the plasma membrane (Jung
et al. 1994). The amide functional groups on Asn (N) were
shown to bond with water molecules (Murata et al. 2000)
(Fig. 2b), a fact confirmed through a higher resolution
structural analysis of human AQP1 (Sui et al. 2001). Use
of molecular modeling simulations showed that replacing
the Asn from each NPA with Leu in AQP1 led to the
double mutant showing a complete breakdown of the
aqueous pathway (Kong and Ma 2001) confirming their
significance in water permeability. In contrast, as detailed
later, mutations in these boxes in a plant MIP subgroup
(NIP), were ineffective, suggesting that the main role of
NPA motifs, as a selectivity barrier for transport of water
molecules, appears to apply only to aquaporins, and other
factors may contribute to selectivity for other substrates, e.g.,
residues of the ar/R filter (Fig. 1), while the NPA might play
a greater role in proton exclusion.

The elucidation of 3.8 Å resolution of the human AQP1
has led to the model wherein the water molecules are
proposed to be reoriented as they traverse the pore by
disruption of hydrogen (H) bonds between them (Figs. 1
and 2b), which would prevent proton exchange from
occurring (Murata et al. 2000). It was predicted that the
positive ends of the helix dipoles of the two pore
transmembrane helices induce water molecules to align
with the water dipole perpendicular to the pore axis, which
breaks the H-bonds between neighboring water molecules
and allows new ones to form between the oxygen atom of
the water molecule and the amide groups of the Asn
residues from the two NPA motifs which extend into the
pore (Murata et al. 2000). The NPA motifs thus function to
capture the oxygen of single water molecules by hydrogen-
bonding and prevent the proton transfer that could normally
occur. Higher resolution X-ray crystal structure of bovine
AQP1 showed a lack of a continuous H-bonded water chain
through the pore (Sui et al. 2001), consistent with this
theory. Molecular modeling simulations of a MIP from
bacteria (GlpF, a glyceroporin) also predicted that the water
molecules undergo “orientational tuning” to be oriented in
opposite directions in the two halves of the pore (Tajkhorshid
et al. 2002), and such global reorientation was also predicted
for a water-specific (aquaporin) MIP from bacteria (AQPZ)
(Savage et al. 2003). More recently, an alternative proton

exclusion model has been proposed wherein protons come up
against a strong electrostatic field at the NPA site due to the
TMH macrodipoles, and a secondary barrier exists at the ar/R
selectivity filter, both barring proton transport in AQP1 (de
Groot et al. 2003) and GlpF (Chakrabarti et al. 2004a, b).
These studies (reviewed in de Groot and Grubmuller 2005)
oppose “global reorientation” as being the main barrier, but as
neither water molecule dynamics nor proton transport can be
studied experimentally, these simulations are predictive.
Nonetheless, the NPA motifs are clearly important, a fact
supported by observations of mutations close to these causing
reduced water permeability and being involved in human
diseases; for example, a human AQP1 with a point mutation
in the NPA box, resulting in a KPA box in loop E was found
in a Co (Colton blood group antigen)-null homozygous
individual and led to medical problems including anemia,
cataracts, and uterine sarcoma (Agre and Kozono 2003;
Chretien et al. 1999).

The aromatic/arginine selectivity filter further
contributes to pore selectivity

The second major player in substrate selectivity of different
MIPs for water or other polar molecules is amino acid
residues including the ar/R (aromatic/arginine) region. The
ar/R region is a tetrad composed of one residue each from
the alpha helices H2 and H5 and two from loop E (LE1 and
LE2) that meet in the center of the pore, forming its
narrowest constriction in a region separate from the NPA
motifs (Fig. 1) and thought to constitute the primary
selectivity filter for substrate specificity (Fu et al. 2000;
Sui et al. 2001; Thomas et al. 2002; Wallace and Roberts
2004). The highly conserved Arg (R) in LE2 is thought to
be important for providing hydrogen bonds for transport of
water or glycerol molecules and to repel cations from the
pore (Sui et al. 2001). It is thought that cations are repelled
by hydrophilic residues and the positive dipole of the
transmembrane helices lining the pore, and anions are
repelled by the carbonyl groups of the amino acids lining it
(Murata et al. 2000; Sui et al. 2001).

The properties of the four residues making up the ar/R
selectivity filter appear to govern the substrate specificity of
the pore and are thought to be useful for predicting the
function of the proteins, such as the specific transport of
water (aquaporin-type MIPs) vs glycerol (glycerol facilita-
tor-type MIPs) or both water and glycerol (aquaglycero-
porin-type MIPs) (Thomas et al. 2002). The selectivity filter
residues of aquaporins tend to be smaller and more
hydrophilic (Thomas et al. 2002) (Wang et al. 2005), with
human and bovine AQP1 containing Phe58, His182,
Cys191, and Arg197, resulting in a pore diameter of
2.8 Å, the same as that of a single water molecule (Sui
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et al. 2001). In contrast, the bacterial glycerol transporter
GlpF contains Trp48, Gly191, Phe200, and Arg206, of
which Gly191 is smaller and less hydrophilic than the
corresponding His182 of AQP1, and Phe200 is more
hydrophobic than Cys191 of AQP1. This results in a
larger, more hydrophobic pore for GlpF, with a diameter of
3.5 Å that allows transport of the bulkier, less polar
glycerol molecule (Fu et al. 2000; Thomas et al. 2002).
Bacterial aquaglyceroporin GlaLlac contains a selectivity
filter comprising of two hydrophilic (Pro232 and Arg238)
and two hydrophobic (Tyr49 and Val223) residues, which
again allows for a wider, more hydrophobic pore com-
pared to AQP1, but allowing the transport of glycerol
(Thomas et al. 2002). In addition, for the transport of
glycerol, a much larger energy barrier exists for the
bacterial aquaporin AQPZ compared to GlpF (Lu et al.
2003; Wang et al. 2005). A recent study on point
mutations in rat AQP1 ar/R residues using the Xenopus
oocyte assay system provided further evidence of the
selectivity of this filter, wherein replacement of Phe56
with Ala widened the outer constriction and replacement
of H180 with Ala enlarged the pore, but neither trans-
ported glycerol or urea, while double mutations at residues
Phe56+H180 and H180+Arg195 allowed transport of urea
and glycerol and replacement of Arg195 with Val (removal
of positive charge) allowed transport of protons (Beitz et al.
2006). The critical role of the ar/R region is further
indicated by the observations that mutations at its R (LE2)
residue are associated with human disease conditions
(reviewed in Agre and Kozono 2003). For example,
substitution of Arg with Cys in AQP2 was shown to
result in a nonfunctional aquaporin (when the mutant RNA
is expressed in the Xenopus oocyte assay) and cause
severe nephrogenic diabetes insipidus, resulting in ex-
tremely large urinary output per day (Deen et al. 1994).

MIPs comprise tetramers, consisting of four functional
monomers

The oligomeric nature of MIPs was indicated for a plant
MIP (of the TIP class, i.e., tonoplast integral protein;
discussed below) from Arabidopsis thaliana by studies
showing low electrophoretic mobility and a tendency to
aggregate (Johnson et al. 1989), and indications that
aquaporins function as individually functional monomers
came from radiation inactivation of rat renal cortex
membranes which resulted in aquaporins of a functional
size of 30 kDa (van Hoek et al. 1991). The tetrameric
nature of human AQP1 was determined by hydrodynamic
studies and affinity chromatography (Smith and Agre
1991), its study in native and artificial membranes through
freeze fracture electron microscopy (Verbavatz et al. 1993),
and electron microscopy where four-lobed particles were

discerned (Walz et al. 1995). Evidence also came from co-
expression of wild type (mercury-sensitive) and mutant
(mercury-insensitive) AQP1 mRNAs in frog oocytes, where
exposure to the mercurial reagent reduced the water
permeability to the level of the mutant aquaporin only
(Preston et al. 1993), suggesting that AQP1 monomers act
as functional pores. Mixed oligomers were also reported for
AQP1 mutants (Jung et al. 1994). The oligomeric assembly
of AQP1 monomers is suggested to be important for their
folding, stability, and/or targeting to the plasma membrane
(Fetter et al. 2004; Jung et al. 1994).

Plant MIPS comprise larger and more diverse families

The sedentary nature of plants and the absence of a
circulatory system, combined with the greater number of
intracellular compartments (e.g., water-storage and protein-
storage vacuoles), are consistent with the expectation that
the MIP superfamilies in plants are much more diverse and
complex than in animals, and importantly, their subfamilies
appear to have specialized locations and nonredundant
functions involving transport of diverse substrates and
exhibiting diverse effects on plant physiology. For example,
A. thaliana is reported to contain 35 different MIPs
(Johanson et al. 2001; Quigley et al. 2001) compared to
the 13 in humans (Agre et al. 2002; Ishibashi et al. 2000;
Takata et al. 2004).

Plant MIPs comprise a superfamily with subfamilies,
classes, and subclasses and share key structural properties
and principles of function

All plant MIP superfamilies identified over the last 10 years
could be classified into four main subfamilies until recently:
the plasma membrane intrinsic proteins (PIPs), tonoplast
intrinsic proteins (TIPs), Nodulin 26-like membrane intrin-
sic proteins (NIPs), and small, basic membrane intrinsic
proteins (SIPs) (Johanson et al. 2001; Zardoya 2005). The
newly reported GlP1;1 from a moss comprises a new, fifth
subfamily closely related to bacterial glycerol transporters
(Gustavsson et al. 2005). It should be noted that the names
of the subfamilies are indicative of their common, but not
the only, subcellular location (Barkla et al. 1999; Inoue
et al. 1995). Each subfamily (e.g., PIP) has further groups
(e.g., PIP1), each with various isoforms (e.g., PIP1;1), some
of which have specialized locations and/or functions. For
example, different types of vacuoles in plant cells, each
with specialized functions, are reported to have different
TIPs associated with their membranes (Inoue et al. 1995;
Jauh et al. 1999; Johnson et al. 1989); the A. thaliana PIP1
is specific to plasma membrane invaginations (Robinson
et al. 1996), and the α-TIP in the bean is seed-specific
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(Johnson et al. 1989), while a tobacco TIP (TobRB7) is
root-specific (Yamamoto et al. 1991).

PIPs appear to cluster into two evolutionary groups
(PIP1 and PIP2) (Kammerloher et al. 1994), while TIPs
cluster into five groups (TIP1, TIP2, TIP3, TIP4, and
TIP5). PIPs and TIPs are far more prevalent than NIPs and
SIPs, with Arabidopsis having 13 PIPs, 10 TIPs, 9 NIPs,
and 3 SIPs (Chaumont et al. 2001; Johanson et al. 2001;
Quigley et al. 2001). In terms of function, many of the TIPs
and PIPs are ‘aquaporins’, i.e., have water-channel activity,
although some isoforms additionally transport other sub-
stances (see below). The plant NIPs and SIPs are
comparatively less studied. While some NIPs have shown
little or no water transport ability (Wallace and Roberts
2005), most isoforms transport alternative substrates,
including both glycerol and water (Rivers et al. 1997) or
ammonia (Niemietz and Tyerman 2000; Tyerman et al.
2002) (see below). The function of plant SIPs is largely
undefined, although in vitro studies indicate water channel
activity for some forms, and the first endoplasmic reticulum
(ER)-membrane localized MIP, of a SIP-type, has been
reported recently in Arabidopsis (Ishikawa et al. 2005). The
in vivo roles of the new fifth subfamily mentioned above
(Gustavsson et al. 2005) need investigation.

The residues of the NPA motifs are highly conserved in
plant PIPs and TIPs, with alternative motifs generally found
only in the NIP or SIP groups (Ishibashi 2006; Zardoya
2005). NPAs in NIPs appear to have little effect on their
substrate selectivity, as found in studies on AtNIP6;1 from
A. thaliana, a glycerol, formamide and urea transporter with
NPA (loop B) and NPV (loop E) motifs and very low water
flux rate, where substitution of Val in the NPV with Ala
exhibited no apparent water transport and high urea and
glycerol transport rates (as in the wild type) (Wallace and
Roberts 2005). The pore specificity of the plant MIPs
appear to be more attributable to the ar/R selectivity filter
residues as indicated by the homology modeling of the pore
regions of the four plant MIP subgroups against the crystal
structures of bovine AQP1 and bacterial GlpF (Wallace and
Roberts 2004). The importance of this filter was demon-
strated in a study on an aquaglyceroporin NIP (LIMP2)
from a legume where substitution of Trp with His at
position H2 abolished glycerol transport when expressed in
Xenopus oocytes (Wallace et al. 2002). Moreover, substi-
tution of Ala with Trp at position H2 of the urea-
transporting AtNIP6;1 resulted in the predicted narrowing
of the pore aperture and increased water permeability and
exclusion of urea (Wallace and Roberts 2005). Mutagenesis
studies of NPAs and ar/R residues in plants have been
limited, and considering the great variability in the ar/R
filter residues in the TIPs in plants (see below), further
research is required for both plant PIPs and TIPs to assess
the roles of both the NPA boxes and the various

combinations of the ar/R residues on selectivity and
permeability for water and other substrates.

The tetrameric assembly also appears to occur in plant
aquaporins (Fotiadis et al. 2001), and interactions can also
occur between different isoforms, leading to heteromer
formation, which can lead to changes in stability and
increases in water permeability and expression levels of
some isoforms (Fetter et al. 2004). Furthermore, the
importance of loop E in the protein interactions was
demonstrated when replacement of the loop E residues of
ZmPIP1;1 (a PIP1 isoform with no positive interaction with
ZmPIP2s) with those of the ZmPIP1;2 resulted in a positive
interaction of the mutant ZmPIP1;1 with native ZmPIP1;1
and with another isoform, ZmPIP2;5 (Fetter et al. 2004).

The MIP gene superfamilies in cereals are also
large and complex

Wheat (Triticum aestivum L.), barley (Hordeum vulgare
L.), maize (Zea mays L.), and rice (Oryza sativa L.),
belonging to different subfamilies of the grass family
Poaceae (Kellogg 2001), make up a very large proportion
of the staple grain worldwide. It is thus particularly
important to focus our efforts on analyzing key genetic
factors involved in water transport such as the MIPs. The
following sections focus on the current status of MIP
research in cereals, particularly on the PIP and TIP
subfamilies due to their significance in water transport.

All cereals studied to date exhibit large MIP super-
families, consisting of the four major subfamilies men-
tioned above. The first cereal in which the MIP genes were
studied was maize, wherein 33 genes were identified
through sequencing of full-length cDNAs, grouping into
13 PIPs, 12 TIPs, 5 NIPs, and 3 SIPs (Chaumont et al.
2001). Our analysis of the TIGR rice genome assembly
(TIGR Release 10.0, January 2005; http://www.tigr.org/tdb/
e2k1/osa1/index.shtml; last accessed November 2006);
using tblastx searches in Gramene (http://www.gramene.
org/Multi/blastview, accessed June 2005) indicated 38 MIP
genes ranging in size from 669 to 1,113 bp and spread
across all rice chromosomes except chromosome 11. The
MIPs could be split into 13 PIPs, 10 TIPs, 13 NIPs, 2 SIPs,
including at least two possible pseudogenes (Table 1).
These results are similar to those of Sakurai et al. (2005),
who independently identified 33 expressed genes and some
pseudogenes (Sakurai et al. 2005) and Guo et al. (2006)
who identified 10 expressed PIP genes. Of the five
additional genes (OsPIP2;9, OsPIP2;10, OsNIP1;5,
OsNIP3;4, and OsNIP3;5) identified (Forrest and Bhave,
unpublished), OsNIP3;5 showed a corresponding EST and
is thus unlikely to be a pseudogene (unless its protein
product is nonfunctional), while the other four loci did not
have expression data (EST/TCs), and of these, OsPIP2;9
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and OsPIP2;10 have major gaps in their putative protein
sequences. Most of the rice PIPs were predicted to be
located in the plasma membrane, with the notable exception
of OsPIP1;2, which was predicted to exist in the chloroplast
or mitochondria but contained a nuclear localization signal
(Table 1). Some of the genes appear closely linked, e.g.,
four PIP loci (OsPIP2;1, OsPIP2;4, OsPIP2;5, and
OsPIP2;9) at ~15.4 Mb on chromosome 7, suggesting
gene duplication events, and the highest identity (86–94%)
between the putative protein products of these four genes
compared to other rice PIPs suggests origin by recent
duplications.

Although there has been no whole genome project data
or a major report on barley MIPs, a number of PIP cDNA
and/or genomic sequences (Doering-Saad et al. 2002;
Hollenbach and Dietz 1995; Katsuhara et al. 2002) and
several TIP cDNAs have been reported (Schunmann and
Ougham 1996; Shirasu et al. 2000). Our analysis of this
data and sequences available in Genbank, translations of
coding sections into putative protein sequences and their
clustalW alignments (data not shown) show 3 PIP1s, 2
PIP2s and 3 TIPs (Supplemental data Figs. 1 and 2), plus
one likely pseudogene (BM817412) that shows only one
NPA motif and a stop codon after loop B and another
protein (BM816065) with atypical sequence. Forrest and
Bhave (unpublished) have shown that wheat has at least 6
PIP and 2 TIP genes and numerous isoforms within these
subclasses, some of this complexity being related to the
hexaploid nature of wheat (i.e., presence of homeologous
genes), in addition to multigenes of a particular subclass
per genome.

MIP gene function: PIP and TIP genes in cereals exhibit
conserved structures within the subclasses, but a higher
degree of identity between the PIPs than the TIPs

The overall structures of the PIP genes of rice (Table 1;
Sakurai et al. 2005), barley (Katsuhara et al. 2002), and
wheat (Forrest and Bhave, unpublished) are highly con-
served in relation to those of A. thaliana (Johanson et al.
2001; Quigley et al. 2001) (DNA alignment data not
shown). The genes contain 0 to 3 introns (Table 2), the
locations of these (when present) being at the start of the coding
region for loop B, the end of that for loop D, and the start of that
for transmembrane helix 6 (DNA alignment data not shown).
The intron positions are also conserved between the TIP genes
of A. thaliana (Johanson et al. 2001; Quigley et al. 2001), rice
(present work; Sakurai et al. 2005), and wheat (Forrest and
Bhave, unpublished), with these genes containing up to two
introns, which when present, occur in the coding region for
loop A and loop C (DNA alignment data not shown).
However, significant variations are noticed in the intron
lengths of both PIP and TIP genes, especially introns I and

II of PIPs (Table 2). While most of the PIP and TIP genes
exhibit the universal GT/AG splice donor and acceptor sites, a
GC/AG motif has been identified by us in the rice gene
OsTIP5;1 in its TIGR genomic data (data not shown) and also
experimentally in the wheat isoform TaPIP2;1, as also a GC/
TG in a putative pseudogene TaPIP1;1 (Forrest and Bhave,
unpublished).

The cereal PIP and TIP genes appear more closely
related to one another than to those in A. thaliana, both at
the level of coding sequences (DNA alignments not shown)
and their respective putative proteins, as would be expected
(Table 3; supplemental data Figs. 1 and 2). Significant
identities are seen in the coding sections of PIP genes of all
plants (53–92%) and in the putative protein sequences (54–
96%) (Table 3, supplemental data Fig. 1); however, the TIP
sequences show significantly lower identities and a wider
range, both between coding sections of genes (10–90%
identity) and at the putative protein levels (17–95%)
(Table 3, supplemental data Fig. 2).

The TIP gene and protein sequences of cereals are also
generally not as highly conserved as the PIPs (Table 3). A
high degree of conservation is seen in the amino acid
sequences of subclasses of cereal PIPs, PIP1’s (64–98 %
identity), and PIP2’s (58–93% identity) (supplemental data
Figs. 1 and 2), excluding products of the OsPIP2;9 and
OsPIP2;10 pseudogenes (which have large internal gaps;
data not shown). Members of a major PIP subclass show a
higher degree of interspecies sequence conservation (e.g.,
93% identity between maize ZmPIP2;4 and rice OsPIP2;2,
and between ZmPIP2;6 and OsPIP2;9) than intraspecies
(87% between all PIP1s of barley and 89% between all
PIP1s of wheat). This suggests that at least some of the
gene duplication events in the MIP superfamily predate
the separation of the subfamilies within Poaceae. As with
the PIPs, the highest identities between members of the
same TIP subclass are often shared between rather than
within species; e.g., the putative proteins of wheat TaTIP2;3
(Forrest and Bhave unpublished; supplemental data Fig. 2)
and maize ZmTIP4;2 share 98% identity, while there is 17–
95% identity between all cereal TIPs.

The PIP and TIP proteins in cereals show conservation
and/or specialization of functionally important areas

The six transmembrane helices and loop B and E regions
are more highly conserved than the inter-helical loops in all
putative protein members of the PIP and TIP subfamilies of
rice, maize, barley, and wheat, as also in Arabidopsis. The
N and C-terminal sequences appear to be the most
divergent between the PIPs compared to the rest of the
sequence area, while the TIPs exhibit a much greater extent
of diversity throughout the protein, and more so, at the N
termini than the C termini (supplemental data Figs. 1 and 2).
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All cereal PIP and TIP sequences also contain the two
highly conserved NPA motifs.

All PIPs contain the ar/R selectivity filter residues Phe-
His-Thr-Arg (FHTR) (Figs. 3, 4 and 5), very similar to the
human AQP1 selectivity filter FHCR (Sui et al. 2001). In
contrast, a variety of ar/R sequence combinations is
observed in the TIP, NIP, and SIP subfamilies, including
differences between various subclasses within each family
(Table 4; supplemental data Table 1), some of which may
be associated with functional specialization. For example,
the highly conserved Arg at LE2, shown to be important for
transport of water (see above), is found in all cereal PIPs,
but a subclass of TIPs, the TIP1s, contain a Val residue here

(Table 4, supplemental data Table 1), a change suggested to
affect their water transport function (Wallace and Roberts
2004). Up to seven different combinations are seen among
the cereal TIPs, some of which (e.g., His-Met-Ala-Arg of
OsTIP3;1) are not seen in A. thaliana. This diversity in
filter residues and reports of alternative transport functions
(e.g., for urea or ammonia; see below) suggest that the TIP
subfamily members include aquaporins but some may
(also) have other roles; these need to be tested thoroughly.
None of the plant MIP ar/R filter residues, except for the
highly conserved R, is identical to those of the bacterial
glycerol transporter GlpF (Fu et al. 2000) or aquaglycer-
oporin GlaLlac (Thomas et al. 2002), even though some

Table 2 Comparison of intron lengths and numbers in plant PIP and TIP genes

PIP 
genesa 

A. thaliana b Ricec Wheat 
e

Intron 
I

Intron 
II 

Intron 
III 

Intron 
I

Intron 
II 

Intron 
III 

Intron 
I

Intron 
II 

Intron 
III 

Intron I Intron 
II 

Intron 
III 

PIP1;1 264 238 94 992 380 488 105 122 553 
PIP1;2 225 80 88 −− 104 562 − 88 142 
PIP1;3 157 84 89 − − 234 − 101 110 
PIP1;4 309 128 94 NA NA NA 
PIP1;5 273 94 133 NA NA NA − − −  
PIP1;6 NA NA NA NA NA NA 
PIP2;1 468 127 90 − 1887 125 116 979 739 105 
PIP2;2 121 91 98 107 1742 563 − 90 112 
PIP2;3 121 91 89 − 711 510 − − 156 
PIP2;4 199 97f 95 − 45 115 − − −
PIP2;5 116 555 89 − 96 133 
PIP2;6 505 730 78 89 106 84 
PIP2;7 92 259 93 − − 102 
PIP2;8 229 385 107 − − −  
PIP2;9 NA NA NA 180 84 100 
PIP2;10 NA NA NA 115 89 358 

TIP 
genesa 

A. thaliana b Ricec Barley 
d

Barley 
d

Wheat 
e

Intron I Intron II Intron I Intron II Intron I Intron II Intron I Intron II 
TIP1;1 − 91 755 −  500 −  
TIP1;2 − 172 82 −  
TIP1;3 − − NA NA 
TIP2;1 103 399 81 119 101 93 
TIP2;2 − 180 82 103 
TIP2;3 − 205 NA NA 
TIP3;1 91 119 103 86 
TIP3;2 300 130 101 262 
TIP4;1 106 391 101 922 
TIP4;2 NA NA 153 −  
TIP4;3 NA NA 84 −  
TIP5;1 79 84 112 66 

The darker grey cells indicate lack of published data in case of barley and incomplete data in case of wheat to conclude whether or not a certain
gene isoform and/or intron is present (work in progress; Forrest and Bhave, unpublished).
NA Indicates gene types that have not been reported and/or not found in analysis of the genomic sequence of A. thaliana or rice.
Introns for A. thaliana and rice were identified by aligning gDNA and cDNA sequences for each gene. These sequences were obtained by searching for loci
for:

aLength in base pairs (bp)
bA. thaliana (Johansson et al. 2001) (e.g. At3g61430 for AtPIP1;1) in TIGR Arabidopsis thaliana Database (http://www.tigr.org/tdb/e2k1/ath1/
LocusNameSearch.shtml, last accessed October 2006) or

cRice in TIGR Rice Database (http://www.tigr.org/tdb/e2k1/osa1/LocusNameSearch.shtml, last accessed November 2006) (present work; Table 1).
dIntron sizes for HvPIP1;3, HvPIP1;5 and HvPIP2;1 from barley were obtained from Katsuhara et al. (2002).
eIntrons in wheat genes were predicted by comparing wheat gDNA sequences (Forrest and Bhave, unpublished) with gDNA and cDNA sequences of rice.
All alignments were manually performed in Bioedit v. 7.0.5 (http://www.mbio.ncsu.edu/BioEdit/bioedit.html).

fThis intron is in a different position compared to that of intron II in all other PIPs shown in the table.
—Indicates absence of that intron in the gene structure.
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plant MIPs are reported to transport these substrates (Rivers
et al. 1997; Tyerman et al. 2002).

The mechanisms for differential localization of PIPs
mostly to the plasma membrane and TIPs mostly to the
tonoplast are as yet unclear, as no specific signal peptides
or other signature sequences have been reported, and these
could not be identified with certainty in our alignments due
to the extent of variations seen (supplemental data Figs. 1
and 2). However, presence of the highly conserved NPA
motifs and ar/R selectivity filter residues suggests that the
PIPs and at least several of the TIPs from cereals are highly
likely to be functional aquaporins. It also appears from the
high degree of similarity of various PIP and TIP isoforms
between different cereal species, particularly rice, wheat
and barley, that they may retain orthology between their
genomes. This information offers substantial inroads for
crop improvement and is discussed later.

Water permeability functions of plant aquaporins
(TIP and PIP subclasses of MIPs)

Water uptake and its movement throughout the plant are
required for a large number of cellular and physiological
processes in plants such as cell enlargement, stomatal
movement, photosynthesis, phloem loading, and transpira-

tion. Water is absorbed by the roots into the apoplast, but
for water to cross the hydrophobic barrier of the Casparian
strip, water molecules are transferred to the symplast via the
transcellular pathway, which is proposed to be regulated by
the aquaporins (Amodeo et al. 1999; Johansson et al. 2000).
Many other roles have been shown for various MIPs, in
addition to, or instead of, water transport; therefore,
functional assays must be utilized to test water permeability
of a MIP and define it as an “aquaporin”. The first plant
aquaporin to be defined by expression of mRNA in the frog
oocytes (the assay that originally identified the human
aquaporins; Preston et al. 1992) was AtTIP1;1 (γ-TIP) from
A. thaliana, its expression resulting in a six- to eightfold
increase in osmotic water permeability (Maurel et al.
1993). A number of plant MIPs, particularly PIP and TIP
isoforms, have passed such tests and can now be
justifiably called aquaporins due to functional assays
demonstrating their water permeability.

Functional evidence for water transport functions
of plant PIPs

The plasma membrane is the first cellular barrier for the
water molecules to cross, and any PIPs within it would be
expected to have a more significant effect on cell–water
relations than the (generally) tonoplast-located TIPs. Many

Table 3 Extent of sequence identity in coding sequences and putative PIP and TIP proteins of cereals

cDNA/proteins Barleya Maizeb Ricec A. thalianad

PIPs
Barley 59–91 60–92 57–75
Maize 61–93 59–91 57–75
Rice 54–94 54–96 53–75
A. thaliana 63–88 60–88 54–87

TIPs
Barley 32–90 29–89 16–72
Maize 18–90 53–89 10–72
Rice 17–89 32–95 12–74
A. thaliana 19–74 30–76 30–80

Numbers in italics refers to percent identity between the cDNA sequences (alignment data not shown; sequence sources as above and Table 1) and
numbers in regular text refer to percent identity between their putative protein sequences (supplemental data Figs. 1 and 2). The TIP cDNA
sequences were obtained from Genbank and aligned in ClustalW (http://www.ebi.ac.uk/clustalw/) to obtain identity scores. The PIP cDNA
sequences were first aligned in Muscle (http://www.ebi.ac.uk/muscle/) to obtain a more accurate DNA alignment, and the corresponding
alignment was then imported into ClustalW to calculate identity scores. Protein sequences were obtained from Genbank (where available) or
predicted from cDNA sequences or coding sections of genomic sequences by translation in Bioedit v7.0.5 (http://www.mbio.ncsu.edu/BioEdit/
bioedit.html) and aligned using ClustalW. Some barley cDNA sequences appear to be of poor quality as they result in many changes to the
reading frame, and thus, poor percent identity scores. Predicted pseudogenes from rice (OsPIP2;9 and OsPIP2;10) were excluded from
comparisons.

a Barley HvPIP1;3 (AB009308), HvPIP1;5 (AB009309), HvPIP1:6 (CO720031),H HvPIP2;1 (AB009307), HvPIP2;4 (AB219525), HvTIP1;1
(X80266), HvTIP2;1 (AF254799), HvTIP5;1 (AF254799) from Genbank (Katsuhara et al. 2002; Schunmann and Ougham 1996; Shirasu et al.
2000)

b (Chaumont et al. 2001)
c Analysis of the rice MIP sequences in The TIGR Rice Database (present work; Table 1).
d (Johanson et al. 2001).
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PIP isoforms from a diverse range of plants have been
tested using the oocyte swelling and mercury blockage
assays, and tools such as antisense technology to reduce or
knock out the expression of a specific gene. Indeed, high
water permeability has been detected in oocytes expressing
numerous genes, e.g., two PIPs from A. thaliana, AtPIP2;3
(RD28) (Daniels et al. 1994; Johanson et al. 2001) and
AtPIP1;1-1;3 (PIP1a-c) (Kammerloher et al. 1994) and rice
OsPIP1;3 and OsPIP1;1 (RWC3 and RWC1, respectively)
(Li et al. 2000; Lian et al. 2004). HvPIP2;1 from barley also
tested positive for water transport in oocyte swelling assays
and mercurial blockage (Katsuhara et al. 2002), whereas
HvPIP1;3 showed no activity (Katsuhara et al. 2003).
However, mercury inhibition does not always apply; for
example, a PIP of A. thaliana (AtPIP2;3 or RD28) is
insensitive to pore blockage by mercury despite containing
a number of cysteine residues (Daniels et al. 1994), whereas
two of its TIPs (δ-TIP and γ-TIP) are mercury-sensitive,
the property attributed to Cys116 and Cys118, respectively,
in the transmembrane helix 3 (Daniels et al. 1996).

PIPs seem to play a particularly important role in
controlling transcellular water transport, supported by
observations of a transgenic A. thaliana plant expressing
double antisense isoforms of two PIP genes (of subclasses

PIP2 and PIP1) that resulted in a decrease in osmotic
hydraulic conductivity in root and leaf protoplasts (Martre
et al. 2002) and a gene knockout of an A. thaliana PIP
gene (AtPIP2;2) showing similar results for root cortex
cells and root (Javot et al. 2003). Transgenic A. thaliana
plants expressing an antisense copy of a PIP gene
(PIP1;2) showed its reduced expression and a corre-
sponding threefold decrease in water permeability of
protoplasts (Kaldenhoff et al. 1998), and overexpression
of a barley PIP (HvPIP2;1) in transgenic rice also
increased the radial hydraulic conductivity of roots
(Katsuhara et al. 2003).

While members of the PIP2 subclass generally show
high water transport capabilities, some members of the
subclass PIP1 have shown little such ability. For example, a
maize PIP gene (ZmPIP2a) was found to be functional in
Xenopus oocytes, whereas two other isoforms (ZmPIP1a
and ZmPIP1b) showed no activity (Chaumont et al. 2000),
four rice PIP genes (OsPIP1;1, OsPIP1;2, OsPIP2;4 and
OsPIP2;5) expressed in yeast showed greater water
permeability for the PIP2 members than the PIP1s (Sakurai
et al. 2005), and expression of PIP2a and PIP2b in oocytes
showed faster cell bursting compared to PIP1a, PIP1b, and
PIP1c from A. thaliana (Kammerloher et al. 1994).

Fig. 3 Alignment of ar/R selec-
tivity filter and NPA motif resi-
dues in the putative PIP proteins
of cereals. Dots indicate con-
served residues with OsPIP1;1.
Grey shading indicates the po-
sition of an ar/R residue, and
boxes indicate the NPA motifs.
Dashes indicate sequence data
not available
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Functional evidence for water transport functions
of plant TIPs

The water permeability function of plant aquaporins was
first demonstrated in a TIP from A. thaliana via expression
in oocytes (Maurel et al. 1993) and has since been con-
firmed using similar assays for TIP isoforms from diverse
species including sunflower (Sarda et al. 1997), ice plant
(Mesembryanthemum crystallinum) (Vera-Estrella et al.
2004), maize (Chaumont et al. 1998), tobacco (Gerbeau
et al. 1999), bean (Maurel et al. 1995), A. thaliana (Maurel
et al. 1997a), cauliflower (Barrieu et al. 1998), and radish
(Higuchi et al. 1998). TIP1;1 of Arabidopsis and a TIP
(McTIP1;2) from the ice plant show a high level of
aquaporin function (Maurel et al. 1993; Vera-Estrella et al.
2004). This correlates with a higher water permeability for
tonoplasts compared to the plasma membranes; for example,
tonoplast permeability was 100-fold greater than that of
plasma membrane from tobacco suspension cells (Maurel
et al. 1997b), and the water permeability in wheat root
cells was higher for endomembrane vesicles than plasma
membrane vesicles (Niemietz and Tyerman 1997), al-
though in both cases, the aquaporin isoform(s) involved
with this function is not known. TIPs seem to control
water exchange between cytosolic and vacuolar compart-
ments, and hence, regulate cell turgor. This is indicated by
the upregulation of transcripts of a TIP gene (SunTIP7) in
sunflower leaf guard cells during stomatal closure (Sarda

et al. 1997) and studies on the ice plant in response to
osmotic stress showing an increased distribution of TIP1;2
to tonoplast fractions, possibly as “a homeostatic process
to restore and maintain cellular osmolarity” (Vera-Estrella
et al. 2004). The strongest clue yet to the potential
significance of TIPs to plant survival was provided when
RNA(i)-targeting of the gene TIP1;1 was shown to result
in plant death (Ma et al. 2004).

Other assays suggesting involvement of aquaporins
in water transport

Although no specific genes were addressed, a number of
other assays have demonstrated that water transport in root
membranes occurs via aquaporins. For example, a rapid
decrease in hydraulic conductance (i.e., the overall water
permeability of the membrane; Lp) of single wheat root
cortical cells was reported during anoxia (Zhang and
Tyerman 1991), while mercury inhibited hydraulic conduc-
tivity in intact wheat root cells (Zhang and Tyerman 1999).
Water permeability measurements in wheat root membrane
vesicles in hyperosmotic medium showed that both endo-
membrane and plasma membrane vesicles possessed an
osmotic to diffusional water permeability ratio (Pos/Pd) >1,
indicating the presence of aquaporins (Niemietz and
Tyerman 1997). Endomembrane vesicles measured greater
osmotic permeability (Pos) and lower activation energy (EA)
compared to plasma membrane vesicles and showed no

Fig. 4 Alignment of ar/R selec-
tivity filter and NPA motif resi-
dues in the putative TIP proteins
of cereals. Dots indicate con-
served residues with OsTIP1;1.
Grey shading indicates the po-
sition of an ar/R residue, and a
black box indicates an NPA
motif. Dashes indicates se-
quence data not available
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mercury inhibition, while water transport in plasma
membrane vesicles was inhibited (Niemietz and Tyerman
1997). In another study, Pos was found to be reduced in
protoplasts from a drought-sensitive bread wheat but

remained constant for a drought-tolerant durum, suggesting
a possible difference in their aquaporins content (Morillon
and Lassalles 2002).

Significance of aquaporins to plant–water relations
during osmotic stress

Factors creating osmotic stress on plants, such as drought
and salt, affect water uptake into and distribution within
plants and have numerous negative effects on plant growth,
development, and even survival (Bernstein 1975; Munns
2002). For example, studies using a pressure probe showed
that maize roots exposed to salt stress showed a decrease in
hydraulic conductivity (Lp) of cortical root cells, increased
root diameter, and increased the diameter of root cells,
suggesting adverse effects on water transport of root cells
(Azaizeh et al. 1992), and the hydraulic conductivity of
wheat and A. thaliana roots was reported to be vastly
reduced during salt stress (Boursiac et al. 2005; Ktitorova
et al. 2002). Such alteration of water transport in plants
provides strong grounds to study aquaporins in this context.

Involvement of MIP subclass PIP aquaporins in abiotic
stress response: the comparative evidence

Numerous comparative studies have tested the effects of
salt, drought, or cold on the expression of mRNA tran-
scripts and/or proteins of members of two main MIP
subfamilies, PIPs and TIPs, in different tissues of cereal
plants, and many have shown differential response (sum-
marized in Table 5). For example, transcripts and proteins
of the barley PIP gene HvPIP2;1 were found to be down-
regulated in roots but transcripts were up-regulated in
shoots of plants under salt stress (Katsuhara et al. 2002),
while over-expression of HvPIP2;1 in transgenic rice
actually increased salt sensitivity (Katsuhara et al. 2003).
In maize, transcripts of several members of the PIP
subgroups ZmPIP1 and ZmPIP2 were down-regulated in
response to salt, with a few exceptions which were up-
regulated (Aroca et al. 2005; Zhu et al. 2005).

Under osmotic stress caused by water insufficiency, the
rice PIP gene OsPIP1;3 (RWC3) was found to be up-
regulated in only the drought tolerant rice cultivar (Lian et al.
2004). During osmotic stress induced by 10% polyethylene
glycol (PEG), the rice OsPIP1;1 and OsPIP1;2 transcripts
were up-regulated, whereas OsPIP1;3 remained unchanged
(Guo et al. 2006). Surprisingly, OsPIP1;1 was found to be
down-regulated in response to alternative methods of water
stress such as drought (lack of water) (Malz and Sauter
1999) or use of a different chemical (250 mM mannitol) (Li
et al. 2000). Several studies have simultaneously monitored
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transcript or protein levels of multiple MIPs; for example,
OsPIP1;1 and OsPIP1;2 were found to be down-regulated,
while OsPIP1;3 was up-regulated during chilling (Sakurai
et al. 2005). Studies in wheat have been limited, but in one
study (Morillon and Lassalles 2002), no changes were
seen in PIP1 and PIP2 protein levels during drought stress
in durum wheat (Triticum turgidum L.) and a soft common
wheat (Triticum aestivum L.) using immunoblot. However,
the antibodies had been designed against the C-terminal
region, one of the highly divergent regions of PIPs
(Johanson et al. 2001) (Supplemental data Fig. 1); there-
fore, the results cannot be taken as representative of all
PIP isoforms. In addition, changes to protein activity can
be affected by abiotic stress (Aroca et al. 2005), which
would not be differentiated by this type of approach.
Another study identified a PIP1 (similar to AtPIP1;4) and
a PIP2 (similar to AtPIP2;5) sequence in wheat ESTs
libraries from abiotically stressed plants (Houde et al.
2006), but their expression levels were not investigated, so
it cannot be assessed whether these isoforms were in
steady state or specifically induced.

Cold (chilling) stress appeared to increase osmotic water
permeability (Pos) to a much higher degree in maize with a
chilling-tolerant phenotype compared to a sensitive one,
and transcripts of several members of ZmPIP1 and ZmPIP2
were found to be down-regulated (Aroca et al. 2005).
Chilling also increased the abundance of total PIP1 proteins
of both chilling-tolerant and -sensitive phenotypes, and
although the total amount of PIP2 proteins remained
unchanged, that of phosphorylated form of PIP2 (active
state, discussed later) increased dramatically in both
phenotypes (Aroca et al. 2005), suggesting that activation
of the protein by phosphorylation plays some role in the
response process.

In other plants, the PIP gene AtPIP2;3 (RD28) of
Arabidopsis was one of the earliest studied and found to
be induced under water deficit (Yamaguchi-Shinozaki et al.
1992). Several studies utilizing diverse techniques have
now led to identification of specific members of the AtPIP1
and AtPIP2 subgroups which are down-regulated in roots
and/or shoots in response to salt stress but also several that
are up-regulated (Jang et al. 2004; Alexandersson et al.
2005; Boursiac et al. 2005; Kobae et al. 2006) (summarized
in supplemental data Table 2). Overexpression of a rape-
seed (Brassica napus) PIP (BnPIP1) in transgenic tobacco
plants has been shown to result in increased tolerance to
water stress, while an antisense plant shows reduction in
growth and germination and tolerance to water stress (Yu et
al. 2005). Response to dehydration and/or salt has been
studied in a succulent, the resurrection plant Crateros-
tigma plantagineum (able to recover completely from
severe dehydration but sensitive to salt), and shows up-
regulation of certain transcripts during dehydration, but

their down-regulation by salt (Smith-Espinoza et al. 2003)
and the salinity-tolerant ice plant (M. crystallinum) also
shows down-regulation of a number of PIP transcripts
during salt stress but up-regulation of a PIP protein
(Yamada et al. 1995). In the grapevine, which typically
shows sensitivity to salinity but a degree of tolerance to
drought, transcripts of a PIP aquaporin (PIP2;1) were up-
regulated under salinity stress but down-regulated under
water deficit (Cramer et al. 2007). The data clearly shows
that a number of PIP subfamily members play significant
roles in stress response. However, due to the great diversity
observed, further studies, especially those involving indi-
vidual gene expression and knock outs, would be required
to develop a better understanding of the key players.
Possibilities such as heteromeric associations and post-
translation regulatory controls such as phosphorylation
(discussed later) need to be considered also.

Involvement of TIP aquaporins in abiotic stress response:
the comparative evidence

Specific TIP isoforms of rice and maize (Table 5) or A.
thaliana (supplemental data Table 2) also show differential
responses to water stress, salinity, or chilling. For example,
transcripts of OsTIP1;1 were down-regulated during chill-
ing (Sakurai et al. 2005) but up-regulated during water stress
(300 mM mannitol) and salinity (150 mM NaCl) (Liu et al.
1994). However, studies focusing on the role of TIPs in
abiotic stress response have been somewhat limited, which
is surprising, considering extent of the changes noted. In the
case of resurrection grass (Eragrostis nindensis), TIP3;1 was
immuno-localized only to desiccated leaves and in small,
drought-induced vacuoles, suggesting it might be important
in increased water permeability and mobilization of solutes
from these vacuoles upon rehydration (Vander Willigen et al.
2004). The salinity-tolerant ice plant shows a TIP protein
(MIPF) to be down-regulated in leaves under salt stress
(Kirch et al. 2000).

Involvement of PIPs and TIPs based on whole genome
expression studies

Many studies have monitored transcript abundance (‘digital
expression’) of the whole genome of a species in response
to abiotic stresses, e.g., by the use of microarrays, and MIPs
are noted in many of these reports. For example, among all
genes in the A. thaliana genome, a number of PIP and TIP
transcripts were significantly up-regulated in response to
drought (Rizhsky et al. 2004) and up-regulated or down-
regulated in response to rehydration after dehydration
(Oono et al. 2003) and cold acclimation and deacclimation
(Oono et al. 2006). In rice, using DNA microarray
encompassing 1,728 transcripts, PIPs were found to be
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Table 5 Changes in expression patterns of MIP genes in cereals under abiotic stresses

MIP Gene Abiotic stress Effect Tissue Method used Reference

Rice (O. sativa)
OsPIP1;1 Chilling (4°C) ↓ of transcripts Root Semiquantitative

RT-PCR
(Sakurai et al.
2005)

OsPIP1;1 Osmotic (10% PEG) ↑ of transcripts Root Quantitative
RT-PCR

(Guo et al.
2006)

WCP-1 (BE607367)
(OsPIP1;1)

Salt stress (150 mM) ↓ of transcripts initially
after salt stress, ↑ of
transcripts later, in salt
tolerant variety only

Root Microarray (Kawasaki et al.
2001)

RWC1 (AB009665)
(OsPIP1;1)

Osmotic (250 mM
mannitol)

↓ of transcripts Root Northern blot (Li et al. 2000)

Salt stress (150 mM) NaCl ↓ of transcripts, quick
(3h) recovery

Leaf

Chilling (4°C), mannitol
(250 mM)

Chilling, pretreatment
with mannitol then chilling:
↓ of transcripts

Leaf

OsPIP1a (AJ224327)
(OsPIP1;1)

Drought (no water) ↓ of transcripts,
recovered later

Stem Northern blot (Malz and
Sauter 1999)

OsPIP1;1 Chilling (7°C) ↑ of transcripts during
recovery in tolerant
variety

Shoot,
root

Real time
RT-PCR

(Yu et al. 2006)

OsPIP1;2 Chilling (4°C) ↓ of transcripts Root Semiquantitative
RT-PCR

(Sakurai et al.
2005)

OsPIP1;2 Osmotic (10% PEG) ↑ of transcripts Root Quantitative
RT-PCR

(Guo et al.
2006)

OsPIP1;2 Osmotic (20% PEG) ↑ of transcripts in
drought-tolerant rice

Root,
leaf

RT-PCR (Lian et al.
2006)

OsPIP1;3 Chilling (4°C) ↑ of transcripts Root Semiquantitative
RT-PCR

(Sakurai et al.
2005)

RWC3 (AB029325)
(OsPIP1;3)

Osmotic (20% PEG) ↑ of transcripts and protein
in drought tolerant rice, ↓
of protein in drought-
sensitive rice

Root,
leaf

RT-PCR,
Immunoblot

(Lian et al.
2004)

WCP-1 (BE607372)
(OsPIP1;3)

Salt stress (150 mM) ↑ of transcripts in salt
tolerant variety

Root Microarray (Kawasaki et al.
2001)

OsPIP1;3 Osmotic (20% PEG) ↑ of transcripts in drought-
tolerant rice

Root,
leaf

RT-PCR (Lian et al.
2006)

OsPIP2;1 Chilling (4°C) ↓ of transcripts Root Semiquantitative
RT-PCR

(Sakurai et al.
2005)

OsPIP2;1 Osmotic (10% PEG) ↓ of transcripts Leaf Quantitative
RT-PCR

(Guo et al.
2006)↑ of transcripts Root

OsPIP2a (AF062393)
(OsPIP2;1)

Drought (no water) ↓ of transcripts, recovered
later

Stem Northern blot (Malz and
Sauter 1999)

OsPIP2;1 Osmotic (20% PEG) ↑ of transcripts in drought-
tolerant variety

Root RT-PCR (Lian et al. 2006)

OsPIP2;1 Chilling (7°C) ↑ of transcripts during
recovery in tolerant
variety

Shoot,
root

Real time
RT-PCR

(Yu et al. 2006)

OsPIP2;2 Chilling (4°C) ↓ of transcripts Root Semiquantitative
RT-PCR

(Sakurai et al.
2005)

WCP-1 (OsPIP2;2) Salt stress (150 mM) ↑ of transcripts in salt
tolerant variety

Root Microarray (Kawasaki et al.
2001)

OsPIP2;3 Chilling (4°C) ↓ of transcripts Root Semiquantitative
RT-PCR

(Sakurai et al.
2005)

OsPIP2;2a Osmotic (10% PEG) ↑ of transcripts Root Quantitative RT-
PCR

(Guo et al.
2006)
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Table 5 (continued)

MIP Gene Abiotic stress Effect Tissue Method used Reference

OsPIP2;3a Leaf,
root

OsPIP2;4 Root
OsPIP2;5 Osmotic (20% PEG) ↑ of transcripts in drought-

tolerant rice
Root RT-PCR (Lian et al. 2006)

OsPIP2;4 Chilling (4°C) ↓ of transcripts Root Semiquantitative
RT-PCR

(Sakurai et al.
2005)OsPIP2;5

OsPIP2;6
OsPIP2;5a Osmotic (10% PEG) ↓ of transcripts Leaf Quantitative

RT-PCR
(Guo et al. 2006)

OsPIP2;6a ↑ of transcripts Root
OsPIP2;7a ↑ of transcripts Root
OsPIP2;7 Chilling (7°C) ↑ of transcripts during

recovery in tolerant variety
Shoot Real time RT-

PCR
(Yu et al. 2006)

OsTIP1;1 Chilling (4°C) ↓ of transcripts Root Semiquantitative
RT-PCR

(Sakurai et al.
2005)

OsTIP1;1 (rTIP)
(D25534)

Salt (150 mM NaCl), drought
(300 mM mannitol)

↑ of transcripts Shoot,
root

Northern blot (Liu et al. 1994)

OsTIP2;2 Chilling (4°C) ↓ of transcripts Root Semiquantitative
RT-PCR

(Sakurai et al.
2005)

Barley (Hordeum vulgare)
HvPIP2;1 Salt (200 mM NaCl) ↓ of transcripts, ↓ of protein Root RT-PCR, western (Katsuhara et al.

2002)↑ of transcripts Shoot RT-PCR
Maize (Zea mays)
ZmPIP1 Chilling (5°C) ↑ of proteins Root immunoblot (Aroca et al.

2005)ZmPIP1;1 ↓ of transcripts Northern blot
ZmPIP1;1 Salt (100 mM NaCl) ↑ of transcripts Root DNA array

hybridization,
real-time RT-
PCR

(Zhu et al. 2005)
ZmPIP1;2 Salt (200 mM NaCl) ↓ of transcripts

ZmPIP1;2 Chilling (5°C) ↓ of transcripts Root Northern blot (Aroca et al.
2005)ZmPIP1;3

ZmPIP1;4
ZmPIP1;5 Salt (100 mM NaCl) ↑ of transcripts Root DNA array

hybridization,
real-time RT-
PCR

(Zhu et al. 2005)
Salt (200 mM NaCl) ↓ of transcripts

ZmPIP1;5 Chilling (5°C) ↓ of transcripts Root Northern blot (Aroca et al.
2005)

ZmPIP1;6 Salt (200 mM NaCl) ↓ of transcripts Root DNA array
hybridization,
real-time RT-
PCR

(Zhu et al. 2005)

ZmPIP1;6 Chilling (5°C) ↓ of transcripts Root Northern blot (Aroca et al.
2005)ZmPIP2 ↑ of proteins in chilling-

tolerant cultivar only
Immunoblot

ZmPIP2;1 ↓ of transcripts Northern blot
ZmPIP2;2
ZmPIP2;3
ZmPIP2;4
ZmPIP2;5
ZmPIP2;6
ZmPIP2;4 Salt (100 mM NaCl) ↑ of transcripts Root DNA array

hybridization,
real-time RT-
PCR

(Zhu et al. 2005)
Salt (200 mM NaCl) ↓ of transcripts

ZmPIP2;5 Salt (200 mM NaCl) ↓ of transcripts
ZmPIP2;6
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affected by salinity (Kawasaki et al. 2001), and in wheat,
PIP genes were found to be more abundant in cDNA
libraries constructed from plants exposed to cold, salt, and
dehydration stresses compared to those from unstressed
ones (Houde et al. 2006). Microarrays of grapevine total
RNA expressed under salinity and water deficit conditions
also identified a number of genes, which were differentially
expressed, including the MIPs (Cramer et al. 2007).

Comparative studies on the MIP gene expression such as
those outlined above have provided substantial new
information towards an understanding of differential ex-
pression of different aquaporins in relation to stress
conditions. Specific, universal physiological changes
brought on by the change in aquaporin expression have
not been reported yet. However, it would seem likely that
reduced aquaporin expression and/or function in the plasma
membrane would result in prevention of loss of water to the
hypertonic media outside of the plant (e.g., to saline soil),
or reduced aquaporin function in the tonoplast would
prevent loss of water from the vacuole and help maintain
turgidity. It would also be interesting to see if the variable
ar/R selectivity filter residues of certain MIP isoforms
would allow transport of osmolyte molecules such as
certain sugars or amino acids, considering the range of
nonaqueous substrates transported by some MIPs.

It has also been difficult to identify a concerted pattern
or specific gene type(s) of most significance, as it appears
that the degree of response and the responding gene(s) vary
depending on the nature of stress, its degree, and the type of
plant and its tissue under investigation. This could be due to
a number of factors such as (1) differences in expression of
different aquaporin genes under un-induced conditions; (2)

variations in functions/efficiency of different isoforms (e.g.,
due to differences in amino acid sequence including in the
ar/R filter or NPA box residues); (3) some isoforms may be
serving a “house-keeping” function of water transport,
while others might be specialized for stress response; (4)
regulation by gating or posttranscriptional factors. Some
multigene families are known to have members with
specialized functions or tissue or developmental stage
specific expression (reviewed in Zhang 2003). It would
thus be important to investigate if MIPs corresponding to
all PIP and TIP genes in a species are actually expressed
and membrane-integrated, to truly understand the roles of
various isoforms and the significance of the up- or down-
regulation of their transcripts and/or proteins in response to
stress.

Limitations of the comparative evidence and need
for concerted approaches

In spite of the significant commonalities seen in the salt or
drought stress responses of a number of plants pointing to
most likely candidates (Table 5), caution needs to be
exercised in extrapolating the results and conclusively
identifying the PIP or TIP isoforms that might be most
important in a given plant or universally in every plant. One
factor could be possible variations in the number and
subclasses of PIP genes in various species and variations in
nomenclature, as studies on MIP gene families are
incomplete for a majority of plants except rice and
Arabidopsis, with the cDNA and some genomic data being
available in maize. Furthermore, application of “drought” in
the laboratory can mean lack of water or the use of osmotic

Table 5 (continued)

MIP Gene Abiotic stress Effect Tissue Method used Reference

ZmTIP1;1 Salt (200 mM NaCl) ↓ of transcripts Root DNA array
hybridization,
real-time RT-
PCR

(Zhu et al. 2005)
ZmTIP1;2
ZmTIP2;1
ZmTIP2;4
ZmTIP2;2
ZmTIP2;3 Salt (37 mM NaCl), osmotic

(8% PEG)
↑ of transcripts Root Northern blot (Lopez et al.

2004)
Durum wheat (Triticum turgidum) and bread wheat (Triticum aestivum L.)
PIP1 Osmotic stress (250 mM

kg−1 sorbitol;
No change Root Immunoblot (Morillon and

Lassalles 2002)
PIP2 Salt stress (125 mM NaCl)

↑ indicates up-regulation, ↓ indicates down-regulation
a These sequences are identical to sequences designated as OsPIP2;3; OsPIP2;2; OsPIP2;6, OsPIP2;7 and OsPIP2;8, respectively, by Sakurai et al.
(2005).

282 Funct Integr Genomics (2007) 7:263–289



stressor such as PEG or mannitol (Table 5), but these
treatments could result in different responses, as observed
in the case of OsPIP1;1 transcripts. Use of different
concentrations of test treatments must also be considered,
as thresholds may exist; for example, different concen-
trations of NaCl result in up- or down-regulation of
ZmPIP1;5 transcripts, respectively, in maize (Zhu et al.
2005). Different tissue types can also differ in responses;
e.g., varying transcript levels of rice OsPIP2;1 in root vs
leaf (see above) (Guo et al. 2006), and many tissues need to
be investigated for interpretation of biological roles.
Furthermore, the time points (e.g., hours vs days) of
observations might be critical, as different isoforms may
have different response times, e.g., reduction in TIP1
protein in A. thaliana occurs after 24 h in response to salt,
while that in PIP1 occurs in 30 min (Boursiac et al. 2005).
Another important issue to consider is that biotic stresses in
“real life” situations often occur simultaneously, e.g.,
drought would be often accompanied by high temperatures
in natural environments, compared to constant temperatures
set in plant growth chambers/greenhouses. One study of A.
thaliana exposed to simultaneous drought and heat stress
shows that levels of certain aquaporins (e.g., AtPIP2;5)
were elevated only during the combination of stresses but
not individual stress (Rizhsky et al. 2004), confirming
possible interactions of key players. A few studies have
taken such a combinational approach (possibly due to
logistical reasons), as seen from the comparative studies
discussed earlier, but it appears essential for developing a
better picture for field applications. Finally, many studies
have focussed on transcript or protein abundance; however,
differences in these may not necessarily reflect protein
activity (see below); therefore, functional assays are
required to fully assess isoform-specific MIP responses to
abiotic stress.

The transcriptional and posttranscriptional regulation
and membrane distribution of aquaporins

In spite of the aforementioned numerous correlative studies,
the precise mechanism whereby aquaporins respond in
planta to the demands of the abiotic stress remain unclear.
Further work is particularly required to address questions
such as the physiological mechanisms whereby the abiotic
stresses regulate aquaporin expression, whether mRNA
levels directly correlate to protein levels, whether the
protein levels correlate directly with functional protein
levels, and whether the aquaporins are the end-game in
abiotic stress response and/or are they part of a signaling
pathway.

Having established the effects of abiotic stress on MIP
gene and protein expression, one obvious direction to
investigate is how the gene expression is altered by

variations in the promoter regions. In the few such studies,
fusions of the putative promoters of two PIP genes from ice
plant with the GUS (beta-glucuronidase) reporter gene were
found to direct individual, tissue-specific expression patterns
(Yamada et al. 1997; Yamada and Bohnert 2000), fusions of
various lengths of upstream regions of root-specific TIP
(TobRB7) of tobacco with GUS identified a specific
upstream region (−299 to −630) for root-specific expression
and a negative regulatory element (Yamamoto et al. 1991),
and a similar region (−650 bp) in a carrot TIP (DcRB7) was
shown to direct root-specific and drought-inducible expres-
sion (Liu et al. 2004). In studies emerging on identification
of potential abiotic stress-responsive elements, a cis-acting
element (ACTCAT) has been found within a 1,000-bp
upstream region of many rehydration-inducible A. thaliana
genes, including the motif TGACTCATTT, thought to be
involved in response to rehydration (Oono et al. 2003). The
promoter regions of aquaporins also need to be examined for
other abiotic stress-responsive elements reported extensively
in plants, e.g., the ABA-responsive element (ABRE) and
dehydration-responsive element (DRE) (reviewed in Ingram
and Bartels 1996). Such information will provide not only a
better understanding of the mechanisms of responses to
osmotic stress, but also potentially help to identify the
genetically better-suited cultivars.

Factors that regulate aquaporin protein activity post-
translationally under osmotic stress need to be considered,
and phosphorylation has been identified as such a mecha-
nism (Johansson et al. 1998); reviewed in (Chaumont et al.
2005; Hedfalk et al. 2006). As shown for a PIP2 (PM28)
from spinach, although its protein and transcript levels were
not affected by drought, increase in the osmolarity caused a
decrease in phosphorylation (Johansson et al. 1996), and
mutant isoforms of PM28 with the serine phosphorylation
sites knocked out showed decreased water permeability
(Johansson et al. 1998). This and other regulatory and
gating mechanisms of aquaporins and their impact thus
need to be considered.

A number of studies provide credence to membrane
trafficking also being an important aspect in regulation of
plant aquaporins during abiotic stress, possibly through
physically moving these proteins to alternative membranes,
and hence, preventing water loss. Studies on plant species
adapted to osmotic stress, for example, Crassulacean acid
metabolism (CAM) plants, which are succulent and
drought-tolerant, may provide more information. For
example, a low level of a TIP protein was identified in
Kalanchoë daigremontiana vacuolar membrane isolated
from leaf tissue (Maeshima et al. 1994), and expression of
a number of PIP and TIP isoforms in Graptopetalum
paraguayense was found to be low in plasma membrane
and tonoplast leaf fractions, and water permeabilities for
corresponding vesicles were absent or low, respectively
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(Ohshima et al. 2001). The immuno-localization of a TIP
only to the desiccated leaves of the resurrection grass
(Eragrostis nindensis) in small, drought-induced vacuoles
in the bundle sheath cells suggests its potential role in
increased water permeability and mobilization of solutes
from the small vacuoles upon rehydration (Vander Willigen
et al. 2004). In another study, a TIP from ice plant was
found to be up-regulated during osmotic stress but also
redistributed from the tonoplast to other membrane frac-
tions including Golgi, endoplasmic reticulum, prevacuolar
compartments, and the vacuolar-sorting receptor BP80
(Vera-Estrella et al. 2004). Thus, exposure to drought or
salt conditions appears to regulate the number of aquapor-
ins (or MIPs) in cellular membranes and alter their water
permeability to help reduce water loss. Membrane protein
studies, therefore, would help fully understand aquaporin
functions.

Pleiotropic effects of control of water movement
by plant MIPs

As a result of the water uptake and cell turgor functions
discussed above, plant MIPs are thought to be involved in
specialized functions such as regulation of cell expansion
(Ludevid et al. 1992), stomatal opening (Sarda et al. 1997),
differentiation (Kaldenhoff et al. 1995), leaf unfolding
(Siefritz et al. 2004), and seed germination (Gao et al.
1999). Their potential roles in two important issues for
cereal productivity and quality, i.e., seed dormancy and
preharvest sprouting, are of particular interest. During
germination, the transport of water across plasma mem-
branes after imbibition is essential for initiation of
metabolism of the storage nutrients for cell proliferation
and growth (Gao et al. 1999), and several studies suggest
that aquaporins might have roles in this process. Several
MIPs have been localized to the seed only, e.g., α-TIP from
A. thaliana (Höfte et al. 1992; Johnson et al. 1989), which
is progressively replaced by γ-TIP during germination,
suggesting that each may have different roles (Maurel et al.
1997a). In other studies, the BnPIP1 transcripts were only
found in canola seeds shortly after water imbibition (Gao
et al. 1999). Treatment of aged pea seeds with an aquaporin
inhibitor reduced the rate of seed hydration (Veselova et al.
2003), and mercury reduced the speed of germination.
Different isoforms were expressed in Arabidposis seeds
before and after germination (Vander Willigen et al. 2006).
Preharvest sprouting (PHS), i.e., seed germination under
untimely rainy conditions during seed maturation, results in
reduced yield and grain quality and is a serious issue to the
wheat grower. It has been suggested that the key to
preventing preharvest sprouting lies in the selection of
lines that do not express aquaporins rapidly when seeds are

exposed to wet conditions (Meristem Land and Sciences
2002). This would thus comprise an important area in study
of aquaporins, not just in cultivars but also in exotic
germplasm such as synthetic wheats.

Other transport substrates of plant MIPs of interest

Some of the plant MIPs have been shown to be selective for
the transport of other hydrophobic molecules (reviewed in
Kaldenhoff and Fischer 2006), although the in planta
significance of some of these substrates is unclear. MIPs
involved in CO2 transport are of interest due to relevance to
photosynthetic and plant growth processes. Tobacco
NtAP1, a membrane CO2 pore, has shown significant
function in photosynthesis and stomatal opening (Uehlein
et al. 2003) and its over-expression increases membrane
permeability for CO2 and results in heightened leaf growth.
Barley HvPIP2;1 over-expressed in rice also shows in-
creased internal conductance for CO2 diffusion inside rice
leaves (Hanba et al. 2004). MIPs that can transport both
water and glycerol molecules have been discovered in the
PIP, TIP, and NIP subfamilies (reviewed in Tyerman et al.
2002). A high degree of urea transport (and little water
transport ability) has been detected for ZmPIP1;5b from
maize (Gaspar et al. 2003), and AtTIP2;1 of Arabidopsis
(Liu et al. 2003), and the localization of the former in root
tissue may facilitate a urea-transporting function. Numerous
NIPs have been reported in legumes and are thought to be
involved in regulating the flux of water, ammonia, and
other solutes between the plant and the bacterial symbionts
(reviewed in Kaldenhoff and Fischer 2006). Ammonia
transporters have been reported in nonleguminous plants
also, for example, three wheat TIP2 proteins including
TaTIP2;1 which show ammonia transport in Xenopus
oocytes (Jahn et al. 2004) and two A. thaliana TIP2
proteins (AtTIP2;1 and AtTIP2;3), which possibly mediate
the extracytosolic transport of methyl-NH2 and NH3 across
the tonoplast (Loque et al. 2005). A NIP from rice
(OsNIP2;2) (Table 1) is reported to show silicic acid
permeability and localizes to the plasma membrane of the
exodermis and endodermis of roots (Ma et al. 2006); the
significance of this function is unclear.

Involvement of other genes in response to osmotic stress

Finally, abiotic stress responses in plants are described as
complex traits, as they are multigenic in nature (see Bartels
and Sunkar 2005 for a review). Other well-known
physiological mechanisms for salinity or drought tolerance
include, for example, osmoprotectant sugars such as
trehalose or mannitol or modified amino acids such as
glycine-betaine or mechanisms such as salt exclusion
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(reviewed in Bartels and Sunkar 2005), and a number of
other QTLs and single genes are potentially involved in
drought (Zeng et al. 2006) and salt (Sahi et al. 2006)
tolerance in rice. Thus, while the numerous results
presented earlier clearly establish that MIPs play a key role
in water uptake and distribution in the plant and thus
contribute significantly to these traits, they may not be
solely responsible. It would thus be most beneficial to
consider a “barcode” approach, which includes assessment
of at least some of the other protective biochemicals (such
as the osmoprotectants) or other key genes, in addition to
identifying the appropriate genotypes for aquaporins, to
select the best possible germplasm for cultivation in saline
or drought-affected areas.

Acknowledgements KF (nee’ Smith) thanks the Grains Research
and Development Corporation, Australia (GRDC) for a Ph.D.
scholarship. The authors gratefully acknowledge Prof. Rudi Appels
for the critical editorial comments on the manuscript, which benefited
its preparation significantly.

References

Agre P, Kozono D (2003) Aquaporin water channels: molecular
mechanisms for human diseases. FEBS Lett 555:72–78

Agre P, Sasaki S, Chrispeels M (1993) Aquaporins: a family of water
channel proteins. Am J Physiol 261:F461

Agre P, King LS, Yasui M, Guggino WB, Ottersen OP, Fujiyoshi Y,
Engel A, Nielsen S (2002) Aquaporin water channels—from
atomic structure to clinical medicine. J Physiol 542:3–16

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 Mol Biol 59:469–484

Amodeo G, Dorr R, Vallejo A, Stuka M, Parisi M (1999) Radial and
axial water transport in the sugar beet storage root. J Exp Bot
50:509–516

Aroca R, Amodeo G, Fernandez-Illescas S, Herman EM, Chaumont F,
Chrispeels MJ (2005) The role of aquaporins and membrane
damage in chilling and hydrogen peroxide induced changes in the
hydraulic conductance of maize roots. Plant Physiol 137:341–353

Azaizeh H, Gunse B, Steudle E (1992) Effects of NaCl and CaCl2 on
water transport across root cells of maize (Zea mays L.)
seedlings. Plant Physiol 99:886–894

Barkla BJ, Vera-Estrella R, Pantoja O, Kirch H-H, Bohnert HJ (1999)
Aquaporin localization—how valid are the TIP and PIP labels?
Trends Plant Sci 4:86–88

Barrieu F, Thomas D, Martymazars D, Charbonnier M, Marty F
(1998) Tonoplast intrinsic proteins from cauliflower (Brassica
oleracea L. var. botrytis): immunogold analysis, cDNA cloning
and evidence for expression in merstematic tissues. Planta
204:335–344

Bartels D, Sunkar R (2005) Drought and salt tolerance in plants. Crit
Rev Plant Sci 24:23–58

Beitz E, Wu B, Holm LM, Schultz JE, Zeuthen T (2006) Point
mutations in the aromatic/arginine region in aquaporin 1 allow
passage of urea, glycerol, ammonia, and protons. Proc Natl Acad
Sci USA 103:269–274

Bernstein L (1975) Effects of salinity and sodicity on plant growth.
Annu Rev Phytopathol 13:295–312

Beuron F, Cahérec FL, Guillam M-T, Cavalier A, Garret A, Tassan
J-P, Delamarche C, Schultz P, Mallouh V, Rolland J-P, Hubert J-
F, Gouranton J, Thomas D (1995) Structural analysis of a MIP
family protein from the digestive tract of Cicadella viridis. J Biol
Chem 270:17414–17422

Boursiac Y, Chen S, Luu DT, Sorieul M, van den Dries N, Maurel C
(2005) Early effects of salinity on water transport in Arabidopsis
roots. Molecular and cellular features of aquaporin expression.
Plant Physiol 139:790–805

Calamita G, Bishai WR, Preston GM, Guggino WB, Agre P (1995)
Molecular cloning and characterization of AqpZ, a water channel
from Escherichia coli. J Biol Chem 270:29063–29066

Carbrey JM, Bonhivers M, Boeke JD, Agre P (2001) Aquaporins in
Saccharomyces: characterization of a second functional water
channel protein. Proc Natl Acad Sci USA 98:1000–1005

Chakrabarti N, Roux B, Pomes R (2004a) Structural determinants of
proton blockage in aquaporins. J Mol Biol 343:493–510

Chakrabarti N, Tajkhorshid E, Roux B, Pomes R (2004b)
Molecular basis of proton blockage in aquaporins. Structure
12:65–74

Chaumont F, Barrieu F, Herman EM, Chrispeels MJ (1998) Charac-
terization of a maize tonoplast aquaporin expressed in zones of
cell division and elongation. Plant Physiol 117:1143–1152

Chaumont F, Barrieu F, Jung R, Chrispeels MJ (2000) Plasma
membrane intrinsic proteins from maize cluster in two sequence
subgroups with differential aquaporin activity. Plant Physiol
122:1025–1034

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

Chaumont F, Moshelion M, Daniels MJ (2005) Regulation of plant
aquaporin activity. Biol Cell 97:749–764

Chretien S, Cartron JP, de Figueiredo M (1999) A single mutation
inside the NPA motif of aquaporin-1 found in a Colton-null
phenotype. Blood 93:4021–4023

Cramer GR, Ergül A, Grimplet J, Tillett RL, Tattersall EAR, Bohlman
MC, Vincent D, Sonderegger J, Evans J, Osborne C, Quilici D,
Schlauch KA, Schooley DA, Cushman JC (2007) Water and
salinity stress in grapevines: early and late changes in transcript
and metabolite profiles. Funct Integr Genomics 7:111–134

Daniels MJ, Mirkov TE, Chrispeels MJ (1994) The plasma membrane
of Arabidopsis thaliana contains a mercury-insensitive aquaporin
that is a homolog of the tonoplast water channel protein TIP.
Plant Physiol 106:1325–1333

Daniels MJ, Chaumont F, Mirkov TE, Chrispeels MJ (1996)
Characterization of a new vacuolar membrane aquaporin sensi-
tive to mercury at a unique site. Plant Cell 8:587–599

de Groot BL, Grubmuller H (2005) The dynamics and energetics of
water permeation and proton exclusion in aquaporins. Curr Opin
Struct Biol 15:176–183

de Groot BL, Frigato T, Helms V, Grubmuller H (2003) The
mechanism of proton exclusion in the aquaporin-1 water channel.
J Mol Biol 333:279–293

Deen PM, Verdijik MA, Knoers NV, Wieringa B, Monnens LA,
van Os CH, van Oost BA (1994) Requirement of human renal
water channel aquaporin-2 for vasopressin-dependent concentra-
tion of urine. Science 264:92–95

Denker BM, Smith BL, Kuhajda FP, Agre P (1988) Identification,
purification and partial characterization of a novel Mr 28,000
integral membrane protein from erythrocytes and renal tubules. J
Biol Chem 263:15634–15642

Doering-Saad C, Newbury HJ, Bale JS, Pritchard J (2002) Use of
aphid stylectomy and RT-PCR for the detection of transporter
mRNAs in sieve elements. J Exp Bot 56:631–637

Funct Integr Genomics (2007) 7:263–289 285



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

Finkelstein A (1987) Water movement through lipid bilayers, pores,
and plasma membranes: theory and reality. In: Distinguished
lecture series of the Society of General Physiologists, vol 4.
Wiley, New York, pp 1–228

Fortin MG, Morrison NA, Verma DPS (1987) Nodulin-26, a
peribacteroid membrane nodulin is expressed independently of
the development of the peribacteroid compartment. Nucleic
Acids Res 15:813–824

Fotiadis D, Jeno P, Mini T, Wirtz S, Muller S, Fraysse L, Kjellbom P,
Engel A (2001) Structural characterisation of two aquaporins
isolated from native spinach leaf plasma membranes. J Biol
Chem 276:1707–1714

Fu D, Libson A, Miercke LJW, Weitzman C, Nollert P, Krucinski J,
Stroud RM (2000) Structure of a glycerol-conducting channel
and the basis for its selectivity. Science 290:481–486

Gao Y-P, Young L, Bonham-Smith P, Gusta LV (1999) Characteriza-
tion and expression of plasma and tonoplast membrane aqua-
porins in primed seed of Brassica napus during germination
under stress conditions. Plant Mol Biol 40:635–644

Gaspar M, Bousser A, Sissoëff I, Roche O, Hoarau J, Mahé A (2003)
Cloning and characterization of ZmPIP1-5b, an aquaporin trans-
porting water and urea. Plant Sci 165:21–31

Gerbeau P, Güçlü J, Pierre R, Maurel C (1999) Aquaporin Nt-TIPa
can account for the high permeability of tobacco cell vacuolar
membrane to small neutral solutes. Plant J 18:577–587

Guo L, Wang ZY, Lin H, Cui WE, Chen J, Liu M, Chen ZL, Qu LJ, Gu
H (2006) Expression and functional analysis of the rice plasma
membrane intrinsic protein gene family. Cell Res 16:277–286

Gustavsson S, Lebrun A-S, Norden K, Chaumont F, Johanson U
(2005) A novel plant major intrinsic protein in Physcomitrella
patens most similar to bacterial glycerol channels. Plant Physiol
139:287–295

Guttman JA, Samji FN, Li Y, Deng W, Lin A, Finlay BB (2007)
Aquaporins contribute to diarrhoea caused by attaching and
effacing bacterial pathogens. Cell Microbiol 9:131–141

Haines TH (1994) Water transport across biological membranes.
FEBS Lett 346:115–122

Hanba YT, Shibasaka M, Hayashi Y, Hayakawa T, Kasamo K,
Terashima I, Katsuhara M (2004) Overexpression of the barley
aquaporin HvPIP2;1 increases internal CO2 assimilation in the
leaves of transgenic rice plants. Plant Cell Physiol 45:521–529

Harries WEC, Akhavan D, Miercke LJW, Khademi S, Stroud RM
(2004) The channel architecture of aquaporin 0 at a 2.2-Å
resolution. Proc Natl Acad Sci USA 101:14045–14050

Hedfalk K, Tornroth-Horsefield S, Nyblom M, Johanson U, Kjellbom
P, Neutze R (2006) Aquaporin gating. Curr Opin Struct Biol
16:447–456

Higuchi T, Suga S, Tsuchiya T, Hisada H, Morishima S, Okada Y,
Maeshima M (1998) Molecular cloning, water channel activity
and tissue specific expression of two isoforms of radish vacuolar
aquaporin. Plant Cell Physiol 39:905–913

Höfte H, Hubbard L, Reizer J, Ludevid D, Herman EM, Chrispeels
MJ (1992) Vegetative and seed-specific forms of tonoplast
intrinsic proteins in the vacuolar membrane of Arabidopsis
thaliana. Plant Physiol 99:561–570

Hollenbach B, Dietz KJ (1995) Molecular-cloning of EMIP, a member
of the major intrinsic protein (MIP) gene family, preferentially
expressed in epidermal cells of barley leaves. Botanica Acta
108:425–431

Houde M, Belcaid M, Ouellet F, Danyluk J, Monroy AF, Dryanova A,
Gulick P, Bergeron A, Laroche A, Links MG, MacCarthy L,
Crosby WL, Sarhan F (2006) Wheat EST resources for functional
genomics of abiotic stress. BMC Genomics 7:149

Hu J, Verkman AS (2006) Increased migration and metastatic
potential of tumor cells expressing aquaporin water channels.
FASEB J 20:1892–1894

Ingram J, Bartels D (1996) The molecular basis of dehydration
tolerance in plants. Annu Rev Plant Physiol Plant Mol Biol
47:377–403

Inoue K, Takeuchi Y, Nishimura M, Hara-Nishimura I (1995)
Characterization of two integral membrane proteins located in
the protein bodies of pumpkin seeds. Plant Mol Biol 28:1089–
1101

Ishibashi K (2006) Aquaporin subfamily with unusual NPA boxes.
Biochim Biophys Acta 1758:989–993

Ishibashi K, Kuwahara M, Kageyama Y, Sasaki S, Suzuki M, Imai M
(2000) Molecular cloning of a new aquaporin superfamily in
mammals: AQPX1 and AQPX2. In: Hohmann S, Nielsen S (eds)
Molecular biology and physiology of water and solute transport.
Kluwer/Plenum, New York, pp 123–126

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

Jahn TP, Møller ALB, Zeuthen T, Holm LM, Klærke DA, Mohsin B,
Kühlbrandt W, Schjoerring JK (2004) Aquaporin homologues in
plants and mammals transport ammonia. FEBS Lett 574:31–36

Jang JY, Kim DG, Kim YO, Kim JS, Kang H (2004) An expression
analysis of a gene family encoding plasma membrane aquaporins
in response to abiotic stresses in Arabidopsis thaliana. Plant Mol
Biol 54:713–725

Jauh GY, Phillips TE, Rogers JC (1999) Tonoplast intrinsic protein
isoforms as markers for vacuolar functions. Plant Cell 11:1867–
1882

Javot H, Lauvergeat V, Santoni V, Martin-Laurent F, Güçlü J, Vinh J,
Heyes J, Franch KI, Schäffner AR, Bouchez D, Maurel C (2003)
Role of a single aquaporin isoform in root water uptake. Plant
Cell 15:509–522

Johanson U, Karlsson M, Johansson I, Gustavsson S, Sjövall S,
Fraysse L, Weig AR, 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 Physiol 126:1358–1369

Johansson I, Larsson C, Ek B, Kjellbom P (1996) The major integral
proteins of spinach leaf plasma membranes are putative aqua-
porins and are phosphorylated in response to Ca2+ and apoplastic
water potential. Plant Cell 8:1181–1191

Johansson I, Karlsson M, Shukla VK, Chrispeels MJ, Larsson C,
Kjellbom P (1998) Water transport activity of the plasma
membrane aquaporin PM28A is regulated by phosphorylation.
Plant Cell 10:451–459

Johansson I, Karlsson M, Johanson U, Larsson C, Kjellbom P (2000)
The role of aquaporins in cellular and whole plant water balance.
Biochim Biophys Acta 1465:324–342

Johnson KD, Herman EM, Chrispeels MJ (1989) An abundant, highly
conserved tonoplast protein in seeds. Plant Physiol 91:1006–1013

Jung JS, Preston GM, Smith BL, Guggino WB, Agre P (1994)
Molecular structure of the water channel through aquaporin
CHIP. The hourglass model. J Biol Chem 269:14648–14654

Kaldenhoff R, Fischer M (2006) Functional aquaporin diversity in
plants. Biochim Biophys Acta 1758:1134–1141

Kaldenhoff R, Grote K, Zhu J-J, Zimmerman U (1998) Significance of
plasmalemma aquaporins for water transport in Arabidopsis
thaliana. Plant J 14:121–128

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

286 Funct Integr Genomics (2007) 7:263–289



Kammerloher W, Fischer U, Piechottka GP, Schäffner AR (1994) Water
channels in the plant plasma membrane cloned by immunoselec-
tion from a mammalian expression system. Plant J 6:187–199

Katsuhara M, Akiyama Y, Koshio K, Shibasaka M, Kasamo K (2002)
Functional analysis of water channels in barley roots. Plant Cell
Physiol 43:885–893

Katsuhara M, Koshio K, Shibasaka M, Hayashi Y, Hayakawa T,
Kasamo K (2003) Over-expression of a barley aquaporin
increased the shoot/root ratio and raised salt sensitivity in
transgenic rice plants. Plant Cell Physiol 44:1378–1383

Kawasaki S, Borchert C, Deyholes M, Wang H, Brazille S, Kawai K,
Galbraith D, Bohnert HJ (2001) Gene expression profiles during
the initial phase of salt stress in rice. Plant Cell 13:889–905

Kellogg EA (2001) Evolutionary history of the grasses. Plant Physiol
125:1198–1205

King LS, KozonoD,Agre P (2004) From structure to disease: the evolving
tale of aquaporin biology. Nat Rev Mol Cell Biol 5:687–698

Kirch H-H, Vera-Estrella R, Golldack D, Quigley F, Michalowski CB,
Barkla BJ, Bohnert HJ (2000) Expression of water channel proteins
in Mesembryanthemum crystallinum. Plant Physiol 123:111–124

Kobae Y, Mizutani M, Segami S, Maeshima M (2006) Immunochem-
ical analysis of aquaporin isoforms in Arabidopsis suspension-
cultured cells. Biosci Biotechnol Biochem 70:980–987

Kong Y, Ma J (2001) Dynamic mechanisms of the membrane water
channel aquaporin-1 (AQP1). Proc Natl Acad Sci USA
98:14345–14349

Kozono D, Ding XD, Iwasaki I, Meng XY, Kamagata Y, Agre P,
Kitagawa Y (2003) Functional expression and characterization of
an archaeal aquaporin-AqpM from Methanothermobacter mar-
burgensis. J Biol Chem 278:10649–10656

Ktitorova IN, Skobeleva OV, Sharova EI, Ermakov EI (2002)
Hydrogen peroxide appears to mediate a decrease in hydraulic
conductivity in wheat roots under salt stress. Russ J Plant Physiol
49:369–380

Li L, Li S, Tao Y, Kitagawa Y (2000) Molecular cloning of a novel water
channel from rice: its products expression in Xenopus oocytes and
involvement in chilling tolerance. Plant Sci 154:43–51

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

Lian HL, Yu X, Lane D, Sun WN, Tang ZC, Su WA (2006) Upland
rice and lowland rice exhibited different PIP expression under
water deficit and ABA treatment. Cell Res 16:651–660

Liu Q, Umeda M, Uchimiya H (1994) Isolation and expression
analysis of two rice genes encoding the major intrinsic protein.
Plant Mol Biol 26:2003–2007

Liu L-H, Ludewig U, Gassert B, Frommer WB, von Wiren N (2003)
Urea transport by nitrogen-regulated tonoplast intrinsic proteins
in Arabidopsis. Plant Physiol 133:1220–1228

Liu Y, Guo CA, Ren HB, Chen F (2004) Isolation and characterization
of a novel cis-acting sequences regulating root-specific gene from
Daucus carota L. Chinese Sci Bull 49:2393–2398

Lopez F, Bousser A, Sissoeff I, Hoarau J, Mahe A (2004)
Characterization in maize of ZmTIP2-3, a root-specific
tonoplast intrinsic protein exhibiting aquaporin activity. J Exp
Bot 55:539–541

Loque D, Ludewig U, Yuan LX, von Wiren N (2005) Tonoplast
intrinsic proteins AtTIP2;1 and AtTIP2;3 facilitate NH3 transport
into the vacuole. Plant Physiol 132:671–680

Lu D, Grayson P, Schulten K (2003) Glycerol conductance and
physical asymmetry of the Escherichia coli glycerol facilitator
GlpF. Biophys J 85:2977–2987

Ludevid D, Höfte H, Himelblau E, Chrispeels MJ (1992) The
expression pattern of the tonoplast intrinsic protein γ-TIP in
Arabidopsis thaliana is correlated with cell enlargement. Plant
Physiol 100:1633–1639

Luu D-T, Maurel C (2005) Aquaporins in a challenging environment:
molecular gears for adjusting plant water status. Plant Cell
Environ 28:85–96

Ma S, Quist TM, Ulanov A, Joly R, Bohnert HJ (2004) Loss of
TIP1;1 aquaporin in Arabidopsis leads to cell and plant death.
Plant J 40:845–859

Ma JF, Tamai K, Yamaji N, Mitani N, Konishi S, Katsuhara M,
Ishiguro M, Murata Y, Yano M (2006) A silicon transporter in
rice. Nature 440:688–691

Macey RI (1984) Transport of water and urea in red blood cells. Am J
Physiol 246:C195–C203

Maeshima M, Mimura T, Sato T (1994) Distribution of vacuolar H+-
pyrophosphatase and a membrane integral protein in a variety of
green plants. Plant Cell Physiol 35:323–328

Malz S, Sauter M (1999) Expression of two PIP genes in rapidly
growing internodes of rice is not primarily controlled by
meristem activity or cell expansion. Plant Mol Biol 40:985–
995

Martre P, Morillon R, Barrieu F, North GB, S. NP, Chrispeels MJ
(2002) Plasma membrane aquaporins play a significant role
during recovery from water deficit. Plant Physiol 130:2101–2110

Maurel C (1997) Aquaporins and water permeability of plant
membranes. Annu Rev Plant Physiol 48:399–429

Maurel C, Reizer JU, Schroeder JI, Chrispeels MJ (1993) The
vacuolar membrane protein γ-TIP creates water specific channels
in Xenopus oocytes. EMBO J 12:2241–3347

Maurel C, Kado RT, Guern J, Chrispeels MJ (1995) Phosphorylation
regulates the water channel activity of the seed-specific aqua-
porin alpha-TIP. EMBO J 14:3028–3035

Maurel C, Chrispeels MJ, Lurin C, Tacnet F, Geelen D, Ripoche P,
Guern J (1997a) Function and regulation of seed aquaporins. J
Exp Bot 48:421–430

Maurel C, Tacnet F, Guclu J, Guern J, Ripoche P (1997b) Purified
vesicles of tobacco cell vacuolar and plasma membranes exhibit
dramatically different water permeability and water channel
activity. Proc Natl Acad Sci USA 94:7103–7108

Maurel C, Javot H, Lauvergeat V, Gerbeau P, Tournaire C, Santoni V,
Heyes J (2002) Molecular physiology of aquaporins in plants. Int
Rev Cytol 215:105–148

Meristem Land & Science (2002) ‘Aquaporin’ genes hold key to
sprouting-resistant cereal crops. Meristem Information Resources
Ltd. October 25, 2002. Cited October 6 2004. http://www.
meristem.com/wheat/ws02_08.html

Mitra BN, Yoshino R, Morio T, YokoyamaM,MaedaM, Urushihara H,
Tanaka Y (2000) Loss of a member of the aquaporin gene family,
aqpA affects spore dormancy in Dictyostelium. Gene 27:131–139

Morillon R, Lassalles J-P (2002) Water deficit during root develop-
ment: effects on the growth of roots and osmotic water
permeability of isolated root protoplasts. Planta 214:392–399

Munns R (2002) Comparative physiology of salt and water stress.
Plant Cell Environ 25:239–250

Murata K, Mitsuoka K, Hirai T, Walz T, Agre P, Heymann JB, Engel
A, Fujiyoshi Y (2000) Structural determinants of water perme-
ation through aquaporin-1. Nature 407:599–605

Niemietz CM, Tyerman SD (1997) Characterization of water channels
in wheat root membrane vesicles. Plant Physiol 115:561–567

Niemietz CM, Tyerman SD (2000) Channel-mediated permeation of
ammonia gas through the peribacteroid membrane of soybean
nodules. FEBS Lett 465:110–114

Ohshima Y, Iwasaki I, Suga S, Murkamami M, Inoue K, Maeshima M
(2001) Low aquaporin content and low osmotic water perme-
ability of the plasma and vacuolar membranes of a CAM plant
Graptopetalum paraguayense: comparison with radish. Plant
Cell Physiol 42:1119–1129

Oono Y, Seki M, Nanjo T, Narusaka M, Fujita M, Satoh R, Satou M,
Sakurai T, Ishida J, Akiyama K, Iida K, Maruyama K, Satoh S,

Funct Integr Genomics (2007) 7:263–289 287

http://www.meristem.com/wheat/ws02_08.html
http://www.meristem.com/wheat/ws02_08.html


Yamaguchi-Shinozaki K, Shinozaki K (2003) Monitoring ex-
pression profiles of Arabidopsis gene expression during rehydra-
tion process after dehydration using ca. 7000 full-length cDNA
microarray. Plant J 34:868–887

Oono Y, Seki M, Satou M, Iida K, Akiyama K, Sakurai T, Fujita M,
Yamaguchi-Shinozaki K, Shinozaki K (2006) Monitoring ex-
pression profiles of Arabidopsis genes during cold acclimation
and deacclimation using DNA microarrays. Funct Integr
Genomics 6:212–234

Preston GM, Carroll TP, Guggino WB, Agre P (1992) Appearance of
water channels in Xenopus oocytes expressing red cell CHIP28
protein. Science 256:385–387

Preston GM, Jung JS, Guggino WB, Agre P (1993) The mercury-
sensitive residue at cysteine 189 in the CHIP28 water channel. J
Biol Chem 268:17–20

Quigley F, Rosenberg JM, Shachar-Hill Y, Bohnert HJ (2001) From
genome to function: the Arabidopsis aquaporins. Genome Biol 3:
research0001.1–research0001.17

Reizer J, Reizer A, Saier MHJ (1993) The MIP family of integral
membrane channel proteins: sequence comparisons, evolutionary
relationships, reconstructed pathway of evolution, and proposed
functional differentiation of the two repeated halves of the
proteins. Crit Rev Biochem Mol Biol 28:235–257

Rivers RL, Dean RM, Chandy G, Hall JE, Roberts DM, Zeidel ML
(1997) Functional analysis of nodulin 26, an aquaporin in soybean
root nodule symbiosomes. J Biol Chem 272:16256–16261

Rizhsky L, Liang H, Shuman J, Shulaev V, Davletova S, Mittler R (2004)
When defense pathways collide. The response of Arabidopsis to a
combination of drought and heat stress. Plant Physiol 134:1683–1696

Robinson DG, Sieber H, Kammerloher W, Schäffner AR (1996) PIP1
aquaporins are concentrated in plasmalemmasomes of Arabidop-
sis thaliana mesophyll. Plant Physiol 11:645–649

Saadoun S, Papadopoulos MC, Hara-Chikuma M, Verkman AS
(2005) Impairment of angiogenesis and cell migration by targeted
aquaporin-1 gene disruption. Nature 434:786–792

Sahi C, Singh A, Kumar K, Blumwald E, Grover A (2006) Salt stress
response in rice: genetics, molecular biology, and comparative
genomics. Funct Integr Genomics 6:263–284

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 Physiol 46:1568–1577

Sarda X, Tousch D, Ferrare K, Legrand E, Dupuis JM, Casse-Delbart
F, Lamaze T (1997) Two TIP-like genes encoding aquaporins are
expressed in sunflower guard cells. Plant J 12:1103–1111

Savage DF, Egea PF, Robles-Colmenares Y, O’Connell JD, Stroud
RM (2003) Architecture and selectivity in aquaporins: 2.5 Å X-
ray structure of Aquaporin Z. PLoS Biol 1:334–340

Schunmann PH, Ougham HJ (1996) Identification of three cDNA
clones expressed in the leaf extension zone and with altered
patterns of expression in the slender mutant of barley: a tonoplast
intrinsic protein, a putative structural protein and protochloro-
phyllide oxidoreductase. Plant Mol Biol 31:529–537

Shirasu K, Schulman AH, Lahaye T, Schulze-Lefert P (2000) A
contiguous 66-kb barley DNA sequence provides evidence for
reversible genome expansion. Genome Res 10:908–915

Siefritz F, Otto B, Bienert GP, van der Krol A, Kaldenhoff R
(2004) The plasma membrane aquaporin NtAQP1 is a key
component of the leaf unfolding mechanism in tobacco. Plant
J 37:147–155

Smith BL, Agre P (1991) Erythrocyte Mr 28,000 transmembrane
protein exists as a multisubunit oligomer similar to channel
proteins. J Biol Chem 266:6407–6415

Smith-Espinoza CJ, Richter A, Salamini F, Bartels D (2003) Dissecting
the response to dehydration and salt (NaCl) in the resurrection plant
Craterostigma plantagineum. Plant Cell Environ 26:1307–1315

Sui H, Han B-G, Lee JK, Walian P, Jap BK (2001) Structural basis of
water-specific transport through the AQP1 water channel. Nature
414:872–878

Tajkhorshid E, Nollert P, Jensen MO, Miercke LJW, O’Connell J,
Stroud RM, Schulten K (2002) Control of the selectivity of the
aquaporin water channel family by global orientational tuning.
Science 296:525–530

Takata K, Matsuzaki T, Tajika Y (2004) Aquaporins: water channel
proteins of the cell membrane. Prog Histochem Cytochem 39:1–83

Thomas D, Bron P, Ranchy G, Duchesne L, Cavalier A, Rolland J-P,
Raguenes-Nicol C, Hubert J-F, Haase W, Delamarche C (2002)
Aquaglyceroporins, one channel for two molecules. Biochim
Biophys Acta-Bioenergetics 1555:181–186

Tyerman S, Bohnert H, Maurel C, Steudle E, Smith J (1999) Plant
aquaporins: their molecular biology, biophysics and significance
for plant water relations. J Exp Bot 50:1055–1071

Tyerman SD, Niemietz CM, Bramley H (2002) Plant aquaporins:
multifunctional water and solute channels with expanding roles.
Plant Cell Environ 25:173–194

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

van Hoek AN, Hom ML, Luthjens LH, de Jong MD, Dempster JA,
van Os CH (1991) Functional unit of 30 kDa for proximal tubule
water channels as revealed by radiation inactivation. J Biol Chem
266:16633–16635

Vander Willigen C, Pammenter NW, Mundree SG, Farrant JM (2004)
Mechanical stabilization of desiccated vegetative tissues of the
resurrection grass Eragrostis nindensis: does a TIP 3;1 and/or
compartmentalization of subcellular components and metabolites
play a role? J Exp Bot 55:651–661

Vander Willigen C, Postaire O, Tournaire-Roux C, Boursiac Y, Maurel
C (2006) Expression and inhibition of aquaporins in germinating
Arabidopsis seeds. Plant Cell Physiol 47:1241–1250

Vera-Estrella R, Barkla BJ, Bohnert HJ, Pantoja O (2004) Novel
regulation of aquaporins during osmotic stress. Plant Physiol
135:2318–2329

Verbavatz JM, Brown D, Sabolic I, Valenti G, Ausiello DA, Van Hoek
AN, Ma T, Verkman AS (1993) Tetrameric assembly of CHIP28
water channels in liposomes and cell membranes: a freeze-
fracture study. J Cell Biol 123:605–618

Verkman AS (2000) Water permeability measurement in living cells
and complex tissues. J Membr Biol 173:73–87

Veselova TV, Veselovskii VA, Usmanov PD, Usmanova OV, Kozar VI
(2003) Hypoxia and imbibition injuries to aging seeds. Russ J
Plant Physiol 50:835–842

Wallace IS, Roberts DM (2004) Homology modeling of representative
subfamilies of Arabidopsis major intrinsic proteins. Classification
based on the aromatic/arginine selectivity filter. Plant Physiol
135:1059–1068

Wallace IS, Roberts DM (2005) Distinct transport selectivity of two
structural subclasses of the nodulin-like intrinsic protein family of
plant aquaglyceroporin channels. Biochemistry 44:16826–16834

Wallace IS, Wills DM, Guenther JF, Roberts DM (2002) Functional
selectivity for glycerol of the nodulin 26 subfamily of plant
membrane intrinsic proteins. FEBS Lett 523:109–112

Walz T, Typke D, Smith BL, Agre P, Engel A (1995) Projection map
of aquaporin-1 determined by electron crystallography. Nat
Struct Biol 3:730–732

Wang Y, Schulten K, Tajkhorshid E (2005) What makes an aquaporin
a glycerol channel? A comparative study of AqpZ and GlpF.
Structure 13:1107–1118

Yamada S, Bohnert HJ (2000) Expression of the PIP aquaporin
promoter-MipA from the common ice plant in tobacco. Plant Cell
Physiol 41:719–725

288 Funct Integr Genomics (2007) 7:263–289



Yamada S, Katsuhara M, Kelly WB, Michalowski CB, Bohnert HJ
(1995) A family of transcripts encoding water channel proteins:
tissue-specific expression in the common ice plant. Plant Cell
7:1129–1142

Yamada C, Nelson D, Ley E, Marquez S, Bohnert HJ (1997) The
expression of an aquaporin promoter from Mesembryanthemum
crystallinum in tobacco. Plant Cell Physiol 38:1326–1332

Yamaguchi-Shinozaki K, Koizumi M, Urao S, Shinozaki K (1992)
Molecular cloning and characterization of 9 cDNAs for genes
that are responsive to desiccation in Arabidopsis thaliana:
sequence analysis of one cDNA clone that encodes a putative
transmembrane channel protein. Plant Cell Physiol 33: 217–224

Yamamoto YT, Taylor CG, Acedo GH, Cheng C-L, Conkling MA
(1991) Characterization of cis-acting sequences regulating root-
specific gene expression in tobacco. Plant Cell 3:371–382

Yu QJ, Hu YL, Li JF, Wu Q, Lin ZP (2005) Sense and antisense
expression of plasma membrane aquaporin BnPIP1 from Bras-
sica napus in tobacco and its effects on plant drought resistance.
Plant Sci 169:647–656

Yu X, Peng YH, Zhang MH, Shao YJ, Su WA, Tang ZC (2006) Water
relations and an expression analysis of plasma membrane
intrinsic proteins in sensitive and tolerant rice during chilling
and recovery. Cell Res 16:599–608

Zardoya R (2005) Phylogeny and evolution of the major intrinsic
protein family. Biol Cell 97:397–414

Zardoya R, Villalba S (2001) A phylogenetic framework for the
Aquaporin family in eukaryotes. J Mol Evol 52:391–404

Zeidel ML, Ambudkar SV, Smith BL, Agre P (1992) Reconstitution of
functional water channels in liposomes containing purified red
cell CHIP28 protein. Biochemistry 31:7436–7440

Zeng H, Zhong Y, Luo L (2006) Drought tolerance genes in rice.
Funct Integr Genomics 6:338–341

Zhang J (2003) Evolution by gene duplication: an update. Trends Ecol
Evol 18:292–298

Zhang W-H, Tyerman SD (1999) Inhibition of water channels by
HgCl2 in intact wheat root cells. Plant Physiol 120:849–857

Zhang WH, Tyerman SD (1991) Effect of low O2 concentration and
azide on hydraulic conductivity and osmotic volume of cortical
cells of wheat roots. Aust J Plant Physiol 18:603–613

Zhang R, van Hoek AN, Biwersi J, Verkman AS (1993) A point
mutation at cysteine-189 blocks the water permeability of
rat kidney water channel CHIP28k. Biochemistry 32:2938–
2941

Zhu C, Schraut D, Hartung W, Schaffner AR (2005) Differential
responses of maize MIP genes to salt stress and ABA. J Exp Bot
56:2971–2981

Funct Integr Genomics (2007) 7:263–289 289


	Major intrinsic proteins (MIPs) in plants: a complex gene family with major impacts on plant phenotype
	Abstract
	Introduction
	The major intrinsic proteins and aquaporins
	Establishment of the significance of aquaporins in water permeability
	Key structural properties and functional specialization of MIPs
	NPA motifs play an important role in substrate selectivity of aquaporins
	The aromatic/arginine selectivity filter further contributes to pore selectivity
	MIPs comprise tetramers, consisting of four functional monomers


	Plant MIPS comprise larger and more diverse families
	Plant MIPs comprise a superfamily with subfamilies, classes, and subclasses and share key structural properties and principles of function
	The MIP gene superfamilies in cereals are also large and complex
	MIP gene function: PIP and TIP genes in cereals exhibit conserved structures within the subclasses, but a higher degree of identity between the PIPs than the TIPs
	The PIP and TIP proteins in cereals show conservation and/or specialization of functionally important areas


	Water permeability functions of plant aquaporins (TIP and PIP subclasses of MIPs)
	Functional evidence for water transport functions of plant PIPs
	Functional evidence for water transport functions of plant TIPs
	Other assays suggesting involvement of aquaporins in water transport

	Significance of aquaporins to plant–water relations during osmotic stress
	Involvement of MIP subclass PIP aquaporins in abiotic stress response: the comparative evidence
	Involvement of TIP aquaporins in abiotic stress response: the comparative evidence
	Involvement of PIPs and TIPs based on whole genome expression studies
	Limitations of the comparative evidence and need for concerted approaches
	The transcriptional and posttranscriptional regulation and membrane distribution of aquaporins
	Pleiotropic effects of control of water movement by plant MIPs
	Other transport substrates of plant MIPs of interest
	Involvement of other genes in response to osmotic stress

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AardvarkPSMT
    /AceBinghamSH
    /AddisonLibbySH
    /AGaramond-Italic
    /AGaramond-Regular
    /AkbarPlain
    /Albertus-Bold
    /AlbertusExtraBold-Regular
    /AlbertusMedium-Italic
    /AlbertusMedium-Regular
    /AlfonsoWhiteheadSH
    /Algerian
    /AllegroBT-Regular
    /AmarilloUSAF
    /AmazoneBT-Regular
    /AmeliaBT-Regular
    /AmerigoBT-BoldA
    /AmerTypewriterITCbyBT-Medium
    /AndaleMono
    /AndyMacarthurSH
    /Animals
    /AnneBoleynSH
    /Annifont
    /AntiqueOlive-Bold
    /AntiqueOliveCompact-Regular
    /AntiqueOlive-Italic
    /AntiqueOlive-Regular
    /AntonioMountbattenSH
    /ArabiaPSMT
    /AradLevelVI
    /ArchitecturePlain
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMTBlack-Regular
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeLight
    /ArialUnicodeLight-Bold
    /ArialUnicodeLight-BoldItalic
    /ArialUnicodeLight-Italic
    /ArrowsAPlentySH
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /Asiana
    /AssadSadatSH
    /AvalonPSMT
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /AvantGardeITCbyBT-MediumOblique
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /Baskerville-Bold
    /Baskerville-Normal
    /Baskerville-Normal-Italic
    /BaskOldFace
    /Bauhaus93
    /Bavand
    /BazookaRegular
    /BeauTerrySH
    /BECROSS
    /BedrockPlain
    /BeeskneesITC
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BenguiatITCbyBT-BoldItalic
    /BenguiatITCbyBT-Book
    /BenguiatITCbyBT-BookItalic
    /BennieGoetheSH
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardBoldCondensedBT-Regular
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /Bethel
    /BibiGodivaSH
    /BibiNehruSH
    /BKenwood-Regular
    /BlackadderITC-Regular
    /BlondieBurtonSH
    /BodoniBlack-Regular
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /BodoniBT-Bold
    /BodoniBT-BoldItalic
    /BodoniBT-Italic
    /BodoniBT-Roman
    /Bodoni-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Regular
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolFive
    /BookshelfSymbolFour
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /BookwomanDemiItalicSH
    /BookwomanDemiSH
    /BookwomanExptLightSH
    /BookwomanLightItalicSH
    /BookwomanLightSH
    /BookwomanMonoLightSH
    /BookwomanSwashDemiSH
    /BookwomanSwashLightSH
    /BoulderRegular
    /BradleyHandITC
    /Braggadocio
    /BrailleSH
    /BRectangular
    /BremenBT-Bold
    /BritannicBold
    /Broadview
    /Broadway
    /BroadwayBT-Regular
    /BRubber
    /Brush445BT-Regular
    /BrushScriptMT
    /BSorbonna
    /BStranger
    /BTriumph
    /BuckyMerlinSH
    /BusoramaITCbyBT-Medium
    /Caesar
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-Italic
    /CalligrapherRegular
    /CameronStendahlSH
    /Candy
    /CandyCaneUnregistered
    /CankerSore
    /CarlTellerSH
    /CarrieCattSH
    /CaslonOpenfaceBT-Regular
    /CassTaylorSH
    /CDOT
    /Centaur
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturyOldStyle-BoldItalic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Cezanne
    /CGOmega-Bold
    /CGOmega-BoldItalic
    /CGOmega-Italic
    /CGOmega-Regular
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /Charting
    /ChartreuseParsonsSH
    /ChaseCallasSH
    /ChasThirdSH
    /ChaucerRegular
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /ChildBonaparteSH
    /Chiller-Regular
    /ChuckWarrenChiselSH
    /ChuckWarrenDesignSH
    /CityBlueprint
    /Clarendon-Bold
    /Clarendon-Book
    /ClarendonCondensedBold
    /ClarendonCondensed-Bold
    /ClarendonExtended-Bold
    /ClassicalGaramondBT-Bold
    /ClassicalGaramondBT-BoldItalic
    /ClassicalGaramondBT-Italic
    /ClassicalGaramondBT-Roman
    /ClaudeCaesarSH
    /CLI
    /Clocks
    /ClosetoMe
    /CluKennedySH
    /CMBX10
    /CMBX5
    /CMBX7
    /CMEX10
    /CMMI10
    /CMMI5
    /CMMI7
    /CMMIB10
    /CMR10
    /CMR5
    /CMR7
    /CMSL10
    /CMSY10
    /CMSY5
    /CMSY7
    /CMTI10
    /CMTT10
    /CoffeeCamusInitialsSH
    /ColetteColeridgeSH
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /CooperBlack
    /CooperBT-BlackHeadline
    /CooperBT-BlackItalic
    /CooperBT-Bold
    /CooperBT-BoldItalic
    /CooperBT-Medium
    /CooperBT-MediumItalic
    /CooperPlanck2LightSH
    /CooperPlanck4SH
    /CooperPlanck6BoldSH
    /CopperplateGothicBT-Bold
    /CopperplateGothicBT-Roman
    /CopperplateGothicBT-RomanCond
    /CopticLS
    /Cornerstone
    /Coronet
    /CoronetItalic
    /Cotillion
    /CountryBlueprint
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CSSubscript
    /CSSubscriptBold
    /CSSubscriptItalic
    /CSSuperscript
    /CSSuperscriptBold
    /Cuckoo
    /CurlzMT
    /CybilListzSH
    /CzarBold
    /CzarBoldItalic
    /CzarItalic
    /CzarNormal
    /DauphinPlain
    /DawnCastleBold
    /DawnCastlePlain
    /Dekker
    /DellaRobbiaBT-Bold
    /DellaRobbiaBT-Roman
    /Denmark
    /Desdemona
    /Diploma
    /DizzyDomingoSH
    /DizzyFeiningerSH
    /DocTermanBoldSH
    /DodgenburnA
    /DodoCasalsSH
    /DodoDiogenesSH
    /DomCasualBT-Regular
    /Durian-Republik
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-Italic
    /Dutch801BT-Roman
    /EBT's-cmbx10
    /EBT's-cmex10
    /EBT's-cmmi10
    /EBT's-cmmi5
    /EBT's-cmmi7
    /EBT's-cmr10
    /EBT's-cmr5
    /EBT's-cmr7
    /EBT's-cmsy10
    /EBT's-cmsy5
    /EBT's-cmsy7
    /EdithDaySH
    /Elephant-Italic
    /Elephant-Regular
    /EmGravesSH
    /EngelEinsteinSH
    /English111VivaceBT-Regular
    /English157BT-Regular
    /EngraversGothicBT-Regular
    /EngraversOldEnglishBT-Bold
    /EngraversOldEnglishBT-Regular
    /EngraversRomanBT-Bold
    /EngraversRomanBT-Regular
    /EnviroD
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErasITC-Ultra
    /ErnestBlochSH
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EuroRoman
    /EuroRomanOblique
    /ExxPresleySH
    /FencesPlain
    /Fences-Regular
    /FifthAvenue
    /FigurineCrrCB
    /FigurineCrrCBBold
    /FigurineCrrCBBoldItalic
    /FigurineCrrCBItalic
    /FigurineTmsCB
    /FigurineTmsCBBold
    /FigurineTmsCBBoldItalic
    /FigurineTmsCBItalic
    /FillmoreRegular
    /Fitzgerald
    /Flareserif821BT-Roman
    /FleurFordSH
    /Fontdinerdotcom
    /FontdinerdotcomSparkly
    /FootlightMTLight
    /ForefrontBookObliqueSH
    /ForefrontBookSH
    /ForefrontDemiObliqueSH
    /ForefrontDemiSH
    /Fortress
    /FractionsAPlentySH
    /FrakturPlain
    /Franciscan
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FranklinUnic
    /FredFlahertySH
    /Freehand575BT-RegularB
    /Freehand591BT-RegularA
    /FreestyleScript-Regular
    /Frutiger-Roman
    /FTPMultinational
    /FTPMultinational-Bold
    /FujiyamaPSMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-ExtraBlackCondensed
    /FuturaBT-ExtraBlackCondItalic
    /FuturaBT-ExtraBlackItalic
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FuturaBT-MediumCondensed
    /FuturaBT-MediumItalic
    /GabbyGauguinSH
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /Garcia
    /GarryMondrian3LightItalicSH
    /GarryMondrian3LightSH
    /GarryMondrian4BookItalicSH
    /GarryMondrian4BookSH
    /GarryMondrian5SBldItalicSH
    /GarryMondrian5SBldSH
    /GarryMondrian6BoldItalicSH
    /GarryMondrian6BoldSH
    /GarryMondrian7ExtraBoldSH
    /GarryMondrian8UltraSH
    /GarryMondrianCond3LightSH
    /GarryMondrianCond4BookSH
    /GarryMondrianCond5SBldSH
    /GarryMondrianCond6BoldSH
    /GarryMondrianCond7ExtraBoldSH
    /GarryMondrianCond8UltraSH
    /GarryMondrianExpt3LightSH
    /GarryMondrianExpt4BookSH
    /GarryMondrianExpt5SBldSH
    /GarryMondrianExpt6BoldSH
    /GarryMondrianSwashSH
    /Gaslight
    /GatineauPSMT
    /Gautami
    /GDT
    /Geometric231BT-BoldC
    /Geometric231BT-LightC
    /Geometric231BT-RomanC
    /GeometricSlab703BT-Bold
    /GeometricSlab703BT-BoldCond
    /GeometricSlab703BT-BoldItalic
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /GeometricSlab703BT-Medium
    /GeometricSlab703BT-MediumCond
    /GeometricSlab703BT-MediumItalic
    /GeometricSlab703BT-XtraBold
    /GeorgeMelvilleSH
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansBC
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSansCondensed-Bold
    /GillSansCondensed-Regular
    /GillSansExtraBold-Regular
    /GillSans-Italic
    /GillSansLight-Italic
    /GillSansLight-Regular
    /GillSans-Regular
    /GoldMinePlain
    /Gonzo
    /GothicE
    /GothicG
    /GothicI
    /GoudyHandtooledBT-Regular
    /GoudyOldStyle-Bold
    /GoudyOldStyle-BoldItalic
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleExtrabold-Regular
    /GoudyOldStyle-Italic
    /GoudyOldStyle-Regular
    /GoudySansITCbyBT-Bold
    /GoudySansITCbyBT-BoldItalic
    /GoudySansITCbyBT-Medium
    /GoudySansITCbyBT-MediumItalic
    /GraceAdonisSH
    /Graeca
    /Graeca-Bold
    /Graeca-BoldItalic
    /Graeca-Italic
    /Graphos-Bold
    /Graphos-BoldItalic
    /Graphos-Italic
    /Graphos-Regular
    /GreekC
    /GreekS
    /GreekSans
    /GreekSans-Bold
    /GreekSans-BoldOblique
    /GreekSans-Oblique
    /Griffin
    /GrungeUpdate
    /Haettenschweiler
    /HankKhrushchevSH
    /HarlowSolid
    /HarpoonPlain
    /Harrington
    /HeatherRegular
    /Hebraica
    /HeleneHissBlackSH
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HenryPatrickSH
    /Herald
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HogBold-HMK
    /HogBook-HMK
    /HomePlanning
    /HomePlanning2
    /HomewardBoundPSMT
    /Humanist521BT-Bold
    /Humanist521BT-BoldCondensed
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-Roman
    /Humanist521BT-RomanCondensed
    /IBMPCDOS
    /IceAgeD
    /Impact
    /Incised901BT-Bold
    /Incised901BT-Light
    /Incised901BT-Roman
    /Industrial736BT-Italic
    /Informal011BT-Roman
    /InformalRoman-Regular
    /Intrepid
    /IntrepidBold
    /IntrepidOblique
    /Invitation
    /IPAExtras
    /IPAExtras-Bold
    /IPAHighLow
    /IPAHighLow-Bold
    /IPAKiel
    /IPAKiel-Bold
    /IPAKielSeven
    /IPAKielSeven-Bold
    /IPAsans
    /ISOCP
    /ISOCP2
    /ISOCP3
    /ISOCT
    /ISOCT2
    /ISOCT3
    /Italic
    /ItalicC
    /ItalicT
    /JesterRegular
    /Jokerman-Regular
    /JotMedium-HMK
    /JuiceITC-Regular
    /JupiterPSMT
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /KarlaJohnson5CursiveSH
    /KarlaJohnson5RegularSH
    /KarlaJohnson6BoldCursiveSH
    /KarlaJohnson6BoldSH
    /KarlaJohnson7ExtraBoldCursiveSH
    /KarlaJohnson7ExtraBoldSH
    /KarlKhayyamSH
    /Karnack
    /Kartika
    /Kashmir
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KeplerStd-Black
    /KeplerStd-BlackIt
    /KeplerStd-Bold
    /KeplerStd-BoldIt
    /KeplerStd-Italic
    /KeplerStd-Light
    /KeplerStd-LightIt
    /KeplerStd-Medium
    /KeplerStd-MediumIt
    /KeplerStd-Regular
    /KeplerStd-Semibold
    /KeplerStd-SemiboldIt
    /KeystrokeNormal
    /Kidnap
    /KidsPlain
    /Kindergarten
    /KinoMT
    /KissMeKissMeKissMe
    /KoalaPSMT
    /KorinnaITCbyBT-Bold
    /KorinnaITCbyBT-KursivBold
    /KorinnaITCbyBT-KursivRegular
    /KorinnaITCbyBT-Regular
    /KristenITC-Regular
    /Kristin
    /KunstlerScript
    /KyotoSong
    /LainieDaySH
    /LandscapePlanning
    /Lapidary333BT-Bold
    /Lapidary333BT-BoldItalic
    /Lapidary333BT-Italic
    /Lapidary333BT-Roman
    /Latha
    /LatinoPal3LightItalicSH
    /LatinoPal3LightSH
    /LatinoPal4ItalicSH
    /LatinoPal4RomanSH
    /LatinoPal5DemiItalicSH
    /LatinoPal5DemiSH
    /LatinoPal6BoldItalicSH
    /LatinoPal6BoldSH
    /LatinoPal7ExtraBoldSH
    /LatinoPal8BlackSH
    /LatinoPalCond4RomanSH
    /LatinoPalCond5DemiSH
    /LatinoPalCond6BoldSH
    /LatinoPalExptRomanSH
    /LatinoPalSwashSH
    /LatinWidD
    /LatinWide
    /LeeToscanini3LightSH
    /LeeToscanini5RegularSH
    /LeeToscanini7BoldSH
    /LeeToscanini9BlackSH
    /LeeToscaniniInlineSH
    /LetterGothic12PitchBT-Bold
    /LetterGothic12PitchBT-BoldItal
    /LetterGothic12PitchBT-Italic
    /LetterGothic12PitchBT-Roman
    /LetterGothic-Bold
    /LetterGothic-BoldItalic
    /LetterGothic-Italic
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Regular
    /LibrarianRegular
    /LinusPSMT
    /Lithograph-Bold
    /LithographLight
    /LongIsland
    /LubalinGraphMdITCTT
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /LydianCursiveBT-Regular
    /Magneto-Bold
    /Mangal-Regular
    /Map-Symbols
    /MarcusHobbesSH
    /Mariah
    /Marigold
    /MaritaMedium-HMK
    /MaritaScript-HMK
    /Market
    /MartinMaxxieSH
    /MathTypeMed
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /MaudeMeadSH
    /MemorandumPSMT
    /Metro
    /Metrostyle-Bold
    /MetrostyleExtended-Bold
    /MetrostyleExtended-Regular
    /Metrostyle-Regular
    /MicrogrammaD-BoldExte
    /MicrosoftSansSerif
    /MikePicassoSH
    /MiniPicsLilEdibles
    /MiniPicsLilFolks
    /MiniPicsLilStuff
    /MischstabPopanz
    /MisterEarlBT-Regular
    /Mistral
    /ModerneDemi
    /ModerneDemiOblique
    /ModerneOblique
    /ModerneRegular
    /Modern-Regular
    /MonaLisaRecutITC-Normal
    /Monospace821BT-Bold
    /Monospace821BT-BoldItalic
    /Monospace821BT-Italic
    /Monospace821BT-Roman
    /Monotxt
    /MonotypeCorsiva
    /MonotypeSorts
    /MorrisonMedium
    /MorseCode
    /MotorPSMT
    /MSAM10
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MSReference1
    /MSReference2
    /MTEX
    /MTEXB
    /MTEXH
    /MT-Extra
    /MTGU
    /MTGUB
    /MTLS
    /MTLSB
    /MTMI
    /MTMIB
    /MTMIH
    /MTMS
    /MTMSB
    /MTMUB
    /MTMUH
    /MTSY
    /MTSYB
    /MTSYH
    /MT-Symbol
    /MTSYN
    /Music
    /MVBoli
    /MysticalPSMT
    /NagHammadiLS
    /NealCurieRuledSH
    /NealCurieSH
    /NebraskaPSMT
    /Neuropol-Medium
    /NevisonCasD
    /NewMilleniumSchlbkBoldItalicSH
    /NewMilleniumSchlbkBoldSH
    /NewMilleniumSchlbkExptSH
    /NewMilleniumSchlbkItalicSH
    /NewMilleniumSchlbkRomanSH
    /News702BT-Bold
    /News702BT-Italic
    /News702BT-Roman
    /Newton
    /NewZuricaBold
    /NewZuricaItalic
    /NewZuricaRegular
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NigelSadeSH
    /Nirvana
    /NuptialBT-Regular
    /OCRAbyBT-Regular
    /OfficePlanning
    /OldCentury
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OpenSymbol
    /OttawaPSMT
    /OttoMasonSH
    /OzHandicraftBT-Roman
    /OzzieBlack-Italic
    /OzzieBlack-Regular
    /PalatiaBold
    /PalatiaItalic
    /PalatiaRegular
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PalmSpringsPSMT
    /Pamela
    /PanRoman
    /ParadisePSMT
    /ParagonPSMT
    /ParamountBold
    /ParamountItalic
    /ParamountRegular
    /Parchment-Regular
    /ParisianBT-Regular
    /ParkAvenueBT-Regular
    /Patrick
    /Patriot
    /PaulPutnamSH
    /PcEncodingLowerSH
    /PcEncodingSH
    /Pegasus
    /PenguinLightPSMT
    /PennSilvaSH
    /Percival
    /PerfectRegular
    /Pfn2BlackItalic
    /Phantom
    /PhilSimmonsSH
    /Pickwick
    /PipelinePlain
    /Playbill
    /PoorRichard-Regular
    /Poster
    /PosterBodoniBT-Italic
    /PosterBodoniBT-Roman
    /Pristina-Regular
    /Proxy1
    /Proxy2
    /Proxy3
    /Proxy4
    /Proxy5
    /Proxy6
    /Proxy7
    /Proxy8
    /Proxy9
    /Prx1
    /Prx2
    /Prx3
    /Prx4
    /Prx5
    /Prx6
    /Prx7
    /Prx8
    /Prx9
    /Pythagoras
    /Raavi
    /Ranegund
    /Ravie
    /Ribbon131BT-Bold
    /RMTMI
    /RMTMIB
    /RMTMIH
    /RMTMUB
    /RMTMUH
    /RobWebsterExtraBoldSH
    /Rockwell
    /Rockwell-Bold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RomanC
    /RomanD
    /RomanS
    /RomanT
    /Romantic
    /RomanticBold
    /RomanticItalic
    /Sahara
    /SalTintorettoSH
    /SamBarberInitialsSH
    /SamPlimsollSH
    /SansSerif
    /SansSerifBold
    /SansSerifBoldOblique
    /SansSerifOblique
    /Sceptre
    /ScribbleRegular
    /ScriptC
    /ScriptHebrew
    /ScriptS
    /Semaphore
    /SerifaBT-Black
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /Sfn2Bold
    /Sfn3Italic
    /ShelleyAllegroBT-Regular
    /ShelleyVolanteBT-Regular
    /ShellyMarisSH
    /SherwoodRegular
    /ShlomoAleichemSH
    /ShotgunBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SignatureRegular
    /Signboard
    /SignetRoundhandATT-Italic
    /SignetRoundhand-Italic
    /SignLanguage
    /Signs
    /Simplex
    /SissyRomeoSH
    /SlimStravinskySH
    /SnapITC-Regular
    /SnellBT-Bold
    /Socket
    /Sonate
    /SouvenirITCbyBT-Demi
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /SpruceByingtonSH
    /SPSFont1Medium
    /SPSFont2Medium
    /SPSFont3Medium
    /SpsFont4Medium
    /SPSFont4Medium
    /SPSFont5Normal
    /SPSScript
    /SRegular
    /Staccato222BT-Regular
    /StageCoachRegular
    /StandoutRegular
    /StarTrekNextBT-ExtraBold
    /StarTrekNextPiBT-Regular
    /SteamerRegular
    /Stencil
    /StencilBT-Regular
    /Stewardson
    /Stonehenge
    /StopD
    /Storybook
    /Strict
    /Strider-Regular
    /StuyvesantBT-Regular
    /StylusBT
    /StylusRegular
    /SubwayRegular
    /SueVermeer4LightItalicSH
    /SueVermeer4LightSH
    /SueVermeer5MedItalicSH
    /SueVermeer5MediumSH
    /SueVermeer6DemiItalicSH
    /SueVermeer6DemiSH
    /SueVermeer7BoldItalicSH
    /SueVermeer7BoldSH
    /SunYatsenSH
    /SuperFrench
    /SuzanneQuillSH
    /Swiss721-BlackObliqueSWA
    /Swiss721-BlackSWA
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Swiss721BT-Thin
    /Swiss721-LightObliqueSWA
    /Swiss721-LightSWA
    /Swiss911BT-ExtraCompressed
    /Swiss921BT-RegularA
    /Syastro
    /Sylfaen
    /Symap
    /Symath
    /SymbolGreek
    /SymbolGreek-Bold
    /SymbolGreek-BoldItalic
    /SymbolGreek-Italic
    /SymbolGreekP
    /SymbolGreekP-Bold
    /SymbolGreekP-BoldItalic
    /SymbolGreekP-Italic
    /SymbolGreekPMono
    /SymbolMT
    /SymbolProportionalBT-Regular
    /SymbolsAPlentySH
    /Symeteo
    /Symusic
    /Tahoma
    /Tahoma-Bold
    /TahomaItalic
    /TamFlanahanSH
    /Technic
    /TechnicalItalic
    /TechnicalPlain
    /TechnicBold
    /TechnicLite
    /Tekton-Bold
    /Teletype
    /TempsExptBoldSH
    /TempsExptItalicSH
    /TempsExptRomanSH
    /TempsSwashSH
    /TempusSansITC
    /TessHoustonSH
    /TexCatlinObliqueSH
    /TexCatlinSH
    /Thrust
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-ExtraBold
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Oblique
    /Times-Roman
    /Times-Semibold
    /Times-SemiboldItalic
    /TimesUnic-Bold
    /TimesUnic-BoldItalic
    /TimesUnic-Italic
    /TimesUnic-Regular
    /TonyWhiteSH
    /TransCyrillic
    /TransCyrillic-Bold
    /TransCyrillic-BoldItalic
    /TransCyrillic-Italic
    /Transistor
    /Transitional521BT-BoldA
    /Transitional521BT-CursiveA
    /Transitional521BT-RomanA
    /TranslitLS
    /TranslitLS-Bold
    /TranslitLS-BoldItalic
    /TranslitLS-Italic
    /TransRoman
    /TransRoman-Bold
    /TransRoman-BoldItalic
    /TransRoman-Italic
    /TransSlavic
    /TransSlavic-Bold
    /TransSlavic-BoldItalic
    /TransSlavic-Italic
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TribuneBold
    /TribuneItalic
    /TribuneRegular
    /Tristan
    /TrotsLight-HMK
    /TrotsMedium-HMK
    /TubularRegular
    /Tunga-Regular
    /Txt
    /TypoUprightBT-Regular
    /UmbraBT-Regular
    /UmbrellaPSMT
    /UncialLS
    /Unicorn
    /UnicornPSMT
    /Univers
    /UniversalMath1BT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Italic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-CondensedOblique
    /UniversExtended-Bold
    /UniversExtended-BoldItalic
    /UniversExtended-Medium
    /UniversExtended-MediumItalic
    /Univers-Italic
    /UniversityRomanBT-Regular
    /UniversLightCondensed-Italic
    /UniversLightCondensed-Regular
    /Univers-Medium
    /Univers-MediumItalic
    /URWWoodTypD
    /USABlackPSMT
    /USALightPSMT
    /Vagabond
    /Venetian301BT-Demi
    /Venetian301BT-DemiItalic
    /Venetian301BT-Italic
    /Venetian301BT-Roman
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /VinetaBT-Regular
    /Vivaldii
    /VladimirScript
    /VoguePSMT
    /Vrinda
    /WaldoIconsNormalA
    /WaltHarringtonSH
    /Webdings
    /Weiland
    /WesHollidaySH
    /Wingdings-Regular
    /WP-HebrewDavid
    /XavierPlatoSH
    /YuriKaySH
    /ZapfChanceryITCbyBT-Bold
    /ZapfChanceryITCbyBT-Medium
    /ZapfDingbatsITCbyBT-Regular
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZappedChancellorMedItalicSH
    /ZurichBT-BlackExtended
    /ZurichBT-Bold
    /ZurichBT-BoldCondensed
    /ZurichBT-BoldCondensedItalic
    /ZurichBT-BoldItalic
    /ZurichBT-ExtraCondensed
    /ZurichBT-Italic
    /ZurichBT-ItalicCondensed
    /ZurichBT-Light
    /ZurichBT-LightCondensed
    /ZurichBT-Roman
    /ZurichBT-RomanCondensed
    /ZurichBT-RomanExtended
    /ZurichBT-UltraBlackExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


