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Preface

The discovery of the water channel activity of the first plant aquaporin, γ-TIP or 
TIP1;1, in 1993 has significantly challenged the concepts by which plants control 
cell water homeostasis but also the water relations of the whole organism. In addi-
tion, it appeared rapidly that plant aquaporins or MIPs (membrane intrinsic pro-
teins) facilitate also the membrane diffusion of an increasing amount of small 
solutes, such as urea, CO2, H2O2, ammonium, metalloids, etc. This diversity of sub-
strates probably evolves from the high number of aquaporin genes identified in 
plant genomes. Higher plant aquaporins cluster into five phylogenetic subfamilies 
(PIPs, plasma membrane intrinsic proteins; TIPs, tonoplast intrinsic proteins; NIPs, 
NOD26-like intrinsic protein; SIPs, small basic intrinsic proteins; and XIPs, X 
intrinsic proteins) and are present in different cell membranes.

This book integrates exciting data illustrating the various regulation mechanisms 
leading to active aquaporins in their target membranes and addresses the involve-
ment of different aquaporins in many physiological processes at different cell, 
organ, and tissue levels and in several environmental conditions. It includes the 
roles and regulation of aquaporins in plant water homeostasis, but also in plant 
distribution of other small solutes including nitrogen, CO2, and metalloids. There 
are still many more discoveries to be made in how aquaporins are regulated and 
how their selectivity to different solutes are controlled, particularly those that 
appear to have dual permeation properties. Their interaction with plant mycorrhizae 
and their contribution in signaling processes are also discussed. This volume, by the 
diversity of the aspects developed in the different chapters, illustrates the impor-
tance of the aquaporins and their regulation in controlling plant physiology and 
development.

Louvain-la-Neuve, Belgium� François Chaumont
Adelaide, Australia� Stephen D. Tyerman

August 2016�
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Structural Basis of the Permeation Function 
of Plant Aquaporins

Sukanya Luang and Maria Hrmova

Abstract  Aquaporins facilitate rapid and selective bidirectional water and uncharged 
low-molecular-mass solute or ion movements in response to osmotic gradients. The 
term ‘aquaporin’ was coined by Peter Agre and colleagues, who in 1993 suggested 
that major intrinsic proteins (MIPs) that facilitate rapid and selective movement of 
water in the direction of an osmotic gradient be named ‘aquaporins (AQPs)’ (Agre et 
al. 1993). Aquaporins are spread across all kingdoms of life including archaea, bac-
teria, protozoa, yeasts, plants and mammals. Plant aquaporins are classified within 
the ancient superfamily of MIPs, and based on sequence homology and subcellular 
localisation, they constitute several subfamilies. Genome-wide identifications of 
aquaporin genes are now available from around 15 plant species, and this information 
provides a rich source of sequence data for molecular studies through structural bio-
informatics, three-dimensional (3D) modelling and molecular dynamics simulations. 
These studies have capacity to reveal new information, unavailable to X-ray diffrac-
tion studies of time- and space-averaged molecules confined in crystal lattices.

1  �Summary

Aquaporins facilitate rapid and selective bidirectional water and uncharged 
low-molecular-mass solute or ion movements in response to osmotic gradients. The 
term ‘aquaporin’ was coined by Peter Agre and colleagues, who in 1993 suggested that 
major intrinsic proteins (MIPs) that facilitate rapid and selective movement of water in 
the direction of an osmotic gradient be named ‘aquaporins (AQPs)’  
(Agre et al. 1993). Aquaporins are spread across all kingdoms of life including archaea, 
bacteria, protozoa, yeasts, plants and mammals. Plant aquaporins are classified within 
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the ancient superfamily of MIPs, and based on sequence homology and subcellular 
localisation, they constitute several subfamilies. Genome-wide identifications of aqua-
porin genes are now available from around 15 plant species, and this information pro-
vides a rich source of sequence data for molecular studies through structural 
bioinformatics, three-dimensional (3D) modelling and molecular dynamics simula-
tions. These studies have capacity to reveal new information, unavailable to X-ray dif-
fraction studies of time- and space-averaged molecules confined in crystal lattices.

Aquaporins fold into a monomeric ‘hourglass’ or ‘dumbbell-like’ shaped structure 
that has been retained in all aquaporins. Individual monomers associate in vivo into 
functional tetramers, whereby this vertically symmetric structure provides foundation 
for residence within a lipid bilayer. Two plant aquaporin structures are available in 
structural databases (as of May 2016), which is that of (i) a predominantly 
water-permeable plasma membrane intrinsic protein (PIP) aquaporin in open and 
closed conformational states (PDB IDs: 1Z98, 2B5F and 4IA4) from Spinacia olera-
cea (Tornroth-Horsefield et al. 2006; Frick et al. 2013a, b) and (ii) an open state of a 
water- and ammonia-permeable tonoplast intrinsic protein (TIP) aquaammoniaporin 
from Arabidopsis thaliana (PDB ID: 5i32) (Kirscht et al. 2016). Detailed structural 
information on other plant subfamily members is now needed from economically 
important food plants such as wheat, barley, maize and rice, to provide strong founda-
tions for future smart decisions directed to food production and sustainability.

Surprisingly, limited information is available on the solute permeation specificity 
determinants of plant aquaporins, although these data in conjunction with structural 
information are vital strategic tools for modifying their molecular function. Based 
on predominantly structural studies, it has been suggested that properties and steric 
occlusions of residues within the specific structural and functional elements are one 
of the most fundamental characteristics that underlie differences in transport selec-
tivities of aquaporins. These main characteristics include (i) pore dimension param-
eters including their diameters and overall morphology; (ii) identities and flexibilities 
of residues lining solute-conducting pores; (iii) chemical configurations of pore con-
strictions in solute-conducting pores; (iv) properties of pore vestibules and a central 
pore, also dictated by the residues alongside the fourfold symmetry axis of tetra-
mers; and (v) gating of aquaporins controlled by pH, cation binding, post-translational 
modifications such as phosphorylation and the dispositions of interacting loops.

We conclude that although structural aquaporin research has significantly pro-
gressed in recent years, many questions remain open. For example, are individual 
protomers within tetramers identical in function, what is the structural basis of per-
meation of non-electrolytes and ionic species, and the thermodynamic origin of 
transporting function of solutes, and how exactly have aquaporin proteins evolved 
during millions years of evolution into their current forms?

2  �Aquaporins in Living Systems Including Plants

Plants acquire water from soil through aquaporins or use them as vehicles to  
dispose of excess of toxic substances (Schnurbusch et al. 2010; Hayes et al. 2013; 
Xu et al. 2015). Aquaporin molecules, amongst other pathways, are responsible for 
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hydraulic conductance of plants that underlies water uptake together with dissolved 
mineral nutrients (see also chapter “Plant Aquaporins and Metalloids”). Aquaporins 
facilitate rapid and selective bidirectional water and uncharged low-molecular-mass 
solute transport, in response to osmotic and concentration gradients, respectively. 
The latter does not necessarily rely on an osmotic gradient. This transport, occur-
ring through polytopic aquaporins that span cell membranes, is independent of a 
supply of external energy (e.g. ATP). Thus, aquaporins are known to be passive 
transporters, although fundamental to their function are structural flexibility and 
gating, which may be dependent on the redox state of a cellular environment, on the 
activity of phosphorylation machinery (controlling the levels of, e.g. ATP) and on 
membrane and subcellular dynamics.

2.1  �Aquaporins Occur in All Kingdoms of Life

Aquaporins are spread across all kingdoms of life including archaea, bacteria, 
protozoa, yeasts, plants and mammals. In archaea and bacteria, typically one aqua-
porin type is retained, while in eukaryotes gene duplications and horizontal gene 
transfer events have resulted in occurrence of subfamilies of aquaporins with diver-
sified transport functions, although the canonical hourglass or dumbbell-like shaped 
architecture has been retained in all aquaporins. The typical examples of duplication 
and function diversification include aquaporins in fish, mammals and higher plants, 
in which neo-functionalisation has led to evolution of paralogous proteins with vari-
ous solute selectivities, gating mechanisms or time and space differential expression 
(Fotiadis et al. 2001; Zardoya et al. 2002; Abascal et al. 2014). For example, 35, 35 
and 39 aquaporins have been described in maize, Arabidopsis and rice, respectively 
(Chaumont et al. 2001; Johanson et al. 2001; Sakurai et al. 2005). These numbers 
are even higher in non-plant species such as in fish and some land vertebrates, due 
to several rounds of entire genome duplication during early stages of their evolution 
(Abascal et al. 2014), although most mammals only require the presence of limited 
numbers of aquaporins to properly function. Diverse aquaporin isoforms are directed 
to various subcellular locations and compartments and represent fundamental com-
ponents for membrane evolution, diversity and differential gene expression. Through 
these specific membrane aquaporin-containing partitions, plants drive hydrostatic 
and osmotic forces that help them to maintain water homeostasis, together with 
hydraulic conductance in roots, stems and other organs (Fricke et al. 1997; Tyerman 
et al. 1999; Maurel et al. 2008; Chaumont and Tyerman 2014).

2.2  �Plant Aquaporin Sequences and Their Genome-Wide 
Identification

Since the first member of the major intrinsic protein (MIP) family was described 
and its cDNA cloned (Gorin et al. 1984), the first plant MIP from soybean (nodulin 
26) was identified (Sandal and Marcker 1988), along with the tonoplast intrinsic 
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protein (TIP) from bean seeds (Johnson et al. 1990), and α-TIP (Höfte et al. 1992) 
and γ-TIP (Maurel et al. 1993) from Arabidopsis, and other plants. Some of these 
proteins were described as water stress-induced proteins (Höfte et  al. 1992) and 
only later functionally characterised as water channels. These discoveries were 
followed by a series of informative reviews on physiological function of aquaporins 
(e.g. Tyerman et  al. 1999; Verkman and Mitra 2000; Gomes et  al. 2009; Maurel 
et  al. 2008; Chaumont and Tyerman 2014; Li et  al. 2014; Mukhopadhyay et  al. 
2014). These physiological functions include photosynthesis, seed germination, cell 
elongation, stomata movement, reproduction (Reddy et al. 2015) and responses to a 
variety of abiotic stresses, such as anoxia (Choi and Roberts 2007), hydrogen per-
oxide toxicity (Dynowski et  al. 2008; Wudick et  al. 2015), mineral soil toxicity 
(boron and arsenic) (Isayenkov and Maathuis 2008; Ma et al. 2008; Kamiya et al. 
2009; Schnurbusch et al. 2010; Li et al. 2011; Hayes et al. 2013; Xu et al. 2015), 
high salt (Zhang et al. 2008; Gao et al. 2010; Hu et al. 2012; Xu et al. 2013) and a 
low water potential drought (Xu et al. 2014; Li et al. 2015).

Genome-wide identification studies of aquaporin genes are now available from 
at least fourteen plant species, including Arabidopsis (Johanson et al. 2001), maize 
(Chaumont et  al. 2001), rice (Sakurai et  al. 2005), poplar (Gupta and 
Sankararamakrishnan 2009), grapevine (Shelden et  al. 2009), cotton (Park et  al. 
2010), barley (Besse et al. 2011; Tombuloglu et al. 2015), soybean (Zhang et al. 
2013), tomato (Reuscher et al. 2013) and bread wheat (Pandey et al. 2013). As a 
result of recent proliferations of genome sequencing initiatives, several new 
genome-wide identification studies were conducted in cabbage (Diehn et al. 2015), 
common bean (Ariani and Geps 2015), sorghum (Reddy et  al. 2015) and wheat 
(Hove et al. 2015). These analyses have provided a rich source of sequence data 
information for molecular studies that have been conducted through structural bio-
informatics (Wang et al. 2005; Deshmukh et al. 2015) and 3D structural (homology 
or comparative) modelling (Wallace and Roberts 2004; Schnurbusch et al. 2010; 
Gupta et al. 2012; Verma et al. 2015).

2.3  �Classification of Aquaporins

Plant aquaporins are classified within the ancient superfamily of Major Intrinsic 
Proteins (MIPs) (Saier et al. 2016). Based on sequence homology and subcellular 
localisation, MIPs constitute five subfamilies, namely, plasma membrane intrinsic 
proteins (PIPs), tonoplast intrinsic proteins (TIPs), nodulin-26 intrinsic proteins 
(NIPs), small basic intrinsic proteins (SIPs) and X-intrinsic proteins (XIPs). In 
recent years, several studies have specifically focussed on molecular evolution and 
functional divergence of NIP (Liu et al. 2009) and XIP proteins (Bienert et al. 2011; 
Lopez et al. 2012; Venkatesh et al. 2015). These studies have pointed out that the 
functional divergence of various classes of aquaporins under selection pressures led 
to restrictions on the physicochemical properties of key functional amino acid resi-
dues, following gene duplication.

S. Luang and M. Hrmova
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3  �Three-Dimensional Structures of Aquaporins

3.1  �Structural Information on Aquaporins Is Available 
from All Kingdoms of Life

3D atomic structures of aquaporins are accessible from archaea (Lee et al. 2005), 
bacteria (Fu et al. 2000; Savage et al. 2003; Savage et al. 2010), protozoa (Newby 
et  al. 2008), yeasts (Fischer et  al. 2009; Eriksson et  al. 2013), plants (Fotiadis 
et al. 2000; Törnroth-Horsefield et al. 2006; Frick et al. 2013a, b; Kirscht et al. 
2016) and mammals (Sui et  al. 2001; Gonen et  al. 2004; Harries et  al. 2004), 
including humans (Murata et al. 2000; Viadiu et al. 2007; Horsefield et al. 2008; 
Ho et al. 2009; Agemark et al. 2012; Frick et al. 2014). For example, a sub-ang-
strom resolution structure of the Pichia water-conducting aquaporin (Eriksson 
et al. 2013) and a recent high-resolution structure of the Arabidopsis aquaammo-
niaporin (Kirscht et al. 2016) provided an unprecedented view into the landscape 
of positions of interacting residues and the mode of coordination of water mole-
cules. The water positions that were defined with a high precision in a water-
conducting pore (Eriksson et  al. 2013), and definitions of tautomeric states of 
interacting Arg and His residues, provided an abundance of information on water 
molecule coordination at the entry of the channel. As a result of the availability of 
high-resolution aquaporin architectures of these structurally similar but function-
ally distinct MIP and TIP proteins, a plethora of theoretical in silico studies were 
initiated to investigate molecular dynamics of aquaporins and flow of solutes 
(Tajkhorshid et al. 2002; Wang et al. 2005; Cordeiro 2015; Han et al. 2015; Verma 
et al. 2015; Kitchen and Conner 2015). These studies revealed novel information, 
unavailable to studies of time- and space-averaged molecules confined in crystal 
lattices, and defined protein dynamics and energy barriers during permeation 
events of water, ammonia or other solute-conducting aquaporins (Wang et  al. 
2005; Han et al. 2015; Kirscht et al. 2016).

3.2  �An Overall Architecture of Protomers

The 3D structures of aquaporins are highly conserved from archaea to humans. 
They consist of a circular α-helical bundle with a solute-conducting pore and 
cytoplasmic (intracellular) and periplasmic (extracellular) conical vestibules. Each 
monomer is formed by six tilted (crossing angles between 25 and 40°) membrane-
spanning α-helices (H1-H3 and H4-H6) and two re-entrant short α-helices (HB and 
HE) running in two repeats, with five interconnecting loops (LA-LE) that collectively 
form a right-handed α-helical bundle (Fig. 1). The arrangements of first (H1-H3  
and HB) and second (H4-H6 and HE) bipartite segments, α-helices of which are 
significantly tilted in a membrane, follow a pseudo-twofold axis that runs 
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perpendicularly to a membrane normal plane (Murata et al. 2000) (Fig. 1a; dashed 
line). In all aquaporins, N- and C-termini are cytoplasmically oriented (Fig. 1a). In 
some aquaporins, these termini are extended and carry sulfhydryl residues such as 
Cys (an inhibition site for mercury and other heavy metals) or N-glycosylation, 
phosphorylation and other post-translation modification sites.

3.3  �A Circular Bundle and a Solute-Conducting Pore

The circular bundle of membrane-spanning α-helices encloses a solute-conducting 
pore (often referred to as a channel or a nanopore), which may be between 20 and 
28 Å long and 4 and 6 Å in diameter. For example, in plant aquaporins, the pore 
narrows down around a selectivity filter region (defined below) (Törnroth-Horsefield 
et al. 2006; Frick et al. 2013a, b), or remains more uniform throughout the channel 
(Kirscht et al. 2016), but widens in all aquaporins to conical vestibules at both cyto-
plasmic and periplasmic sides (Fig. 1b).

A consensus, based on around 20 atomic structures of aquaporins, stipulates that 
the aromatic selectivity filter represents the narrowest constriction, at least in ortho-
dox (predominantly water conducting) aquaporins (Fu et al. 2000; Sui et al. 2001). 
The selectivity filter is one of the most important regions underlying aquaporin 
specificity and represents as a package of four residues positioned near the periplas-
mic side of the pore. The selectivity filter is about 8–9 Å away from the first Asn-
Pro-Ala (NPA) motif and was named the aromatic/Arg (ar/R)/LE1-LE2 constriction 
region (Fig. 1b). More precisely, this ar/R/LE1-LE2 region consists of one residue 
each from H2 and H5 α-helices, and two residues positioned on loop LE, located at 
partitions LE1 and LE2 that flank the NPA motif (Figs. 1a and 2b) (Fu et al. 2000; 
Sui et al. 2001; Savage et al. 2003). In all solved spinach aquaporins in closed or 

Fig. 1  (a) A membrane topology diagram of aquaporins. Each protein molecule consists of six 
transmembrane α-helices (H1-H6) and two re-entrant α-helices (HB and HE), with NPA motifs, 
shown as cyan boxes. Transmembrane α-helices are connected via five interconnecting loops (LA-
LE), whereby partitions LE1 and LE2 flank the second NPA motif, separated by approximately 
4–5 Å from the first NPA motif. A dashed line indicates bipartite structural repeats of an hourglass 
aquaporin fold. (b) A cartoon representation of the spinach aquaporin SoPIP2;1 in the closed con-
formation (PDB ID: 1Z98). The selectivity filter residues (Phe81, His210, Thr219 and Arg225) and 
the two conserved asparagine residues (Asn101 and Asn222) of the NPA motifs are shown as cyan 
sticks. N- and C-termini are indicated. (c) The superposition of SoPIP2;1 structures including 
closed states at pH 8.0 (PDB ID: 1Z98) and at pH 6.0 (PDB ID: 4IA4), an open state (PDB ID: 
2B5F), and the structure with a mercury activation site (PDB ID: 4JC6), shown in cyan, pink, yel-
low and green, respectively. Residues that interact with a single file of water molecules W1-W8, 
shown as red spheres, are indicated in cyan sticks. Hydrogen bonds between residues and water 
molecules are shown in dashed lines. (d) Prediction of a tetrameric assembly of the spinach aqua-
porin SoPIP2;1 in two orthogonal orientations (left and right images are related by 90° rotation to 
the viewer), whereby cysteine residues (shown in sticks) from each monomer participate in a 
quaternary assembly

﻿Structural Basis of the Permeation Function of Plant Aquaporins
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open conformations, protein folds and more specifically pores enclose a single-file 
chain of water molecules coordinated by surrounding hydrophilic amino acid resi-
dues (Fig. 1c, cyan sticks). Recently, the presence of a novel water-filled side pore 
was defined in the AtTIP2;1 aquaammoniaporin, which is assumed to play a role in 
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ammonia deprotonation during permeation, as revealed by molecular dynamics 
simulations (Kirscht et al. 2016). In some aquaporins, a second well-formed con-
striction is located near to the cytoplasmic vestibule.

3.4  �Cytoplasmic and Periplasmic Conical Vestibules

The cylindrical solute-conducting pore is flanked by two shallow, asymmetric ves-
tibules. These are present on each side of the pore that flare into both cytoplasmic 
and periplasmic spaces and are formed by loop regions at each monomer face and 
by the N- and C-termini at the cytoplasmic face. The vestibules give a characteristic 
hourglass shape of aquaporin proteins (Fig. 1b). It was revealed that in nearly every 
atomic structure, these vestibules contain a contiguous chain of hydrogen-bonded 
molecules that extend from the surface of vestibules to either an ar/R/LE1-LE2 
selectivity filter region of the periplasmic vestibule or to a second constriction near 
to the cytoplasmic vestibule (Fig. 1b).

3.5  �Aquaporins Exist as Functional Tetramers

In native environments, individual monomers form a quaternary tetrameric assem-
bly, in which homo- or hetero-oligomers that act as independent solute-conducting 
units associate with each other into a tightly fitting extended trapezoid or a 

Fig. 2  (a) A phylogenetic tree of 75 NIP proteins from Arabidopsis thaliana (At), Brachypodium 
distachyon (Bd), Brassica rapa (Br), Cajanus cajan (Cc), Citrus clementine (Ccl), Carica papaya 
(Cp), Citrus sinensis (Cs), Elaeis guineensis (Eg), Fragaria vesca (Fv), Glycine max (Gm), 
Hordeum vulgare (Hv), Musa acuminate (Ma), Oryza sativa (Os), Picea abies (Pa), Physcomitrella 
patens (Pp), Prunus persica (Ppe), Populus trichocarpa (Pt), Ricinus communis (Rc), Sorghum 
bicolor (Sb), Setaria italica (Si), Solanum lycopersicum (Sl), Selaginella moellendorffii (Sm), 
Solanum tuberosum (St), Triticum aestivum (Ta), Vitis vinifera (Vv) and Zea mays (Zm). The tree 
was constructed by MEGA 6 (Tamura et al. 2013). A bootstrap analysis was performed with 1,000 
replicates. Entries (Table 1) are clustered in the three independent clades NIP-I, NIP-II and NIP-
III, each with specific selectivity filter signatures. NIP-I clade (in red): Trp-Val-Ala-Arg (WVAR) 
and Trp-Ile-Ala-Arg (WIAR). NIP-II (in blue): Ala-Ile-Ala-Arg (AIAR), Ala-Ile-Gly-Arg (AIGR) 
and Ala-Val-Gly-Arg (AVGR). NIP-III (in green): Gly-Ser-Gly-Arg (GSGR). Segregation of α 
(lighter grey shades)- and β (darkest grey)-sub-clades consisting of clearly distributed mono- and 
dicotyledonous sequences, respectively, is indicated. (b) A sequence alignment of α-helices H2 
and H5 and loop LE of spinach aquaporins (SoPIP2-1) with NIPs from A. thaliana (AtNIP), G. 
max (GmNIP), H. vulgare (HvNIP2-1), O. sativa (OsNIP), T. aestivum (TaNIP2-1) and Z. mays 
(ZmNIP). The alignment was performed by ProMals3D (Pei and Grishin 2014). Selectivity filter 
residues and NPA motifs are shown in blue and yellow, respectively. Conservation of residues on 
a scale 5–9 from lower to higher conserved residues is displayed above sequences; 9  in brown 
indicates an absolute conservation
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cylindrical wedge (Fig. 1d, tetrameric structures are shown in two orthogonal orien-
tations). Monomers operate in their own right, as demonstrated by studies with 
mixed active or inactive monomers in Xenopus laevis oocytes (Jung et al. 1994). 
However, by close association, the four monomers form an additional central pore 
that has been suggested to serve as another route for permeation (Yool et al. 1996; 
Fu et al. 2000). Individual monomers are related by a fourfold crystallographic axis 
and interact with each other through neighbouring membrane-spanning α-helices 
via hydrophobic interactions and hydrogen bonds, such as those of ‘hole-to-knob’ 
configurations (Murata et al. 2000; Fu et al. 2000; Sui et al. 2001). Further, intercon-
necting loops between individual α-helices contribute to mutual inter-monomeric 
interactions (Fig. 1d, right panel). The tetramers associate with annular or exoge-
nously added lipids, for example, with 1,2-dimyristoyl-sn-glycero-3-phosphocho-
line (Gonen et al. 2005) or surfactants such as octyl (Fu et al. 2000) and nonyl (Sui 
et al. 2001) β-d-glucosides, where both lipids and surfactants stabilise supramolecu-
lar tetrameric assemblies. These lipid or surfactant interactions have been defined in 
structures based on 3D (Fu et al. 2000) and two-dimensional (Gonen et al. 2005) 
crystals and are formed between hydrophobic residues and acyl chains of lipids or 
between glycosyl moieties of alkyl β-d-glucosides surrounding polar groups and 
water coordinated molecules. Occasionally, lipid molecules have been found in a 
central tetrameric pore, formed alongside the fourfold symmetry axis that can be up 
to 8–10 Å in diameter (Horsefield et al. 2008; Newby et al. 2008).

4  �A Structural Basis of Transport by Aquaporins

4.1  �Approaches to Measure Solute Transport Selectivity 
and Kinetic Parameters

Four mainstream approaches have been used to measure selectivity and kinetic 
parameters of solute permeation of aquaporins: (i) In isolated tissues (e.g. tobacco 
leaf discs; Uehlein et al. 2003), organelles of living organisms (e.g. endoplasmic 
reticulum, Noronha et al. 2014) or protoplasts (Ramahaleo et al. 1996; Moshelion 
et al. 2004; Besserer et al. 2012). (ii) In native vesicles isolated and purified from 
cells or their membranes (Niemietz and Tyerman 1997; Fang et al. 2002) or in ves-
icles isolated from membranes of cells with recombinantly expressed aquaporins 
(Jung et al. 1994; Schnurbusch et al. 2010). (iii) In X. laevis oocytes, used for the 
first time by Preston and co-workers (1992) and subsequently adopted by many 
researchers (e.g. Dordas et al. 2000). (iv) In liposomes with purified and reconsti-
tuted aquaporin proteins (proteo-liposomes) or planar lipid bilayers (Ye and 
Verkman 1989; Zeidel et al. 1992; Weaver et al. 1994; Verdoucq et al. 2008). Some 
authors argue that solute permeation measurements using proteo-liposomes are 
more reliable than those with oocytes (Ho et al. 2009), whereby in the absence of 
other proteins in a bilayer in the proteo-liposomes, precise kinetic permeation 
parameters can be derived for wild-type or variant aquaporins and compared. On the 
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other hand, proteins may not be accommodated in the membranes of proteo-liposomes 
in optimal configurations as these environments are artificial and minimalist in 
composition. Under ideal circumstances, both non-defined native and fully defined 
artificial systems should be used when available, for derivation of transport 
characteristics.

4.2  �Solute Selectivity of Aquaporins

Based on permeation function, three major groups of plant aquaporins are recog-
nised: (i) aquaporins that transport water, (ii) aquaglyceroporins that permeate other 
neutral solutes in addition to water (Borgnia et al. 1999) and (iii) aquaporins that 
conduct ionic species, based on the evidence of human aquaporins (Yool et al. 1996; 
Fu et al. 2000; Yu et al. 2006), as discussed below. The group of aquaglyceroporins 
has been reported to transport a broad range of neutral molecules such as non-
electrolyte acetamide (Rivers et al. 1997); long polyols (Tsukaguchi et al. 1999); 
short polyols including glycerol (1,2,3-propane-triol) (Fu et al. 2000); CO2 (Uehlein 
et  al. 2003, 2008; Otto et  al. 2010; Mori et  al. 2014); purines and pyrimidines 
(Tsukaguchi et al. 1999); non-electrolyte urea (Liu et al. 2003); ammonia and glyc-
erol nitrate (Loqué et al. 2005); silicic acid (Ma et al. 2006; Schnurbush et al. 2010); 
boric, arsenic and germanic acids (Takano et  al. 2006; Kamiya et  al. 2009; 
Schnurbush et  al. 2010; Hayes et  al. 2013); lactic acid (Choi and Roberts 2007; 
Bienert et al. 2013); hydrogen peroxide and related oxy-radicals (Dynowski et al. 
2008); and selenious acid (Zhao et  al. 2010). Although permeation of short and 
certain long (ribitol, xylitol, d-arabitol and d-sorbitol but not d-mannitol) polyols 
(Fu et al. 2000) has been detected in numerous studies, permeation of cyclic mono-
saccharides such as glucose and fructose, or of disaccharides such as sucrose, has 
never been demonstrated (Tsukaguchi et al. 1998; Fu et al. 2000).

4.3  �Rates of Solute Transport and Mechanisms

Aquaporins as water transport facilitators mediate the water flux at rates of approxi-
mately 3·109 water molecules per second per monomeric unit (Agre and Kozono 
2003); these rates are significantly higher than diffusion rates of water molecules 
through lipid membranes. In nonorthodox aquaporins that permeate other solutes, 
water transport rates are significantly lower. It has been suggested that steric occlu-
sions of amino acid residues within specific structural and functional elements of 
aquaporins are one of the most fundamental factors that underlie differences in sol-
ute permeation selectivity (Fu et al. 2000; Lee et al. 2005; Kirscht et al. 2016). To 
this end, in the text below, we will separately discuss three features that collectively 
contribute to solute transport selectivity: (i) dimensional filtering and roles of peri-
plasmic or cytoplasmic constrictions in permeation of solutes of various volumes; 
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(ii) chemical filtering of solutes, barriers for ion or proton conductance through 
pores of monomers and significance of NPA signatures, including roles of dipole 
moments and electrostatic potentials; and (iii) ion conductance through a central 
pore of tetramers.

4.4  �Dimensional Filtering and the Roles of Constrictions 
in Permeation of Solutes of Various Volumes

A pathway for solute permeation is shaped by re-entrant α-helices HB and HE that 
connect to cytoplasmic and periplasmic vestibules, thus generating an hourglass or 
dumbbell-like shape (Fig. 1c). The solute-conducting channel, which in canonical 
aquaporins carries a single-file chain of water molecules, is formed by symmetry-
related sets of carbonyl groups and hydrophilic side chain residues, both operating 
as hydrogen bond acceptors, often punctuated by hydrophobic residues alongside 
the pore. At the pore centre in most aquaporins, the two re-entrant α-helices HB and 
HE carry NPA motifs, where highly conserved Asn residues, rarely replaced by 
other residues (Zeuthen et al. 2013; Kirscht et al. 2016), and located at the tip of 
each re-entrant α-helix, form a part of the surface of the solute-conducting pore 
(Fig. 1c).

The sequence signatures of aquaporin monomers translated into the structural 
context underlie the functional properties of aquaporins. Verma et al. (2015) calcu-
lated a specific cumulative van der Waals volume (CvV, expressed in Å3), by adding 
individual van der Waals volumes of each of the four residues of the ar/R/LE1-LE2 
constriction, located close to the periplasmic vestibule. These authors noted large 
differences in CvV values in several subfamilies of aquaporins. For example, the 
largest CvV value was calculated for a mammalian aquaporin (ar/R/LE1-LE2 con-
striction region: Phe-Arg-Tyr-Arg) (572  Å3), while the lowest CvV values were 
found for plant SIP (Ser-His-Gly-Ala) (306  Å3) or protozoan (Ile-Ser-Gly-Ala) 
(312 Å3) aquaporins (Verma et al. 2015). However, the ar/R/LE1-LE2 constriction 
regions Phe-His-Thr-Arg and Trp-Gly-Phe-Arg of the E. coli water-selective (AqpZ) 
and glycerol-selective (AqpF) aquaporins, respectively, exhibit identical CvV val-
ues (413 Å3), so logically it is reasonable to conclude that besides chemical signa-
tures and consequent structural importance of ar/R/LE1-LE2 constriction regions, 
other structural determinants that are not directly interact with solutes may play 
essential roles in solute permeation selectivity (Savage et al. 2010). Nevertheless, it 
might prove advantageous to investigate if additional quantitative parameters 
correlate with the solute permeation selectivity of aquaporins. The role of a cyto-
plasmic constriction, located in the proximity of the cytoplasmic vestibule, is less 
clear based on most structural studies, but this region may operate in a similar man-
ner than that of a periplasmic constriction, regulating solute permeation in an oppo-
site direction.

Further, it has recently been proposed that a specific pattern of residues forming 
ar/R/LE1-LE2 constriction regions and a precise spacing between NPA motifs 
control solute-conducting selectivity in plant aquaporins. A bioinformatics analysis 
of more than 30 aquaporins and experimental measurements of transport rates in X. 
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laevis oocytes (Deshmukh et al. 2015) revealed that permeation of silicic acid was 
confined to aquaporins with the Gly-Ser-Gly-Arg selectivity filter constriction sig-
nature and a precise spacing of 108 residues between NPA motifs. Notably, this 
Gly-Ser-Gly-Arg signature carried a low CvV value (317 Å3).

To determine if an observation that a barley NIP-type aquaporin HvNIP2;1 exerts 
a wide solute selectivity (Schnurbusch et  al. 2010) can be linked to its specific 
sequence and structural features, we conducted the bioinformatics analyses of 75 
mono- and dicotyledonous representative sequences of NIP aquaporins (Fig. 2a). 
These entries (Table 1) formed three independent clades NIP-I, NIP-II and NIP-III 

Table 1  The names and GenBank/NCBI accession numbers of 75 nodulin 26-like intrinsic 
proteins (NIPs) from listed plant species that were used in phylogeny reconstruction (cf. Fig. 2)

Name in the tree Accession number Species

AtNIP1-1 CAA16760.2 Arabidopsis thaliana

AtNIP1-2 NP_193626.1 Arabidopsis thaliana

AtNIP2-1 NP_180986.1 Arabidopsis thaliana

AtNIP3-1 NP_174472.2 Arabidopsis thaliana

AtNIP4-1 NP_198597.1 Arabidopsis thaliana

AtNIP4-2 NP_198598.1 Arabidopsis thaliana

AtNIP5-1 NP_192776.1 Arabidopsis thaliana

AtNIP6-1 NP_178191.1 Arabidopsis thaliana

AtNIP7-1 NP_566271.1 Arabidopsis thaliana

BdNIP1-1 XP_003571857.1 Brachypodium distachyon

BdNIP2-1 XP_003570658.1 Brachypodium distachyon

BdNIP2-2 XP_003564051.1 Brachypodium distachyon

BdNIP3-3 XP_003574178.1 Brachypodium distachyon

BrNIP4-3 XP_009140163.1 Brassica rapa

BrNIP5-1 XP_009134192.1 Brassica rapa

CclNIP1-1 XP_006430637.1 Citrus clementine

CclNIP2-1 ESR44391.1 Citrus clementine

CclNIP3-2 XP_006434369.1 Citrus clementine

CsNIP1-4 KDO63097.1 Citrus sinensis

CsNIP2-1 XP_006482598.1 Citrus sinensis

CsNIP3-2 XP_006472916.1 Citrus sinensis

EgNIP1-2 XP_010915460.1 Elaeis guineensis

EgNIP3-4 XP_010933763.1 Elaeis guineensis

FvNIP1-1 XP_004309621.1 Fragaria vesca

FvNIP2-1 XP_004304304.1 Fragaria vesca

FvNIP3-3 XP_004309493.1 Fragaria vesca

GmNIP1-2 XP_003518381.1 Glycine max

GmNIP2-1 XP_003534451.1 Glycine max

GmNIP3-1 XP_003547292.1 Glycine max

HvNIP2-1 BAH24163 Hordeum vulgare

MaNIP1-1 XP_009404528.1 Musa acuminate

MaNIP2-1 XP_009381416.1 Musa acuminate

(continued)

﻿Structural Basis of the Permeation Function of Plant Aquaporins



14

Table 1  (continued)

Name in the tree Accession number Species

MaNIP2-2 XP_009401397.1 Musa acuminate

MaNIP2-3 XP_009419139.1 Musa acuminate

MaNIP2-4 XP_009403165.1 Musa acuminate

MaNIP3-2 XP_009388143.1 Musa acuminate

OsNIP1-1 NP_001046375.1 Oryza sativa

OsNIP2-1 NP_001048108.1 Oryza sativa

OsNIP2-2 BAF19121.1 Oryza sativa

OsNIP3-1 Q0IWF3.2 Oryza sativa

PpNIP5-1a XP_001754375.1 Physcomitrella patens

PpeNIP1-3 XP_007216120.1 Prunus persica

PpeNIP2-1 XP_007216227.1 Prunus persica

PpeNIP3-2 XP_007209472.1 Prunus persica

PtNIP1-4 XP_006372594.1 Populus trichocarpa

PtNIP2-1 XP_002324057.1 Populus trichocarpa

PtNIP3-3 XP_002298990.1 Populus trichocarpa

PtNIP3-4 XP_002317642.1 Populus trichocarpa

RcNIP1-4 XP_002532963.1 Ricinus communis

RcNIP2-1 XP_002534417.1 Ricinus communis

RcNIP3-1 XP_002518973.1 Ricinus communis

SbNIP1-1 XP_002453573.1 Sorghum bicolor

SbNIP2-1 XP_002454286 Sorghum bicolor

SbNIP2-2 XP_002438105.1 Sorghum bicolor

SbNIP3-4 XP_002464380.1 Sorghum bicolor

SiNIP2-1 KQL31494.1 Setaria italic

SiNIP2-2 KQL10018.1 Setaria italic

SiNIP3-1 XP_004982621.1 Setaria italic

SlNIP1-4 BAO18645.1 Solanum lycopersicum

SlNIP2-1 NP_001274283.1 Solanum lycopersicum

SlNIP3-2 NP_001274288.1 Solanum lycopersicum

SmNIP3-1 XP_002976312.1 Selaginella moellendorffii

SmNIP5-1 XP_002962550.1 Selaginella moellendorffii

StNIP1-4 XP_006344325.1 Solanum tuberosum

StNIP3-2 NP_001274996.1 Solanum tuberosum

TaNIP2-1 ADM47602 Triticum aestivum

VvNIP1-4 CBI33542.3 Vitis vinifera

VvNIP2-1 XP_002278054.2 Vitis vinifera

VvNIP3-2 XP_002276319.1 Vitis vinifera

ZmNIP1-1 AFW77428.1 Zea mays

ZmNIP2-1 ACF79677.1 Zea mays

ZmNIP2-2 ABF67956.1 Zea mays

ZmNIP2-3 ACG28405.1 Zea mays

ZmNIP2-4 AAK26849.1 Zea mays

ZmNIP3-3 NP_001105021.1 Zea mays
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with different selectivity filter signatures (Mitani et al. 2008; Ma and Yamaji 2015). 
Members of the NIP-I clade contain Trp-Val-Ala-Arg (WVAR) and Trp-Ile-Ala-Arg 
(WIAR) motifs, and the NIP-II members have Ala-Ile-Ala-Arg (AIAR), Ala-Ile-
Gly-Arg (AIGR) and Ala-Val-Gly-Arg (AVGR) signatures. All NIP-III members, to 
which the barley NIP-type aquaporin HvNIP2;1 belongs, carry an absolutely 
conserved Gly-Ser-Gly-Arg (GSGR) signature in their selectivity filters (Fig. 2a in 
green). In this analysis, we further divided members of NIP-III into two sub-clades, 
α-sub-clade 1 and α-sub-clade 2 (highlighted in two lighter shades of grey) contain-
ing monocotyledonous members, and β-sub-clade (highlighted in darker grey) with 
dicotyledonous sequences. This suggested that the monocot α-sub-clade has diver-
sified during evolution from the dicot β-sub-clade (Fig. 2a). However, it remains to 
be established if this clear diversification of selectivity filter motifs can be correlated 
with a solute permeation specificity of individual aquaporins, classified in specific 
clades or sub-clades.

4.5  �Chemical Filtering of Solutes, Barriers for Ion or Proton 
Conductance Through the Pores of Monomers 
and Significance of NPA Signatures

It has been suggested, based on crystallographic analyses (Murata et al. 2000; Lee 
et  al. 2005; Ho et  al. 2009; Savage et  al. 2010) and corroborated by molecular 
dynamics simulations (Tajkhorshid et  al. 2002), that two NPA motifs provide a 
blocking mechanism against the passage of H+ and other ions. This mechanism is 
based on a unique role of Asn residues in the pore, whereby each Asn operates as a 
hydrogen bond donor that has the ability to polarise the orientation of central water 
molecules (Savage et al. 2010). In other words, NPA motifs with the macro-dipoles 
of neighbouring re-entrant α-helices have the ability to flip the dipole moments of 
water molecules at the centre of conducting pores and to disrupt a single-file chain 
of water molecules, thus preventing proton conductance through the Grotthuss 
mechanism (Agmon 1995). Dipole moments and electrostatic potentials of charged 
ions or protons also ensure that these would experience repulsive forces from many 
more accessible carbonyl oxygen atoms lining the inner regions of vestibules, selec-
tivity filters and pore regions.

To assure that chemical filtering of solutes is in place, and barriers against ion or 
proton conductance through monomer pores are operating, a series of hydrogen bond 
donor carbonyls and other groups pre-align or preselect solute molecules in vestibules 
that may later be caught in the aquaporin pores. It is assumed that these solutes have 
already shed their water molecules (Harries et al. 2004; Sui et al. 2001; Ho et al. 2009). 
A relatively stronger hydrophobicity of vestibules in non-water-conducting aquapo-
rins should improve transport rates of solutes that contain hydrophobic components, 
and correspondingly the more hydrophilic vestibules of canonical aquaporins would 
favour the preselection of water molecules (Sui et  al. 2001; Savage et  al. 2003;  
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Ho et al. 2009). It has further been proposed that these vestibules are sites for the ener-
getically unfavourable shedding of hydration shells of water molecules from certain 
solutes during de-solvation, as well as for the increase of effective solute concentra-
tions near the entry into the pore regions (Harries et al. 2004). However, the structural 
analyses of aquaporin vestibules revealed that central pores operate with a different 
molecular mechanism. The average distance between water molecules is minimal in 
the pore (forming a single-file water structure) because of a very high hydrophobicity, 
while the opposite was found to be true for the vestibule regions of aquaporins, where 
water adopts a bulk-like state (Han et al. 2015). Based on this premise, it was sug-
gested that the vestibule regions could be effective drug design targets, as these regions 
are the sites for initial recruitment of solutes and may control their concentrations (Ho 
et al. 2009; Han et al. 2015). This approach could be tested using aquaporin homology 
models, based on structural data for closely related experimental structures, to solve 
the mechanistic problems of aquaporin solute selectivity and for in silico drug design.

4.6  �Ion Conductance Through a Central Pore of Tetramers

While conductance of water or other neutral solutes through the central tetrameric 
pore has been excluded, due to its hydrophobic nature (Fu et al. 2000; Murata et al. 
2000), a controversy prevails as to whether a central tetrameric pore conducts ionic 
species. The reason for this is that the central pore in some aquaporins may be up to 
10 Å wide, considerably larger than, for example, the pore in the tetrameric KcsA 
potassium ion channel (Anderson et al. 1992). It was suggested that a central pore 
may serve as a potential path for ion permeation (Yool et al. 1996; Fu et al. 2000). To 
this end, the ion conductivity for a central pore in a human aquaporin has been pro-
posed (especially after cGMP activation), and a proof-of-concept for this hypothesis 
was supported by molecular dynamics simulations and ion transport measurements 
in X. laevis oocytes (Yu et al. 2006). Notably, through molecular dynamics simula-
tions, cGMP was found to interact with Arg-rich cytoplasmic loop D facilitating its 
outward movement, which was hypothesised to open a cytoplasmic gate and mediate 
ion conductance. Further, a homo-tetrameric plasma and inner chloroplast mem-
brane PIP2;1 aquaporin from Nicotiana tabacum facilitated CO2 but did not perme-
ate water (Uehlein et al. 2008). These authors hypothesised that CO2 could permeate 
through a central (so-called fifth) pore (Otto et al. 2010). The previous findings were 
confirmed by Wang et al. (2016), who showed that Arabidopsis PIP2;1 permeated 
CO2, and served as a key interactor of the carbonic anhydrase βCA4. Importantly, 
these authors established that extracellular CO2 signalling was linked to a SLAC1 
ion channel regulation upon co-expression of PIP2;1, βCA4, SLAC1 and protein 
kinases. No molecular dynamics simulation studies have yet been performed on CO2 
transport. In summary, the question of whether the central tetrameric pore conducts 
ionic species or CO2 is still highly contentious. This pathway must be more thor-
oughly investigated for its ion-conducting activity, at least in aquaporins in which 
the properties of the central pore are predicted to be conducive for this function.
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4.7  �Mutational Studies to Alter Transport Selectivity and Rates

One rapid way to investigate solute selectivity, modify transport rates, is to intro-
duce variations in sequences (Jung et al. 1994; Jahn et al. 2004; Bienert et al. 2013; 
Hayes et al. 2013; Kirscht et al. 2016) and integrate both transport functional and 
structural observations. For over more than 20 years of this research, significant 
information has been gained based on the studies of wild-type and variant plant of 
aquaporins.

Several point mutations (His180Ala/Arg196Ala and Phe56Ala/His180Ala) in 
the ar/R/LE1-LE2 selectivity filter of a human water-specific aquaporin 1 allowed 
conversion of this orthodox water-permeable aquaporin into a more multifunctional 
aquaporin, permeating other solutes such as urea, glycerol and ammonia. These 
variations increased the maximal diameter of the constriction of the ar/R/LE1-LE2 
selectivity filter by threefold (Beitz et al. 2006). However, surprisingly the Arg196Val 
substitution (removal of a positive charge from Arg196) allowed proton passage in 
both directions. Further, Beitz and co-authors (2006) established that protons did 
not permeate according to the Grotthuss mechanism and concluded in accordance 
with Zeuthen et  al. (2013) that the electrostatic proton barrier in aquaporins 
depended on both NPA and ar/R/LE1-LE2 constrictions. These findings and those 
of Hub and de Groot (2008) based on molecular dynamics simulations imply that 
the ar/R region does not preclude water conductance but affects uncharged solutes 
conductance, emphasising the importance of the ar/R/LE1-LE2 residues for channel 
selectivity.

On the other hand, when three selectivity filter signature residues (Phe43Trp/
His174Gly/Thr183Phe) of the glycerol-permeating E. coli aquaporin (AqpF) were 
introduced into its water-conducting counterpart (AqpZ), there was no increase in 
glycerol conductance, although a decrease of water permeability was recorded in 
both reciprocally mutated aquaporins (Savage et  al. 2010). Notable observations 
were reported by Liu et al. (2005), who in a rat anion-selective aquaporin 6 substi-
tuted Asn for Gly in α-helix 2. This mutation resulted in the elimination of anion 
permeability but also led to elevated water transport when variant proteins were 
expressed in X. laevis oocytes. These observations indicated that each aquaporin is 
structurally unique and that simple variations of selectivity filter residues may not 
result in an altered solute selectivity. To proceed forward with designing a desired 
solute selectivity of aquaporins, one needs to integrate multifaceted knowledge of 
bioinformatics, molecular modelling and classical molecular dynamics.

Ma and co-workers (2008) investigated the substrate specificity of a rice aquapo-
rin NIP2;1 using X. laevis and Saccharomyces cerevisiae cells. They isolated two 
alleles, whereby the allele lsi2-1 had lower accumulation of toxic arsenious acid 
than the allele lsi2-2 but a higher silicic acid uptake (see also chapter “Plant 
Aquaporins and Metalloids”). These metalloids differ by 0.62  Å in their atomic 
radii (Fig. 3), and thus it is conceivable to think that protein variants with different 
transport rates of essential (silicic acid) and toxic (arsenious acid) metalloids could 
in principle be engineered. Comparison of sequences indicated that Thr342 could be 
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mutated to Arg in lsi2-2 that was positioned in the membrane H6 (topology explained 
in Fig. 1) and not in the pore region of the lsi2-2 protein. This study was extended 
by Mitani-Ueno et al. (2011), who investigated whether ar/R/LE1-LE2 filter and 
NPA motifs could be altered to influence the solute transport selectivity of rice 
NIP2;1 preferring silicic over boric acid, and conversely that of Arabidopsis NIP5;1 
with a reversed substrate selectivity. Both proteins also permeate arsenious acid and 
thus this study also carries biotechnological significance. The individual changes in 
rice NIP2;1 at the ar/R/LE1 positions did not alter transport of metalloids; however, 
the H5 mutation led to a loss of transport activity of both metalloids. Conversely, 
mutations in Arabidopsis NIP5;1 did not restore transport of silicic acid, and double 
mutations in H2 and H5 did not affect transport of arsenious acid. Further, Hayes 
et  al. (2013) performed targeted mutagenesis of the specific residues within the 
ar/R/LE1-LE2 selectivity filter in barley NIP2;1 to alter its metalloid solute selectiv-
ity. Two of the mutations in the H2 position Gly88Ala and Gly88Cys showed a 
growth restoration in the presence of boric (smallest atomic radius, Fig. 3) and ger-
manic (largest atomic radius) acids; nevertheless, the growth inhibition on arsenious 
acid (the second smallest atomic radius from the four metalloids) was preserved. 
These observations suggested that although mutations altered the substrate specific-
ity of barley NIP2;1, metalloid permeation seemed to be controlled by other factors 
than simply by atomic radii of solutes. Potential controlling factors may entail dif-
ferences in de-solvation rates within the vestibule regions of aquaporins prior to 
interactions with ar/R/LE1-LE2 selectivity filter residues or differences in overall 
interaction modes of metalloids with aquaporin molecules. These hypotheses can be 
tested using molecular dynamics simulation experiments.

Molecular sizes of metalloids:

B  (OH)3 3.43 Å

As(OH)3 3.57 Å

Si (OH)4 4.19 Å

Ge(OH)4 4.48 Å

B(OH)3 Si(OH)4 As(OH)3 Ge(OH)4

B
Si As

Ge

Fig. 3  Structures and atomic radii of metalloid molecules of boric acid [B(OH)3], silicic acid 
[Si(OH)4], arsenious acid [As(OH)3] and germanic acids [Ge(OH)4] that are known to be trans-
ported by the members of an α-sub-clade of NIP-III aquaporins from monocotyledonous plants. 
Structures are shown in stick representations. The dimensions of atomic radii are given in Å
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The observations outlined above further extend a suggestion that ar/R/LE1-LE2 
selectivity filter properties alone do not control solute selectivity of aquaporins and 
that other structural elements that do not directly interact with solutes may play 
essential roles in solute permeation specificity (Savage et al. 2010).

Another alternative to identify variations in protein sequences of aquaporins is to 
search for natural variation in cultivars that have precisely adapted to specific or 
stress-affected environments. These types of studies are just beginning to appear 
with aquaporins and other transport systems (e.g. Pallotta et al. 2014). The question 
then arises as to whether the responses of natural variants for specific stresses, such 
as drought or mineral toxicity, have already been optimised in crop and other plants 
through a long history of selection of native variants or are there still opportunities 
for a significant gain through allelic mining (Langridge et al. 2006). Although the 
information on natural variation of aquaporins and other transport systems involved 
in drought or other biotic and abiotic stresses is scarse, a few landmark studies have 
appeared (Pallotta et al. 2014; Hayes et al. 2015; Nagarajan et al. 2016).

5  �Gating Mechanisms of Aquaporins Induced by pH, Cation 
Binding and Phosphorylation or Lengths of Loops 
and Mutational Studies

The concept of gating in plant aquaporins was proposed long before (Tyerman et al. 
1989; Azaizeh et  al. 1992; Tyerman et  al. 1999; Yool and Weinstein 2002) both 
states, i.e. open and closed, of any aquaporin were elucidated at the atomic levels. 
Later both states of the spinach aquaporin (Fig. 1c) were defined at atomic levels in: 
(i) closed states at pH 8.0 (PDB ID: 1Z98; Tornroth-Horsefield et al. 2006) and pH 
6.0 (PDB ID: 4IA4; Frick et al. 2013a, b) and (ii) an open state (PDB ID: 2B5F; 
Törnroth-Horsefield et al. 2006). Further, a so-called stochastic model of osmotic 
water transport was suggested, based on testing of a range of channel sizes and 
geometries of human aquaporins and their mutants (Zeuthen et  al. 2013); this 
knowledge can directly be linked to the concept of gating.

Two groups of mechanisms that appear to be conserved in plant aquaporins are 
known to facilitate gating, i.e. the transitions between open and closed states. More 
precisely, the term gating refers to the opened (activated or conductive) and closed 
(deactivated or non-conductive) states, whereby these states represent distinct spa-
tial conformations of the same channel. Here, that conformation interchange results 
in increasing the limiting size of the pore to accommodate solutes. The first group 
of mechanisms of gating includes pH changes, cation binding and post-translational 
phosphorylation (Törnroth-Horsefield et al. 2006; Frick et al. 2013a, b). The second 
group of gating mechanisms is based on loop lengths and their movements (Fischer 
et al. 2009).

The origin of gating was explored in a spinach aquaporin, for which the atomic 
structures of both states are available, using single and double Ser115Glu and 
Ser274Glu phosphorylation mimic variants (Nyblom et  al. 2009). Although all 
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mutants crystallised in a closed conformation, the analysis revealed that neither 
variation mimicked the naturally occurring phosphorylated state of the protein. 
However, combined functional and structural analyses revealed that in the Ser115Glu 
variant, the neighbouring Glu31 significantly moved away from its wild-type posi-
tion, leading to a disruption of the divalent cation (presumed to be Ca2+)-binding site 
that stabilises loop D. These observations highlight the fact that phosphorylation of 
Ser115 could induce structural rearrangements and thus control opening and closing 
states of the pore.

The crystal structures of a spinach aquaporin, which have been obtained in sev-
eral conformational states (a water-closed state at pH 8.0 (Törnroth-Horsefield et al. 
2006) and at pH 6.0 (Frick et al. 2013a, b)), revealed a closing mechanism that in 
the plasma membrane results from a rapid drop of cytosolic pH due to anoxia that 
occurs during flooding (Tournaire-Roux et  al. 2003). The closing mechanism is 
assumed to involve the interaction of the conserved pH-sensitive His193 residue on 
cytosolic loop D with the divalent cation (presumed to be Ca2+)-binding site. Here, 
in a protonated state, His adopts an alternative rotameric state and interacts with 
Asp28 that resides on a short N-terminal α-helix. This closing mechanism is also 
maintained by dephosphorylation of a closely positioned Ser115 residue on loop B 
(Frick et al. 2013a, b).

These observations, based on structural analyses of a wild-type and variant spin-
ach aquaporins, indicate that gating mechanisms are linked to movements of loops 
B and D, post-translational phosphorylating events of Ser residues, protonation 
states of a His residue and the involvement of a divalent cation-binding site 
(Törnroth-Horsefield et al. 2006). These studies emphasise the control of gating by 
several concurrent events to open and close a solute-conducting pore (Nyblom et al. 
2009; Frick et al. 2013a, b).

The second group of gating mechanisms is based on loop lengths and their 
movements alone and was revealed for the first time using the full-length and trun-
cated forms of the yeast aquaporin Aqy1 from Pichia pastoris, resolved to 1.15 Å 
(Fischer et al. 2009). Structural data revealed that the pore of the Aqy1 aquaporin 
was closed by its own N-terminus. Here, Tyr31 formed a hydrogen bond to a water 
molecule and the backbone oxygen atoms of nearby Gly residues, located in the 
vicinity of the pore, consequently obstructing the cytoplasmic entrance to the pore. 
Additional mutational studies combined with molecular dynamics simulations sug-
gested that water flow through the pore may be regulated by specific arrangements 
of post-translational regulation sites by phosphorylation and also by mechanosensi-
tive gating. The latter gating could also be related to highly curved membrane envi-
ronments, where aquaporins may reside. This was confirmed by molecular dynamics 
simulation, indicating that Aqy1 was regulated by both surface tension and mem-
brane curvature. This type of gating could provide a rapid pressure regulator in 
response to unexpected cellular shock, aiding adaptation and microbial survival 
(Fischer et al. 2009), as well as to plants that employ a turgor pressure (Tyerman 
et al. 1989, 1999).
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6  �The Structural Knowledge of Aquaporins Has Strategic 
Significance in Agricultural Biotechnology, Nano-
biotechnology and Environmental Sciences

Although transport function is central to plants, limited information is available on 
a structural basis of the permeation function of plant aquaporins. These investiga-
tions have so far been largely driven by genetics and physiology, but the knowledge 
of molecular function is required if we are to modify the properties of these trans-
port proteins (Schroeder et al. 2013; Chaumont and Tyerman 2014; Nagarajan et al. 
2016). Further, modifying the properties of aquaporins depends on a detailed mech-
anistic knowledge of their behaviour. Even though many aquaporins have been 
identified, their intrinsic hydrophobic properties made these studies difficult. As of 
May 2016, from 615 unique membrane proteins (http://blanco.biomol.uci.edu/
mpstruc/), only five structures of plant transport proteins are known. These include 
two aquaporins from S. oleracea and A. thaliana, a nitrate transporter and a voltage-
gated two-pore channel from A. thaliana and a SWEET transporter from Oryza 
sativa. Thus, two unique plant aquaporin structures are those of the water-conducting 
SoPIP2;1 aquaporin from S. oleracea (in several conformational states and variant 
forms) and the AtTIP2;1 aquaammoniaporin from A. thaliana (Kirscht et al. 2016).

Surprisingly, limited information is available on solute permeation specificity of 
plant aquaporins, although these data in conjunction with structural information are 
vital strategic tools for modifying their molecular function. We therefore need 
detailed structural data on all subfamilies of plant aquaporins from economically 
important food plants such as wheat, barley, maize and rice that conduct a variety of 
solutes, including those of multi-selective NIPs that have importance in food security 
and safety (Ma et al. 2006; Schnurbusch et al. 2010; Hayes et al. 2013). Targets for 
this knowledge include, for example, improving the nutritional quality and safety of 
plant products for humans, such as exclusion of toxic arsenic from food plants 
(Isayenkov and Maathuis 2008; Kamiya et al. 2009; Li et al. 2011; Hayes et al. 2013; 
Schnurbusch et al. 2010; Xu et al. 2015). Modifying nutrient fluxes is also important 
for protection of plants from excessive accumulation of metalloids such as boric acid, 
which become toxic at high concentrations (Hayes et al. 2015; Nagarajan et al. 2016).

Uncharged ion pairs of mercury, gold, copper and cadmium are also known to per-
turb plant water status (Belimov et al. 2015) and have been reported to be the potent 
inhibitors of aquaporins that operate through cysteine-related mechanisms (Niemietz 
and Tyerman 2002). Heavy metal-induced perturbations of aquaporin function at the 
plant level have been explained by a decrease of both root and shoot hydraulic conduc-
tance, leading to decreasing leaf water potentials and turgor, which may close stomata 
(Zhu et  al. 2005). On the other hand, many aquaporins are mercury insensitive. 
Remarkably Frick et al. (2013a, b) in a spinach aquaporin observed mercury-increased 
water permeability, using a non-cysteine-related mechanism, whereby presumably other 
factors affected the aquaporin; one of them could be the properties of a lipid bilayer.
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Finally, an obvious potential application of aquaporins is in nanotechnology by 
creating stable biomimetic membranes, such as those with embedded robust aqua-
porin folds that have excellent separation performance and permit rapid water diffu-
sion. Hence, a next important application of aquaporins could be in environmental 
sciences, more specifically in water desalination, waste-water recovery and fertil-
iser and soil component retrieval. Application and profitability on an industrial scale 
would require stable and robust aquaporin structures with highly selective perme-
ation functions and rapid transport rates (Wang et al. 2015).
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Heteromerization of Plant Aquaporins

Cintia Jozefkowicz, Marie C. Berny, François Chaumont, and Karina Alleva

Abstract  The discovery of plasma membrane intrinsic protein (PIP) 
heterotetramerization has opened a new field of research. This phenomenon was 
first observed between PIPs belonging to two phylogenetic groups (PIP1 and PIP2) 
with ubiquitous expression in different plant tissues. These isoforms present few 
differences in their primary sequence but show major differences in their functional-
ity when expressed in heterologous systems.

Many reports in recent years shed light on the PIP1 and PIP2 interaction as a 
regulatory mechanism to modulate their trafficking and biological activity. In this 
regard, PIP heterotetramerization has been proposed as a way of achieving a diver-
sification in the water transport capacity and in the control of net solute transport. 
Also, acidification conditions were shown to act as a mechanism to control the 
opening and blockage of these channels in native tissues, and their proton-dependent 
gating can be affected depending on the presence of PIP2 homotetramers or PIP1-
PIP2 heterotetramers in the target membrane.

In the present chapter, we report the state-of-the-art knowledge about PIP het-
erotetramerization in the context of protein oligomerization. We emphasize the 
main experiments that help to understand the existence of some relevant structural 
elements involved in PIP oligomerization and the conditions necessary for these 
hetero-oligomers to occur in the cell.
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1  �Aquaporin Hetero-oligomerization

Protein-protein interactions play diverse roles in biology, and, in particular, protein 
multimerization confers many different functional advantages such us diversifying 
cellular signalling transduction, modulation of biological activity by protein confor-
mational changes, functional diversity and increases in protein stability. 
Multimerization is common among proteins that generally exist in a crowded envi-
ronment where many potential binding partners with different surface properties are 
available. Nooren and Thornton (2003) point out that the specificity for protein-
protein interaction derives mainly from the complementarity of shape and chemistry 
that determine the free energy of binding, but the protein localization also has a role 
to play. Interestingly, despite the fact that there are many protein-protein interactions 
between proteins from different families, interactions are also frequent between pro-
teins belonging to the same family. Many proteins are very specific in their choice of 
partner, assembling as homo- or hetero-oligomers. In the case of homo-oligomers, 
protein interaction occurs between identical protein chains, while, in the case of 
hetero-oligomers, the interaction occurs between non-identical protein chains.

Aquaporins are integral membrane proteins that allow the transport of water and 
non-charged solutes. All aquaporins have six transmembrane helices and N- and 
C-termini located intracellularly. Despite the fact that each aquaporin monomer 
forms a channel with its own pore, they have been shown to adopt a quaternary 
structure organizing mainly as tetrameric homo-oligomers in membranes (see chap-
ter “Structural Basis of the Permeation Function of Plant Aquaporins”). Many mam-
mal aquaporin structures have been resolved, as is the case of AQP1 (Walz et al. 
1994; Murata et al. 2000; Sui et al. 2001; Ruiz Carrillo et al. 2014), AQP0 (Gonen 
et al. 2004; Harries et al. 2004; Palanivelu et al. 2006; Hite et al. 2010), AQP2 (Frick 
et al. 2014), AQP4 (Ho et al. 2009) and AQP5 (Horsefield et al. 2008). The tetra-
meric arrangement was first observed for plant AQPs by cryoelectron microscopy of 
two-dimensional crystals for α-TIP (TIP, tonoplast intrinsic protein) from bean 
(Daniels et al. 1999) and SoPIP2;1 (PIP, plasma membrane intrinsic protein) from 
spinach (Kukulski et  al. 2005). Later, SoPIP2;1 structure was resolved by X-ray 
crystallography of 3D crystals in an open conformation to 3.9 Å resolution and in a 
close conformation to 2.1 Å (Törnroth-Horsefield et al. 2006). More recently, the 
structure of an ammonia-permeable TIP aquaporin (AtTIP1;2) from Arabidopsis 
thaliana was obtained at 1.8 Å resolution (Kirscht et al. 2016).

All of the resolved structures correspond to homotetrameric assemblies despite 
hetero-oligomerization having been described for some family members. Among 
non-plant aquaporins, some cases of hetero-oligomerization have been reported. 
For example, a mutated AQP2 is able to form a hetero-oligomer with the wild-
type form of AQP2 (Sohara et  al. 2006). Also, hetero-oligomerization was 
reported for AQP1, where a non-functional AQP1 mutated in the loop B or E 
forms mixed oligomers with a truncated AQP1 mutant (D237Z) (Jung et al. 1994). 
A striking example of hetero-oligomerization among mammal aquaporins is the 
case of AQP4. This protein exists in two splicing variants, AQP4M1, starting with 
Met1, and AQP4M23, starting with Met23, which can assemble in the plasma 
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membrane as heterotetramers (Lu et al. 1996; Neely et al. 1999). Interestingly, 
AQP4M23 homotetramers alone or together with AQP4M23-AQP4M1 heterotet-
ramers can aggregate into supramolecular structures known as orthogonal arrays 
(OAPs) (Rash et al. 1998; Sorbo et al. 2008; Rossi et al. 2012). It is not clear what 
is the precise function of this kind of AQP clustering, but the predominant local-
ization of OAPs in cells facing a basal lamina and the type of molecules that 
interacts with these aggregates of AQP4 suggest that this channel arrangement 
may be involved in establishing and maintaining cell polarity (Wolburg et  al. 
2011). Interestingly, the difference in the ability to form OAPs between AQP4M23 
and AQP4M1 seems to be due to a specific amino acid sequence located in the 
native N-terminus (Hiroaki et al. 2006).

In contrast to the reported cases of hetero-oligomerization of mammal aquapo-
rins, where the assembly was obtained by the interaction of different aquaporin 
splicing variants or between a wild-type AQP and its mutated versions, plant PIP 
aquaporins have the particularity of forming hetero-oligomers that include different 
PIP isoforms.

It has been described that proteins that are part of complexes tend to evolve at a 
relatively slow rate in order to improve the co-evolution with their interacting part-
ners (Mintseris and Weng 2005). Interestingly, the molecular phylogenetic profiling 
of AQPs from nine genomes of flowering plants has shown that the PIP subfamily 
has a low evolutionary rate (Soto et al. 2012); this high evolutionary constraint may 
be due to a functional constraint related to the physical interaction that occurs 
between different members of the PIP subfamily. In the following sections, the state-
of-the-art knowledge of PIP heterotetramerization will be presented and discussed.

2  �Plant Plasma Membrane Intrinsic Proteins (PIP): 
The Paradigmatic Case for Hetero-oligomerization 
of Aquaporins

The first step in the study of the biological activity of PIP aquaporins consists in water 
transport assays by expressing them in a heterologous system such as Xenopus laevis 
oocytes (Preston et al. 1992). Intriguingly, while PIP isoforms belonging to the PIP2 
group are able to reach the oocyte plasma membrane as functional oligomers to 
increase the osmotic water permeability coefficient (Pf) of the membrane, most PIP1 
isoforms do not (Fetter et al. 2004; Sakurai et al. 2005; Bellati et al. 2010). Only a few 
cases of functional PIP1 facilitating water diffusion when expressed alone in oocytes 
have been reported (Tournaire-Roux et al. 2003; Suga and Maeshima 2004; Zhang 
et al. 2007). The lack of water transport activity when PIP1 cRNA is injected into the 
oocytes was first interpreted as PIP1 being inactive or having very low water perme-
ability (Daniels et al. 1994; Yamada et al. 1995; Weig 1997; Johansson et al. 1998; 
Biela et al. 1999; Chaumont et al. 2000; Marin-Olivier et al. 2000; Moshelion et al. 
2002). However later on, it was demonstrated that most PIP1 proteins fail in reaching 
the oocyte plasma membrane but are retained in intracellular compartments (Fetter 
et al. 2004; Bienert et al. 2012; Jozefkowicz et al. 2013; Yaneff et al. 2014).
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Interestingly, Fetter and co-workers (2004) showed that if maize ZmPIP1;2 is co-
expressed with ZmPIP2;1, ZmPIP2;4 or ZmPIP2;5, an increase in Pf, which is depen-
dent on the amount of ZmPIP1;2 cRNA injected, is observed compared to the Pf of 
oocytes injected with ZmPIP2;5 cRNA alone (Fetter et al. 2004). Moreover, confocal 
microscopy analysis of oocytes expressing ZmPIP1;2-GFP alone or ZmPIP1;2-GFP 
plus ZmPIP2;5 showed that the amount of ZmPIP1;2-GFP present in the plasma 
membrane is significantly higher in co-expressing cells. A physical interaction was 
proposed to explain these results. Nickel affinity chromatography purification of 
ZmPIP2;1 fused to a histidine tag leads to the co-elution of ZmPIP1;2-GFP demon-
strating the physical interaction of both channels. Also, immunoprecipitation experi-
ments provided additional evidence for the association of ZmPIP1;2 and ZmPIP2;1 
in vivo in maize roots and in suspension cells in the absence of any PIP overexpres-
sion. Finally and importantly, when co-expressed in maize protoplasts with ZmPIP2, 
ZmPIP1 proteins, which are retained in the endoplasmic reticulum (ER) when 
expressed alone, are re-localized to the plasma membrane (Zelazny et al. 2007).

All of these data demonstrated for the first time that some PIP1 requires a PIP2 
partner to reach the plasma membrane. Thus, PIP1-PIP2 interaction is relevant for 
trafficking and re-localization of PIP1 proteins to the plasma membrane as a conse-
quence of their physical interaction with some PIP2s. A similar conclusion was later 
drawn in epidermal cells of transgenic Arabidopsis roots (Sorieul et al. 2011). So, 
as a consequence of the physical interaction with PIP2 proteins, PIP1s are correctly 
targeted to the plasma membrane; otherwise, these PIP1s remain retained in the 
ER. The observation that PIP1 plasma membrane localization relies on the con-
comitant presence of PIP2s was extended to many PIP2/PIP1 pairs from several 
plant species and has been observed in plants, oocytes and yeast expression systems 
(Zelazny et al. 2007; Mahdieh et al. 2008; Vandeleur et al. 2009; Alleva et al. 2010; 
Bellati et al. 2010; Otto et al. 2010; Ayadi et al. 2011; Bienert et al. 2012).

Though most PIP1-PIP2 pairs studied can functionally interact (the oocyte Pf 
increases when they are co-expressed) by physical interaction (contacts between 
both channels that promote PIP1 re-localization), it is worth mentioning that there 
are some exceptions. For instance, the co-expression of ZmPIP1;1 with ZmPIP2;5 
does not result in a Pf increase greater than the Pf measured after the expression of 
ZmPIP2;5 alone, indicating that ZmPIP1;1 does not functionally interact with 
ZmPIP2;5  in Xenopus oocytes (Fetter et al. 2004). Also, BvPIP2;1 is not able to 
functionally interact with BvPIP1;1 (Jozefkowicz et al. 2013). Additionally, in this 
subset of noninteracting plant aquaporins should be included the pairs OsPIP2;3/
OsPIP1;3 (Matsumoto et  al. 2009) and PvPIP2;3/PvPIP1;1 (Zhou et  al. 2007). 
While in most cases it is still not clear which are the structural differences between 
these noninteracting PIP1 and PIP2 pairs and the interacting pairs, in the case of 
BvPIP2;1, it was shown that the first extracellular loop (named loop A) could be 
responsible for the lack of interaction with BvPIP1;1 (Jozefkowicz et  al. 2013). 
Furthermore, while the finding of PIP2 and PIP1 forming hetero-oligomeric assem-
blies has been prevalent, hetero-oligomerization between different PIP2 and differ-
ent PIP1 isoforms has also been demonstrated, such as ZmPIP2;6 with ZmPIP2;1 
(Cavez et al. 2009) and ZmPIP1;1 with ZmPIP1;2 (Fetter et al. 2004).
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Interestingly, the amino acid identity between the PIP1 and PIP2 isoforms is 
quite high (~80  %), with the main differences located at the C- and N-terminal 
domains and the loop A. However, this high percentage identity between paralogues 
is not due to the recent emergence of them, since PIP1 and PIP2 subfamilies sepa-
rated long before the divergence of monocots and dicots occurred; indeed, PIPs 
representative of the PIP1 and PIP2 groups are found in the moss Physcomitrella 
patens (Danielson and Johanson 2010). The high identity between PIPs can be due 
to a high evolutionary and functional constraint of this subfamily (Soto et al. 2012).

3  �Structure-Function Relationships in PIP 
Hetero-oligomerization

The precise way in which PIP1 and PIP2 interact is not yet fully elucidated, but 
strong experimental evidence is emerging and shedding light on this issue. The 
results obtained by the co-expression of the PIP1 and PIP2 channels, obtained in the 
first research stages on this topic, were compatible with protein complexes formed 
either by interactions between different PIP homotetramers or by interactions 
between different PIP monomers organized within an heterotetramer. Over the years 
the terms ‘hetero-oligomer’ and ‘heterotetramer’ were both used in the research 
literature, and many times they were even taken as synonymous. Recently, some 
experimental data indicated that PIP1 and PIP2 co-assemble in heterotetramers (dif-
ferent monomers interacting within the same tetramer). Still, even though the high 
sequence identity among all the PIP clusters explains the possibility that PIP1 and 
PIP2 assemble together into the same tetramer, as if they were almost ‘identical’ 
molecules, not all of the PIP1-PIP2 pairs follow this behaviour. Indeed, site-directed 
mutagenesis experiments together with crystallography and molecular modelling 
revealed the existence of some crucial structural elements involved in PIP oligomer-
ization that can also control hetero-oligomerization.

3.1  �Loop A

The prevalent role of the loops in protein function is due to their flexibility and 
location on the surface of the protein. Besides their role in protein function, intra- 
and extracellular loops are also important as structural elements mediating protein 
interactions, especially in membrane proteins. In particular, for PIP aquaporin 
oligomers, the first extracellular loop A has been reported as mediating the interac-
tions between different monomers within a tetramer. Indeed, a highly conserved 
cysteine residue and the hinge connecting the first transmembrane domain (TM1) to 
the loop A have a relevant role in tetrameric organization (Bienert et  al. 2012; 
Jozefkowicz et al. 2013). Early observations by Barone and co-workers (1998) pro-
vided experimental evidence that Beta vulgaris PIP dimers are connected by a 
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disulphide bridge. In the SoPIP2;1 tetrameric structure, the position of the 
C-terminus of helix 1 and the N-terminus of helix 2 orients the loop A towards the 
fourfold centre of the tetramer (Kukulski et al. 2005). In this configuration, the near-
ness of the four-loop A cysteines suggested the formation of a disulphide bond 
between two monomers (Kukulski et  al. 2005). In accordance with these data, 
molecular dynamic simulation (MDS) of BvPIP2;1 also showed that the position of 
loop A is oriented towards the centre of the tetramer, with each of the four loops A 
being flexible parts of the monomers but having a different solvation pattern and 
different movement along the MDS (Jozefkowicz et al. 2013).

The demonstration of the existence of a disulphide bond linking the loops A of 
two monomers was conducted by Bienert et al. (2012) and showed that this disul-
phide bond is not an artefact of the sample preparation but that they occurred in 
plant cells. Interestingly, mutation of the loop A cysteine residue does not alter the 
water channel activity of PIP1 or PIP2  in homo- or heterotetramers, 
hetero-oligomerization or trafficking to the plasma membrane but does modify its 
mercury sensitivity (Bienert et al. 2012). Incubation of oocytes expressing ZmPIP2;5 
alone with HgCl2, a well-known aquaporin inhibitor, leads to a decrease in the Pf. 
However, the Pf of oocytes co-expressing ZmPIP1;2Cys85Ser and WT ZmPIP2;5 or 
ZmPIP2;5Cys75Ser is not inhibited in response to HgCl2 treatment, indicating that 
when ZmPIP2;5 is co-expressed with ZmPIP1;2Cys85Ser, ZmPIP2;5 becomes 
Hg2+ insensitive. This data suggests that the loop A cysteine of ZmPIP1;2 is involved 
in the mercury sensitivity of hetero-oligomers and indicates that the conformational 
arrangement of the PIP2 monomers in the PIP1-PIP2 hetero-oligomers is different 
from that in the PIP2 homo-oligomers (Bienert et al. 2012). These data point to the 
potential functional and conformational interaction between PIP1 and PIP2  in 
hetero-oligomer complexes mediated by the loop A structure (Bienert et al. 2012). 
The presence of a disulphide bridge could affect the stability of the tetramers in 
some conditions, but this process needs to be investigated in more detail. The results 
obtained for BvPIP2;1, a PIP2 unable to interact with BvPIP1;1 and presenting non-
conserved amino acid residues in the N-terminus of the loop A, are in accordance 
with this hypothesis (Jozefkowicz et al. 2013). The mutation of non-conserved loop 
A residues (NETD) of BvPIP2;1 promoted the recovery of its interaction with 
BvPIP1;1, resembling the PIP2-PIP1 classical interaction (Jozefkowicz et al. 2013). 
In agreement, Hayward and Kitaos (2010) stress the importance of the first and last 
residues of the protein loops, remarking that this constraint might influence the 
dynamical behaviour of the loop.

Altogether, these data are strong evidence for an important role of the loop A in 
controlling the interactions between contiguous monomers in PIP homo- or 
heterotetramers.

3.2  �Loop E

In all aquaporins, loops B and E containing the NPA motif (asparagine, proline, 
alanine) form half transmembrane helices that fold into the channel from opposite 
sides of the membrane. This creates a seventh transmembrane helix, with the NPA 
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motifs located at the centre of the pore (Jung et  al. 1994; Murata et  al. 2000; 
Törnroth-Horsefield et al. 2006).

Early studies on AQP1 suggested that loop E together with loop B is not only 
involved in water permeation through the pore but is also critical for the tetrameric 
assembly of the channel (Jung et al. 1994; Mathai and Agre 1999). Later, a muta-
tional analysis conducted in plant aquaporins demonstrated the important role of the 
C-terminal part of loop E in the interaction of PIP monomers (Fetter et al. 2004). To 
explore the reason for the different behaviour of ZmPIP1;1 and ZmPIP1;2 regarding 
their functional interaction with ZmPIP2;5 in Xenopus oocytes, a ZmPIP1;1 mutant 
containing the loop E of ZmPIP1;2 (named ZmPIP1;1LE) was constructed (Fetter 
et al. 2004). The replacement of the loop E of ZmPIP1;1 by that from ZmPIP1;2 
modifies the behaviour of the protein when co-expressed with ZmPIP2;5: a positive 
synergistic effect on the Pf is observed, while it is absent with the WT ZmPIP1;1 
(Fetter et al. 2004). The molecular explanation of this functional observation arises 
from ZmPIP1;1LE MDS, which shows a different position of the loop in 
ZmPIP1;1LE affecting the structure of the pore. This conformational change in loop 
E is proposed to affect the structure of the semi-helix E and the TM6, which can in 
turn impact the oligomerization of this protein (reviewed in Chaumont et al. 2005). 
However, it was not shown whether loop E from ZmPIP1;2 is required for ZmPIP1;1 
interaction with ZmPIP2;5 or only for the activation of ZmPIP1;1 water channel 
activity. Similarly, exchanging the loop E of GlpF, a bacterial glycerol facilitator of 
the MIP/aquaporin family, with loop E of the insect AQPcic, alters either oligomer 
assembly or tetramer stability (Duchesne et al. 2002). Other evidence supporting 
the involvement of the aquaporin loop E in oligomerization is the crystallographic 
and molecular modelling data, showing that TM5 participates in the interactions 
between monomers within the tetramer and can affect the spatial positions of loops 
B and E in AQP1 and GlpF (Ren et al. 2000; Murata et al. 2000; Fu et al. 2000; 
Jensen et al. 2001). Moreover, in mammal AQPs, functional analyses of AQP0-AQP2 
chimeras have demonstrated that stability of loop E is crucial for the channel activ-
ity (Kuwahara et al. 1999; Suga and Maeshima 2004).

3.3  �Transmembrane Domains

In addition to the loops, the TM domains from neighbour monomers interact within 
a tetramer. In AQP1, TM1 and TM2 interact with TM4 and TM5 of an adjacent 
monomer by coiled-coil interactions in a left-handed fashion (Murata et al. 2000). 
This type of interaction is common to tightly pack structures, thanks to van der 
Waals interactions between side chains of close residues. In addition, hydrogen 
bonds between TM1 and TM5 or between TM2 and TM4 stabilize the structure. The 
role of specific TM amino acid residue in oligomerization is still unknown, but 
some TM residues have been shown to turn an inactive PIP1 into an active one with-
out any co-expression in oocytes. It is the case of substitutions in the rice OsPIP1;1 
and OsPIP1;3 (A103V and A102V, respectively) that allowed an increase in water 
channel activity for non-functional PIP1 isoforms (Zhang et al. 2010). In this work, 
the authors identified by homology modelling and mutagenesis one residue in TM2 
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of OsPIP1;3 located at the interface between monomers that induced upon mutation 
a change of conformation within the pore. Indeed, a change of orientation of Ile101 
was caused by the substitution of Ala102 into Val and allowed the widening of the 
constriction region within the pore.

Comparative modelling on the basis of SoPIP2;1 X-ray structure was used to 
build heterotetramers containing ZmPIP1;2 and ZmPIP2;5 and identify amino acid 
residues in the TM domains that putatively interact at the interfaces between mono-
mers (Berny et al. 2016). Mutational analysis of these residues showed single resi-
due substitution that either inactivates ZmPIP2;5 (W85A, F92A and F210A) or 
activates ZmPIP1;2 (Q91L and F220A) without affecting their interaction when 
express in Xenopus oocytes. Interestingly, the activating F220A mutation in TM5 of 
ZmPIP1;2 inactivates, at the same time, the water channel activity of the interacting 
ZmPIP2;5 within a heterotetramer (Berny et al. 2016). Altogether, these data high-
light the importance of single specific TM amino acid residues in the activity of the 
channels within a heterotetramer without affecting the interaction between mono-
mers. Multiple mutations might be required to affect the oligomerization state.

4  �Co-expression of PIP: A Condition for Oligomerization

The protein localization, concentration and local environment are parameters affect-
ing the interaction and controlling the composition and oligomeric state of protein 
complexes (Nooren and Thornton 2003). Monomers participating in obligate inter-
actions to form oligomers are supposed to be co-expressed and to co-localize upon 
synthesis. This time and space synchronization should be valid for homo-oligomers 
as well as for hetero-oligomers.

The interactions between proteins which allow complex formation are usually 
driven by the concentration of the components and the free energy of the complex 
relative to the alternative states (Nooren and Thornton 2003). So, there are different 
conditions that can control the oligomerization phenomenon, including encounter-
ing the interacting surfaces. In this regard, the association of two proteins relies on 
co-localization in time and space and the adequate concentration of the interacting 
proteins, where control mechanisms that alter the effective local concentration such 
as gene expression, protein degradation rates or diffusion rates, among others, are 
relevant. In the competition between binding partners for protein-protein interac-
tions, different factors can influence oligomerization. As PIP2 and PIP1 can 
ensemble either as homotetramers or heterotetramers, different elements should be 
involved in the ruling of the processes that govern each option.

PIPs are expressed in organs and tissues that present large fluxes of water, i.e. 
vascular tissues, guard cells and suberized endodermis and bundle sheath cells, 
among others (Gomes et  al. 2009; Chaumont and Tyerman 2014). Interestingly, 
there is not a homogeneous expression pattern for all PIPs, and this has been inter-
preted as a tuning mechanism by which the plant is able to adapt to different condi-
tions (Gomes et  al. 2009). Nonetheless, there are several stimuli that promote a 
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coordinate response in the expression of different PIPs. For example, upon water 
deprivation, most Arabidopsis PIPs expressed in leaves are reported as transcrip-
tionally downregulated, with the exception of AtPIP2;6 which remains constant, 
and AtPIP1;4 and AtPIP2;5 which are both induced (Alexandersson et al. 2010). A 
reverse genetic study performed for AtPIPs showed that knock-out of three PIP 
isoforms belonging to the PIP1 and PIP2 groups contributed individually to the 
same hydraulic conductivity as the corresponding triple PIP mutant (Prado et al. 
2013). Microarray studies during grape berry development showed that PIP1 and 
PIP2 are expressed in the same tissues at the same time, but each one has a particu-
lar pattern of expression (Fouquet et al. 2008). All these results indicate synchroni-
zation between some PIP1 and PIP2 gene expression, but the physical or functional 
interactions of all the mentioned PIPs have not been studied yet.

Conversely, there are other cases for which information about both tissue expres-
sion and protein interaction in heterologous systems were recorded. For instance, 
Fragaria x ananassa PIPs interact to form heterotetramers (Alleva et  al. 2010; 
Yaneff et al. 2014), and both PIP1 and PIP2 mRNA are expressed during the whole 
ripening process in fruits (Alleva et  al. 2010). Interestingly, the expression of 
FaPIP1 was low in the first ripening stages and later increased; while in the case of 
FaPIP2, the expression was markedly high in the first stages and decreases progres-
sively until the end of ripening or remained approximately constant and low, 
depending on the cultivar. This dissimilar expression pattern of FaPIP2 and FaPIP1 
can be compatible with the reported random stoichiometry suggested for F. x anan-
assa PIP heterotetramers after FaPIP oocyte expression and mathematical analysis 
of the results (Yaneff et al. 2014). Furthermore, information about the expression 
pattern of paradigmatic interacting ZmPIPs is also available. Gene and protein 
expression was studied in maize roots, leaves and stomatal complexes (Hachez et al. 
2006, 2008; Heinen et al. 2014). All ZmPIP genes, except ZmPIP2;7, are expressed 
in primary roots and leaves, and their expression is dependent on the developmental 
stage of the organ (Hachez et al. 2006, 2008). In this regard, it was proposed that 
some specific pairs of PIP1 and PIP2 have a correlation in their expression pattern 
in accordance with their functional responses (Yaneff et al. 2015).

In addition to transcriptional and translational regulation, PIP localization and 
stability are also highly regulated (for a review, see Hachez et al. 2013; Chevalier 
and Chaumont 2015). For instance, after salt exposure to Arabidopsis roots, a 
decrease in PIP1 protein abundance was observed after 30 min, while PIP2 abun-
dance remained constant even after 6 h of exposure to stress conditions. However, 
PIP1and PIP2 were both reduced after 24 h of salt exposure (Boursiac et al. 2005).

All of these results indicate that, depending on the conditions, PIP1 and PIP2 can 
be co- or differentially regulated, but PIP physical interaction could represent an 
additional cooperative way to respond to different physiological processes or even 
stresses. Indeed, all reports regarding PIP expression in different plants show that 
both PIP1 and PIP2 proteins are always present together. It is the ratio between 
protein (or mRNA) amounts of each group that can vary considerably between tis-
sues or cell types, certainly affecting their physiology. For instance, among all the 
PIP transcripts found in maize stomatal complexes, 85 % were PIP1s (Heinen et al. 

Heteromerization of Plant Aquaporins



38

2014). In this regard, it was empirically proven that B. vulgaris PIP1 and PIP2 can 
assemble in a flexible fashion into tetramers having different stoichiometries 
depending on the amount of each PIP1 or PIP2 cRNA available (Jozefkowicz et al. 
2016). Thus, differences in the expression levels of each paralogue condition the 
existence of different PIP1 and PIP2 homotetramers or heterotetramers.

5  �Biological Relevance of PIP Hetero-oligomerization

The hetero-oligomerization of membrane proteins is believed to play a fundamental 
role in the regulation of cellular function. Oligomerization can increase protein sta-
bility, and in particular hetero-oligomerization may allow the diversification of bio-
logical activity. In this regard, it was postulated that protein-protein interactions 
may have evolved to optimize functional efficacy (Nooren and Thornton 2003). 
However, it is also possible that an interaction with no functional reason evolved, 
and this interaction survives due to the absence of selective pressure to be rejected 
from the evolutionary path. Often, the functional rationale of oligomerization is not 
clear, and a happenstance of oligomerization can be supposed (Nooren and Thornton 
2003). However, in the case of PIP1-PIP2 hetero-oligomerization, this kind of 
supramolecular assembly plays an important role in the subcellular PIP1 localiza-
tion and modulates the cell membrane hydraulic conductivity (Fig. 1).

Fig. 1  PIP heterotetramerization in the plant cell. Scheme of a plant cell where the PIP1 monomers 
are shown in orange, and the PIP2 monomers are shown in blue. In the lower part of the scheme, 
the cell is under three different pH units: <6.0, ~ 6.5 and >7.0; in the upper part of the scheme, the 
cell is under pH >7.0. The water capacity of each tetramer is represented as proportional to the 
length of the light-blue arrow, while the solute capacity of each tetramer (i.e. to dioxide carbon) is 
represented with a black arrow. In the box on top at the left, a structural alignment of a representa-
tive PIP1 (in red) and PIP2 (in blue) monomer is shown, pointing out the major differences between 
these channels (regarding loop A and the N- and C-termini) and some structural elements relevant 
for heterotetramerization. All reports regarding PIP expression in different tissues or cell types 
found the simultaneous expression of both PIP1 and PIP2. However, the ratio between mRNA (or 
protein) amounts of each group can vary considerably between different cell types, conditioning 
the formation of different PIP1 and PIP2 homo- or heterotetramers. All PIP heterotetramers with 
different stoichiometries and PIP2 homotetramers are able to reach the plasma membrane, but they 
show different water transport capacities when heterologous expressed, being the water transport 
capacity of PIP1-PIP2 heterotetramers higher than the water transport capacity found for PIP2 
homotetramers. On the contrary, PIP1 homotetramers are unable to reach the plasma membrane 
when heterologous expressed. Thus, upon regulation of PIP1-PIP2 expression levels, the plant cell 
can modulate the localization of different tetrameric species and the osmotic water permeability 
and substrate permeability of the plasma membrane by the assembly of PIP heterotetramers with 
different stoichiometries. Since each plant species has a variety of PIP1 and PIP2 isoforms, another 
point of regulation would be given by the expression of different types of each of these paralogues. 
Since not all PIP1 PIP2 are capable of interacting, locating PIP1 into the plasma membrane would 
depend on their capacity to interact with certain PIP2. In this regard, some structural elements 
involved in PIP1 and PIP2 contacts in PIP heterotetramers – loop A and loop E containing the 
second NPA motif (show in yellow) – and some TM have been shown to be relevant. At the level 
of the gating of the channel, the intracellular pH changes can differentially regulate the activity of 
PIP tetramers found in the plasma membrane, either as homo- or heterotetramers.
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5.1  �Trafficking

As mentioned above, immunocytochemistry, immunodetection and the expression 
of PIP fused to fluorescent proteins showed that most PIP2 aquaporins are localized 
in the plasma membrane, while most PIP1 aquaporins are found in the ER unless 
co-expressed with PIP2 (Zelazny et al. 2007; Li et al. 2009; Luu et al. 2012; Besserer 
et  al. 2012; Jozefkowicz et  al. 2013). The prevalence of PIP2 homotetramers vs 
PIP1-PIP2 heterotetramers can be controlled by the regulation of the expression of 
both paralogues, as described in Sect. 4.

The regulation of PIP1 and PIP2 trafficking to the plasma membrane, as homo- 
or heterotetramers, is another important mechanism leading to modification of the 
membrane permeability (Fig. 1) (see also chapter “Plant Aquaporin Trafficking”). 
Specific trafficking motifs for PIP2 export from the ER have been described. These 
include a diacidic motif (DxE) located at the N-terminus of some maize and 
Arabidopsis PIP2s (Zelazny et al. 2009; Sorieul et al. 2011) that probably interact 
with the Sec24 protein of the COPII complex for their recruitment to the moving 
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vesicle (reviewed in Hachez et al. 2013; Chevalier and Chaumont 2015). However, 
ZmPIP2;1 or ZmPIP2;2 can reach the plasma membrane even in the absence of a 
diacidic motif (Zelazny et al. 2009). Recently, a new LxxxA motif located in the 
TM3 of ZmPIP2;5 has been shown to be required for the ER export (Chevalier et al. 
2014). Interestingly, the addition of ZmPIP2;5 diacidic and/or the LxxxA motifs in 
ZmPIP1;2 is not enough to induce the ER export of the latter, indicating the pres-
ence of specific retention signals in ZmPIP1;2 (Zelazny et al. 2009; Chevalier et al. 
2014). The observation that all the hetero-oligomers comprising PIP1-PIP2 tested 
so far are found in the plasma membrane of plant cells and heterologous systems 
suggests that (i) the ER retention signal of PIP1 is hidden upon an interaction with 
PIP2 and (ii) the interaction with PIP2 is enough to ensure the routing of PIP1 to the 
plasma membrane even in the absence of any export signal in PIP1, meaning that 
the PIP1-PIP2 interaction does not prevent the PIP2 trafficking motifs from being 
properly recognized by the trafficking machinery.

From an evolutionary point of view, we can wonder whether most PIP1s have no 
plasma membrane trafficking motifs due to the fact that these motifs are not required 
as PIP1s are always co-expressed with PIP2s, which contain the information to 
direct them together as heterotetramers to the plasma membrane.

5.2  �Biological Activity and Substrate Specificity

As it was already mentioned above, when PIP1 is co-expressed with PIP2, their 
interaction is accompanied in oocytes by an increase in the water permeability of 
the plasma membrane (Fetter et al. 2004; Vandeleur et al. 2009; Alleva et al. 2010; 
Bellati et al. 2010; Ayadi et al. 2011; Jozefkowicz et al. 2013; Yaneff et al. 2014), 
indicating that the most prominent physiological modification upon PIP1-PIP2 het-
ero-oligomerization is the alteration of the hydraulic conductivity of the cell plasma 
membrane. The source of this increase in the osmotic water permeability can be 
simply due to the fact that more aquaporins are present in the plasma membrane. 
However, other scenarios can result in similar final response. A publication studying 
F. x ananassa PIP1-PIP2 heterotramers shed light on this issue showing that PIP1 
has a high water transport capacity and that PIP2 water permeability is enhanced 
when it is part of a heterotetramer (Yaneff et al. 2014). Furthermore, it was recently 
demonstrated that heterotetramers of BvPIP2;2 and BvPIP1;1 or ZmPIP1;2 and 
ZmPIP2;5 having 3:1, 1:3 and 2:2 stoichiometries can coexist at the plasma mem-
brane (Jozefkowicz et  al. 2016; Berny et  al. 2016). In addition BvPIP2;2 and 
BvPIP1;1 contribute equally to the total plasma membrane permeability, as it was 
probed that each of these individual heterotetrameric species present equal water 
transport capacity (Jozefkowicz et al. 2016).

PIP heterotetramerization has also been proposed as a way of achieving a diver-
sification and control of net solute transport. PIP1 members have been shown to also 
be permeable to other small uncharged solutes such as glycerol (Biela et al. 1999; 
Moshelion et  al. 2002), boric acid (Dordas et  al. 2000) and CO2 (Uehlein et  al. 
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2003), while PIP2s mainly act as water channels, although some of them can also 
transport H2O2, glycerol (Chaumont et  al. 2001; Uehlein et  al. 2008; Dynowski 
et al. 2008; Bienert et al. 2014) and CO2 (Wang et al. 2016) (Fig. 1). CO2 transport 
has been studied in depth in Nicotiana tabacum PIP1 and in Zea mays PIP1 (Uehlein 
et al. 2003; Otto et al. 2010; Bienert et al. 2014; Heinen et al. 2014). Different trans-
port profiles have been found for NtPIP2 and NtAQP1 (belonging to the PIP1 group) 
by analysis of their transport characteristics after co-expression in the yeast 
Saccharomyces cerevisiae (Otto et  al. 2010). While the expression of NtPIP2;1 
increases the water diffusion through the cell membrane but not the CO2 diffusion 
(deduced from CO2-triggered intracellular acidification of the cells), the expression 
of NtAQP1 only increases the CO2 diffusion (Otto et al. 2010). Functional analysis 
of artificial tetramers with a defined proportion of NtAQP1 and NtPIP2;1 indicates 
that the presence of a single NtPIP2;1 protein within a heterotetramer allows for an 
increase in the cell water permeability. On the other hand, an increase in the CO2 
diffusion requires the presence of at least three or four PIP1 in the heterotetramer. 
These data suggest that the stoichiometry of the heterotetramers can influence the 
substrate specificity of the complexes.

5.3  �Proton-Sensing Regulation

Lastly, we consider pH sensing as an additional important modulator of the biologi-
cal response upon PIP heterotetramerization. PIPs are acid-sensitive water channels 
both when heterologously expressed and in native tissues (Gerbeau et  al. 2002; 
Tournaire-Roux et al. 2003; Alleva et al. 2006; Verdoucq et al. 2008). On the basis 
of SoPIP2;1 molecular structure, a gating model was proposed (Törnroth-Horsefield 
et al. 2006) that shows how conformational changes in the cytosolic loop D promote 
the opening and closure of the pore and control its water permeability. These confor-
mational modifications are pH dependent since they are mediated by the protonation 
of a conserved His residue (His193 in SoPIP2;1) (Tournaire-Roux et al. 2003). At 
acidic pH, the His residue is charged and by interaction with other residues stabilizes 
the loop D closing the pore (Törnroth-Horsefield et al. 2006; Frick et al. 2013).

A shift in the pH sensing has been reported for PIP1-PIP2 heterotetramers in 
comparison with the PIP2 homotetramers (Bellati et al. 2010; Jozefkowicz et al. 
2013; Yaneff et al. 2014). Water permeability pH dependence presents a low pH0.5 
(the pH at which the half maximal Pf is found) for PIP2 homotetramers, implying 
that a high probability of PIP channels in open conformation is found at physiologi-
cal conditions. On the contrary, for the PIP1-PIP2 heterotetramers, a pH shift of 0.5 
towards alkaline values was observed (Fig. 1). Moreover, all PIP1-PIP2 heterotetra-
meric assemblies of variable stoichiometries present equivalent biological activity 
in terms of pH gating and cooperative response (Jozefkowicz et al. 2016).

When B. vulgaris PIPs were studied, both homotetrameric BvPIP2;2 and BvPIP2;1 
presented sigmoidal response curves with a pH0.5 of approximately 6.4–6.5, but 
BvPIP1;1-BvPIP2;2 heterotetramers showed a pH0.5 of approximately 6.7–6.8 
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(Bellati et al. 2010; Jozefkowicz et al. 2013). Interestingly, the plasma membrane of 
B. vulgaris storage roots vesicles shows a pH gating profile with pH0.5 values around 
6.7 (Alleva et al. 2006). In this way, acidification conditions to control the opening 
and blockage of water transport in native tissues vary depending on the presence of 
PIP2 homotetramers or PIP1-PIP2 heterotetramers in the target membrane.

6  �Concluding Remarks

The comprehension of the functional relevance of protein oligomerization is not 
straightforward due to the fact that the proportion of well-studied oligomeric pro-
teins is quite low compared with monomeric proteins. Even harder is the under-
standing of the biological relevance of hetero-oligomerization. The discovery of the 
existence of PIP1-PIP2 hetero-oligomers made these proteins of high interest not 
only for studying the physiological relevance of these complexes at the cell and 
plant levels in relation to their trafficking, substrate specificity and activity of the 
channels but also to better understand the biochemical and biophysical mechanisms 
that drive their physical association to form heterotetramers. They constitute a 
promising model to elucidate the rules governing protein oligomerization. One of 
the next challenges will be to obtain high-resolution structural data of 
heterotetramers.
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Plant Aquaporin Trafficking
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Abstract  Aquaporins transport water and small neutral molecules across different 
membranes in plant cells and thus play important roles in cellular and whole plant 
physiology. The high diversity of intracellular localization of aquaporin isoforms is 
dependent on specific trafficking machineries. ER-to-Golgi trafficking of the plasma 
membrane intrinsic protein (PIP) isoforms has been shown to be dependent on DxE 
motifs in N-terminal cytosolic region, LxxxA motif in transmembrane domain 3, 
phosphorylation in C-terminal cytosolic region, and heteromerization. Stress-
induced downregulation of the PIPs in the early secretory pathway was uncovered. 
Subsets of PIPs and Nodulin 26-like intrinsic proteins (NIPs) showed polar localiza-
tion in the plasma membrane (PM) in certain cell types for directional transport of 
water and small neutral molecules such as boric acid and silicic acid. Latest tech-
niques to study the mobility of PIPs revealed immobile nature in the plane of the 
PM and constitutive cycling between the PM and the endosomes. The roles of clath-
rin- and microdomain-dependent endocytosis for PIPs were uncovered. When chal-
lenged by stress conditions, some PIPs and TIPs showed quick relocalization 
probably to adjust water status. Vacuolar trafficking of different TIPs was shown to 
follow multiple routes dependent or independent of Golgi apparatus. These findings 
greatly advanced our understanding of the trafficking machineries of plant aquapo-
rins, as significant models of plant membrane proteins.
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1  �Introduction

Aquaporins are membrane channel proteins permeating water and/or small neutral 
molecules. The aquaporins share a basic structure comprising six transmembrane 
domains linked by five loops with cytosolic N- and C-termini and assembled as 
tetramers in which each monomer functions as a channel (Törnroth-Horsefield et al. 
2006). In plants, aquaporins in different membrane compartments play different 
roles in various processes at cellular and whole plant levels. Therefore, how aqua-
porins are transported to their destination is a fundamental question.

Plant aquaporins are classified to seven subfamilies dependent on sequence simi-
larities (see chapter “Structural Basis of the Permeation Function of Plant 
Aquaporins”). As indicated by the names, the plasma membrane intrinsic proteins 
(PIPs) and the tonoplast intrinsic proteins (TIPs) function in the plasma membrane 
(PM) and the vacuolar membrane, respectively. Many of them function in the trans-
port of water, and some of them transport small uncharged molecules besides water. 
The prototype of Nodulin 26-like intrinsic proteins (NIPs) was identified in the 
peribacteroid membrane of nitrogen-fixing nodules of legume roots (Fortin et al. 
1985), while NIPs were found in the PM and the endoplasmic reticulum (ER) in 
non-legume plants (see chapter “The Nodulin 26 Instrinsic Protein Subfamily”). 
Some members of NIPs have efficient transport activity of small uncharged solutes 
such as boric acid and silicic acid (Ma et al. 2006; Takano et al. 2006; see chapter 
“Plant Aquaporins and Metalloids”). The small intrinsic proteins (SIPs) were local-
ized to the ER and shown to facilitate water transport (Ishikawa et al. 2005), although 
their physiological functions remain unknown. The X intrinsic proteins (XIPs) were 
identified in moss Physcomitrella patens and some dicots including poplar and 
Solanaceae plants tomato and tobacco (Danielson and Johanson 2008; Lopez et al. 
2012; Bienert et al. 2011). Solanaceae XIPs were localized in the PM and shown to 
facilitate transport of various small neutral solutes (Bienert et al. 2011). In moss P. 
patens, additional two subfamilies GlpF-like intrinsic proteins (GIPs) and hybrid 
intrinsic protein (HIP) were found, although their subcellular localization remains 
unstudied (Danielson and Johanson 2008; Gustavsson et al. 2005).

As listed above, the members of each subfamily generally share similar patterns 
of subcellular localization. However, complex patterns of localization have been 
reported for some isoforms. For example, dual localization was observed for a PIP 
(NtAQP1) in the PM and the chloroplast inner membrane in leaf mesophyll cells 
(Uehlein et al. 2008), for AtTIP3;1 and 3;2 in the tonoplast and the PM during seed 
maturation and germination (Gattolin et al. 2011), and for TIPs in the tonoplast and 
the symbiosome membrane in developing root nodule of Medicago truncatula 
(Gavrin et al. 2014). Interestingly, some PIPs and NIPs show polar localization in 
the PM, which is considered to be important for directional transport of water or 
small uncharged molecules in specific cell types. Some PIPs and TIPs also show 
dynamic changes of localization in response to environmental conditions. The dif-
ferential localization between isoforms and the changes of localization are appar-
ently important for plants to adapt to the changing environment. Considering the 
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shared basic structure of aquaporins, the variable localization should be determined 
by signals embedded in amino acid sequences or specific conformations. The pres-
ent chapter focuses on the mechanisms and physiological significances of intracel-
lular trafficking of plant aquaporins.

1.1  �PM Trafficking of PIPs

1.1.1  �ER-to-Golgi Trafficking of PIPs Dependent on Trafficking Signals 
and Heteromerization

The membrane proteins synthesized by ribosomes are co-translationally inserted 
into the ER in which they are folded with the help of chaperons. Generally, the 
membrane protein destined to the PM, tonoplast, or other post-Golgi membrane 
compartments is transported in the vesicular trafficking network starting from ER to 
Golgi trafficking. The ER-to-Golgi trafficking is regulated by three complementary 
mechanisms: retention of immature proteins in the ER, selective packaging of 
mature proteins into COPII vesicle (ER exit), and retrieval from the Golgi apparatus 
of immature cargo proteins through COPI vesicles (Geva and Schuldiner 2014). The 
improperly folded proteins in the ER can be transported into the cytoplasm and 
degraded by the process known as ER-associated degradation (ERAD; Liu and Li 
2014). In the step of ER exit, some cargoes are selectively packaged by direct or 
indirect binding to the Sec24 subunit of the COPII complex. Therefore, the binding 
sites of cargo proteins to Sec24 or to cargo receptors, which mediate the interaction 
to Sec24, function as signals for ER exit. The signals in animal and yeast systems 
range from diacidic DxE motifs (where x is an undetermined amino acid residue) to 
conformational epitopes and posttranslational modifications (Venditti et al. 2014; 
Geva and Schuldiner 2014).

In plant systems, PIP is one of the best-studied cargoes for the ER-to-Golgi traf-
ficking. In ZmPIP2;4 and ZmPIP2;5, a diacidic DIE motif is present at residues 4–6 
(Zelazny et al. 2009). In maize mesophyll protoplast, ZmPIP2;4 and PIP2;5 were 
targeted to the PM when fused to fluorescent proteins, while ZmPIP2;4AIA and 
ZmPIP2;5AIA were retained in ER (Zelazny et al. 2009). A fluorescence resonance 
energy transfer (FRET) analysis showed that the ZmPIP2;5AIA mutant still had the 
ability to form oligomers. These results indicated the importance of the DIE motif 
not for oligomerization but for ER exit (Fig. 1). Furthermore, in root epidermal cells 
of Arabidopsis, replacement of the DVE motif of AtPIP2;1 to AVE, DVA, AVA, 
EVE, or DVD resulted in ER retention (Sorieul et al. 2011). This result suggested 
the requirement of the strict DxE motif rather than just a diacidic motif. The DxE 
motifs were shown to be a direct binding site to Sec24 in yeast Golgi protein Sys1 
(Votsmeier and Gallwitz 2001; Mossessova et al. 2003; Miller et al. 2003). In plant 
cells, the DxE motifs were found to be important in ER-to-Golgi trafficking of the 
potassium channel KAT1 (Mikosch et  al. 2006) and Golgi-localized proteins 
GONST1 and CASP (Hanton et al. 2005). Importantly, KAT1 was shown to interact 
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with Sec24 by a FRET analysis (Sieben et al. 2008). Therefore, it is likely that some 
PIP2s are recruited into COPII vesicles via interaction of the DxE motif to Sec24.

The ER-to-Golgi trafficking of PIPs first attracted attention by the finding that 
the heteromerization of PIP1 and PIP2 isoforms allows ER-to-Golgi trafficking of 
PIP1s (see chapter “Heteromerization of Plant Aquaporins”, Fig. 1). In Xenopus 
laevis oocytes, expression of the maize PIP2s but not PIP1s increased membrane 
water permeability (Pf) (Chaumont et al. 2000). In this system ZmPIP1;2-GFP was 
only slightly detected in the PM when expressed alone, while it was significantly 
increased by co-expression of ZmPIP2;5 (Fetter et  al. 2004). ZmPIP1;2 and 
ZmPIP2;5 were shown to physically interact and synergistically increase the water 
permeability of the oocytes. The synergistic effect in the oocytes has been reported 
for PIP1s and PIP2s in various plant species (Chaumont and Tyerman 2014). 
Subsequently, analysis in maize mesophyll protoplasts showed that ZmPIP1 fusion 
proteins were retained in the ER when expressed alone, while relocalized to the PM 
when co-expressed with ZmPIP2s (Zelazny et al. 2007). The physical interactions 
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Fig. 1  A model of ER-Golgi trafficking of PIPs. The DxE motif in the N-terminal region, LxxxA 
motif in the transmembrane domain 3, and phosphorylation of a serine residue in the C-terminal 
region are implicated for the ER exit of PIP2 isoforms (magenta cylinders). PIP1s (blue cylinders) 
alone cannot be targeted to the PM by ER retention/retrieval mechanism, while hetero-oligomers 
with PIP2 isoforms are targeted to the PM via Golgi apparatus. Under drought stress, E3 ligases 
Rma1/Rma1H1 in the ER membrane ubiquitinate PIP2s for degradation via the ERAD pathway
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of ZmPIP1 and ZmPIP2 were demonstrated by a FRET analysis in the protoplasts 
and co-immunoprecipitation in maize roots and suspension cells. These results sug-
gested that heteromerization with PIP2s is required for the ER-to-Golgi trafficking 
of PIP1s. This view was confirmed by experiments in Arabidopsis roots using 
AtPIP2;1-GFP and its E6D (DVD) variant which is retained in ER (Sorieul et al. 
2011). Co-expression of AtPIP2;1-GFP with AtPIP1;4-mCherry resulted in colocal-
ization of these fusion proteins in the PM, while AtPIP2;1-GFP DVD variant 
resulted in ER retention of both fusion proteins. Importantly, Arabidopsis plants 
overexpressing the ER-retained variants of AtPIP2;1-GFP significantly reduced 
root hydraulic conductivity (Lpr). The ER-retained AtPIP2;1-GFP probably inter-
acted also with other endogenous PIPs and hampered their trafficking to the PM.

An important question underlying the ER-to-Golgi trafficking of PIP1s is whether 
PIP1s possess ER retention/retrieval signal or do not possess an ER exit signal. It 
was tested whether the DxE motif found in PIP2s was sufficient to confer ER-to-
Golgi trafficking of ZmPIP1;2. The replacement of N-terminal cytosolic region of 
ZmPIP1;2 to that of ZmPIP2;5 that contains the DxE motif did not confer PM target-
ing (Zelazny et al. 2009). This result suggests either DxE alone is not sufficient for 
ER exit or the existence of an ER retention/retrieval signal in other regions of PIP1s.

To further examine the signal for ER-to-Golgi trafficking of PIPs, a protein 
domain swapping of ZmPIP1;2 and ZmPIP2;5 was conducted and demonstrated the 
importance of the transmembrane domain 3 (TM3, Chevalier et  al. 2014). 
Furthermore, a LxxxA motif in the TM3 of ZmPIP2;5 was identified to be required 
for the PM targeting. In this study, chimeric proteins unable to target to the PM by 
substitution of TM3 (such as mYFP-ZmPIP2;5-TM3PIP1;2) were localized in the ER 
and in punctate structures. The punctate structures overlapped with a Golgi marker 
and thus raised a question whether the TM3 is involved in the ER-to-Golgi and/or 
PM trafficking from the Golgi apparatus. The authors suggested that the partial 
Golgi localization might be a consequence of ER leakage dependent on the pres-
ence of the ER exit DxE motif in the N-terminal region of ZmPIP2;5. Indeed, fewer 
punctate structures were observed for mYFP-ZmPIP2;1-TM3PIP1;2, which has no 
functional DxE motif. Alternatively, the punctate structures overlapping with a 
Golgi marker might be actually endoplasmic reticulum export sites (ERESs). The 
ERES and Golgi are often associated and thus are difficult to be distinguished by 
fluorescent microscopy (da Silva et al. 2004; Takagi et al. 2013). Taken together, it 
is most likely that the TM3 is required for ER-to-Golgi but not for later secretory 
trafficking (Fig. 1). The TM-based signal is possibly recognized by a transmem-
brane cargo receptor that binds to both cargo and Sec24 for packaging the cargo into 
the COPII vesicles (Dancourt and Barlowe 2010; Cosson et al. 2013; Chevalier and 
Chaumont 2014). A recent study identified rice cornichon (OsCNIH1), a homolog 
of cargo receptors Erv14p in yeast and cornichons in Drosophila and mammals, as 
a possible cargo receptor for the Golgi-localized sodium transporter OsHKT1;3 
(Rosas-Santiago et al. 2015). In this study, AtPIP2;1 was used as a negative control 
for interaction of OsCHIH1 and OsHKT1;3 by bimolecular fluorescence comple-
mentation (BiFC) assay in tobacco leaves. There might be a specific cargo receptor 
recognizing the LxxxA motif in the TM3 of PIP2s.
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It should be noted that replacement of both the N-terminal region and TM3 of 
ZmPIP1;2 to those of ZmPIP2;5 did not confer the PM targeting (Chevalier et al. 
2014). One possible explanation is that ZmPIP1;2 possesses an ER retention or 
Golgi-to-ER retrieval signal in a region other than the N-terminus and TM3. The 
heteromerization of PIP1s with PIP2s might mask the retention/retrieval signal and 
promote ER-to-Golgi trafficking. For example, arginine-based retrieval signals 
were identified in cytosolic regions of ATP-sensitive K+ channels, GABA receptors, 
and kainate receptors in mammals (Zerangue et al. 1999; Margeta-Mitrovic et al. 
2000; Ren et al. 2003). ATP-sensitive K+ channels have an octameric stoichiometry 
consisting of four pore-lining inward rectifier α-subunits and four regulatory 
β-subunits. The arginine-based retrieval signal of each subunit prevents the PM traf-
ficking of unassembled channels, while the octamerization masks the signal and 
allows the PM trafficking (Zerangue et  al. 1999). The arginine-based signal was 
shown to be recognized by the COPI vesicle coat at the Golgi apparatus for retrieval 
to the ER (Michelsen et al. 2007). Similar regulations by heteromerization, and with 
retrieval signals in transmembrane domain, were reported for the yeast iron trans-
porter Ftr1 and Fet3 and mammalian NMDA receptors (Sato et  al. 2004; Horak 
et al. 2008).

1.1.2  �ER-to-Golgi Trafficking of Arabidopsis PIP2;1 Dependent 
on Phosphorylation

Another identified factor for ER-to-Golgi trafficking of PIPs is phosphorylation in 
the C-terminal region of AtPIP2;1 (Prak et al. 2008). A phosphoproteomic analysis 
identified two phosphorylation sites (S280 and S283) in the C-terminal region of 
AtPIP2;1. An S280A mutation did not affect the PM localization of AtPIP2;1; how-
ever, S283A mutation caused apparent ER retention. Consistently, a phosphomimic 
mutation S283D allowed PM localization. These results suggest that the phosphory-
lation of S283 is involved in ER-to-Golgi transport, although the mechanism is as 
yet unsolved (Fig. 1). The phosphorylation might increase affinity to a COPII sub-
unit for packaging or mask a signal for ER retention/retrieval.

1.1.3  �Downregulation of Arabidopsis PIP2s in Early Secretary Pathway

Another posttranslational modification, that of ubiquitination, was shown to control 
the amount of AtPIP2;1 trafficking to the PM (Lee et al. 2009). Rma1H1 from hot 
pepper and Rma1 from Arabidopsis are homologs of a human RING membrane-
anchor 1 E3 ubiquitin ligase. Overexpression in Arabidopsis protoplasts of Rma1H1 
and Rma1, which are both localized in the ER membrane, provoked retention of 
AtPIP2;1  in the same compartment and reduced its total amount. This reduction 
effect was inhibited by MG132, a proteasome inhibitor, and also by RNA interfer-
ence approach targeting Rma homologs. Rma1H1 physically interacted with 
AtPIP2;1, and overexpression of Rma1H1 in transgenic Arabidopsis plants resulted 
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in decreased total amount and increased ubiquitination of AtPIP2;1. Therefore, it is 
likely that Rma1H1 and Rma1 ubiquitinate PIPs to induce degradation by the 
ERAD process (Fig. 1). Various abiotic stresses, including dehydration, increased 
the mRNA level of Rma1H1 in hot pepper plants, and its overexpression in 
Arabidopsis plants greatly enhanced tolerance to drought stress (Lee et al. 2009). 
Therefore, Rma1H1 and Rma1 are important factors controlling the level of PIPs at 
the ER in response to various stresses.

In addition, abiotic stress-induced multi-stress regulator was shown to reduce the 
accumulation of AtPIP2;7 in the PM (Hachez et al. 2014b). The regulator tryptophan-
rich sensory protein/translocator (TSPO) is localized in the Golgi apparatus and is 
downregulated through an autophagic pathway (Vanhee et al. 2011). BiFC analysis 
showed interaction of TSPO with AtPIP2;7 in the ER and the Golgi apparatus. Their 
co-expression in transgenic plants or induction of expression of endogenous TSPO 
by ABA treatment decreased the level of AtPIP2;7 (Hachez et al. 2014b). These data 
suggest that the PM trafficking of AtPIP2;7 is downregulated by TSPO-mediated 
degradation via the autophagic pathway in response to abiotic stresses. In 
Arabidopsis, PIP transcripts and protein levels were generally downregulated upon 
drought stress (Alexandersson et al. 2005). The various regulations at ER and/or 
Golgi levels in addition to the mRNA level can fine-tune the abundance of PIPs in 
the PM.

1.1.4  �PM Trafficking of PIPs Dependent on SNAREs and a Rab GTPase

Recent studies have uncovered the role of molecules involved in the trafficking to 
the PM of cargoes such as PIPs. For instance, regulation by SNAREs (soluble 
N-ethylmaleimide-sensitive factor protein attachment protein receptors) of the syn-
taxin family has been established (Besserer et al. 2012; Hachez et al. 2014a). The 
PM-localized SNARE isoform SYP121 has been shown to mediate the trafficking 
of vesicles between intracellular compartments and the cell surface (Geelen et al. 
2002; Tyrrell et al. 2007). Interestingly, the overexpression of a dominant-negative 
cytosolic fragment of SYP121 (SYP121-Sp2) could impair the targeting to the PM 
of the K+ channel KAT1, but not of the H+-ATPase PMA2 (Sutter et al. 2006; Tyrrell 
et al. 2007). These results show that such a strategy of dominant-negative expres-
sion could be informative and indicate that SYP121 syntaxin exhibits a function for 
targeting to the PM of specific cargoes through vesicle fusion. Indeed, in maize 
mesophyll protoplasts, co-expression of an mYFP-ZmPIP2;5 construct and the 
SYP121-Sp2 impaired the targeting to the PM of the aquaporin isoform (Besserer 
et al. 2012). As a control, the full-length SYP121 did not exhibit any phenotype. 
Moreover, expression of Sp2 fragment of either the syntaxins in the PM SYP71 and 
SYP122 or the syntaxin in the prevacuolar compartment SYP21 had no effect on 
targeting of the ZmPIP2;5 construct, indicating the specific function of SYP121 on 
PIP targeting. Functional analysis of the role of SYP121 has been performed by 
using protoplast swelling assays. Here, protoplasts expressing the ZmPIP2;5 con-
struct alone or co-expressed with the full-length SYP121 exhibited Pf values higher 
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than protoplasts co-expressing ZmPIP2;5 construct with SYP121-Sp2 fragment or 
expressing only SYP121-Sp2 fragment or mock protoplasts. This series of experi-
ments showed that SYP121 can regulate the function of an aquaporin by controlling 
the targeting. The authors noticed that although impaired, targeting of the ZmPIP2;5 
construct to the PM was not negligible. However, they did not record any increase 
in Pf consistent with the presence of PIPs in the PM. This observation suggested 
that SYP121 could have a regulatory function on the intrinsic activity of PIPs. 
Indeed, the authors used Xenopus oocytes swelling assays and observed that when 
they co-expressed SYP121-Sp2 fragment and ZmPIP2;5 construct, there was 
reduced Pf values compared to oocytes expressing ZmPIP2;5 construct alone or co-
expressed with the full-length SYP121. Importantly, when co-expressed in oocytes 
with full-length SYP121 or SYP121-Sp2 fragment, the ZmPIP2;5 construct was 
still localized in the PM, indicating that reduced Pf was related to an inhibition of 
ZmPIP2;5 intrinsic activity. To go further, affinity chromatography purification, 
BiFC, and FRET also indicated a direct physical interactions between ZmPIP2;5 
and SYP121. This series of experiments shows that SYP121 not only impairs the 
targeting of PIPs but also physically interacts with them and inhibits their intrinsic 
activity (Besserer et al. 2012). Such a dual function of SYP121 in trafficking and 
activity regulation has been also demonstrated on AKT1/KC1 K+ channel complex 
(Grefen et al. 2010).

Another SNARE, SYP61, mainly localized in the trans-Golgi network/early 
endosomal compartments (TGN/EE), cycles between this compartment and the PM 
and has been shown to colocalize with AtPIP2;7 (Hachez et al. 2014a). Physical 
interactions between SYP61 and AtPIP2;7 have been established. In the syp61 
mutant background, it was observed that a miss targeting of an overexpressed 
AtPIP2;7 construct to globular or lenticular structures corresponds to ER-derived 
stacked membrane arrays, suggesting a key function of this SNARE in targeting of 
PIPs to the PM. Importantly, SYP61 and SYP121 belong to the same complex, and 
it is believed that they might regulate PIP trafficking (Besserer et al. 2012; Hachez 
et al. 2014a, b).

As for SNAREs, there is evidence that any molecules with a role in the traffick-
ing between the TGN/EE and the PM might control PIP targeting. For instance, 
RAS Genes From Rat BrainA1b (RabA1b) is a small GTPase localized in TGN/EE, 
and the corresponding mutant has been screened for defects in exocytosis (Feraru 
et al. 2012). Interestingly, the fungal toxin Brefeldin A (BFA) inhibits intracellular 
trafficking, mainly secretion, and causes accumulation of PM proteins into large 
aggregates known as BFA compartments or BFA bodies (Geldner et al. 2001). BFA 
is an inhibitor of a subset of guanine nucleotide exchange factors (GEFs) for the 
ADP ribosylation factor (ARF) GTPase, which function in recruitment of coat com-
ponents of vesicles. Washout of BFA allows the gradual disappearance of PM pro-
teins from the BFA bodies and their relocation to the PM. Interestingly, in bex5, a 
mutant of RabA1b, washout experiments did not completely suppress the labeling 
of aggregates by an AtPIP2;1 construct, suggesting a role of this small GTPase in 
the exocytosis of PIPs (Feraru et al. 2012).
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1.2  �Dynamic Properties of PIPs

1.2.1  �Approaches Developed to Study the Lateral Diffusion of PIPs

Different microscopy approaches such as variable-angle epifluorescence micros-
copy (VAEM), also named total internal reflection fluorescence microscopy, in 
combination with fluorescence correlation spectroscopy (FCS) or super-resolution, 
provided recent quantitative insights into the immobility of AtPIPs in the plane of 
the PM and their endocytosis ((Hosy et al. 2015; Li et al. 2011), also see (Li et al. 
2013) for a review of these techniques in plant cells). However, it has to be men-
tioned that fluorescence recovery after photobleaching (FRAP) technique was used 
in pioneer studies to address the mobility of membrane proteins such as AtNIP5;1 
and AtPIP2;1 (Takano et al. 2010; Luu et al. 2012; Martinière et al. 2012).

VAEM in combination with single particle tracking (sptVAEM) allowed to track 
single particles of AtPIP2;1-GFP constructs expressed in epidermal cells of 
Arabidopsis roots at a high spatiotemporal resolution. In a pioneer study using an 
AtPIP2;1 construct, four types of trajectories and modes of diffusion were exam-
ined: Brownian (33.7 ± 3.3 %), directed (27.5 ± 2.4 %), restricted (17.5 ± 2.1 %), or 
mixed trajectories (21.2 ± 3.1 %) (Li et al. 2011). It was also concluded that the dif-
fusion coefficient of AtPIP2;1-construct particles (2.46 × 10−3  μm2.s−1) was ten 
times lower than that for LTi6a (2.37 × 10−2 μm2.s−1), confirming the immobility or 
the extremely low lateral diffusion for the aquaporins in the PM. FCS, by measuring 
the intensity of the fluorescence and its variation in a volume, allowed an estimation 
of the density of the AtPIP2;1-GFP molecules in the PM of 30.3 ± 5.1 μm−2 in cells 
under resting conditions.

VAEM combined with high-density SPT and photoactivated localization micros-
copy (sptPALM) was used in epidermal cells of Arabidopsis roots expressing 
fusions of mEos2 with PM (AtPIP2;1, LTi6a) or tonoplast (AtTIP1;1) proteins 
(Hosy et al. 2015). This imaging method provides images with a spatial resolution 
beyond the diffraction limit, i.e., at the nanometer level, and thus is so-called super-
resolution microscopy (Manley et al. 2008). It also provided the diffusion coeffi-
cient for each construct: 4.7 × 10−3 μm2 s−1 (AtPIP2;1), 7.7 × 10−2 μm2 s−1 (LTi6a), 
and 4.8 × 10−1 μm2 s−1 (AtTIP1;1). This analysis revealed that AtPIP2;1 has a mobil-
ity seven- to 19-fold lower than that of its mammalian homolog AQP1 (Crane and 
Verkman 2008) and that LTi6a exhibited a mobility similar to lipids in the PM of 
plant cells (Dugas et al. 1989). Also, the values obtained for AtPIP2;1 and LTi6a are 
consistent with previous data by FRAP analysis (Luu et al. 2012) and stressed the 
immobile nature of the aquaporin. Considering the value of 2.5 × 10−2 μm2 s−1 as a 
threshold between the immobile and mobile fractions, it was observed that only 
22 % of AtPIP2;1 particles were mobile. The authors addressed the molecular mech-
anisms involved in the high confinement of AtPIP2;1. In an analysis with sptPALM 
in combination with pharmacological interference, they treated the cells with either 
oryzalin, latrunculin B, or cytochalasin D, used as an inhibitor of microtubule 
polymerization, an actin polymerization inhibitor, or an actin depolymerization 
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inducer, respectively. Whereas treatments with oryzalin did not change the confine-
ment of AtPIP2;1 particles, drugs targeting actin filaments provoked a significant 
increase in their mobility, suggesting that actin is one of the molecules involved in 
this confinement (Fig. 2a). Gradual plasmolysis of the cells allowing to progres-
sively separate the PM and the cell wall provoked a gradual increase in the mobility 
of AtPIP2;1 particles. Since plasmolysis may also disrupt actin filaments, it is sug-
gested that these molecules and the cell wall, by its close association with the PM, 
can immobilize aquaporin AtPIP2;1.

1.2.2  �Approaches Developed to Study the Constitutive Cycling

PIPs as other PM cargoes are subjected to constitutive cycling. As canonical pro-
teins of the PM, they have been used as reference markers in several studies which 
employed pharmacological interference on the constitutive cycling. For instance, 
the tyrosine analogue, Tyrphostin A23 (A23), is believed to prevent the interaction 
between the μ2 subunit of the clathrin-binding adaptor protein AP2 complex and 
cytosolic motifs of cargo PM proteins (Banbury et al. 2003). Indeed, A23 treatments 
of Arabidopsis root cells prevented the labeling of BFA bodies byAtPIP2;1-GFP 
construct, suggesting an inhibition of its endocytosis by a clathrin-dependent path-
way (Dhonukshe et al. 2007). Consistent with this explanation, A23 treatments also 
increased the density of AtPIP2;1 constructs in the PM (Li et al. 2011). Next, the 
synthetic auxin analogue, 1-naphthaleneacetic acid (NAA), has also been shown to 
inhibit the endocytosis of several PM cargoes including AtPIP2;1 (Dhonukshe et al. 
2008; Paciorek et  al. 2005; Pan et  al. 2009). Wortmannin (Wm), an inhibitor of 
phosphatidylinositol-3-phosphate and phosphatidylinositol-4-phosphate kinases, 
induces in Arabidopsis root cells clustering, fusion, and swelling of TGN vesicles 
and late endosomes/multivesicular bodies (LE/MVB) (Jaillais et al. 2006; Niemes 
et al. 2010; Takáč et al. 2012). The labeling of Wm-induced enlarged endosomes by 
AtPIP2;1 indicates that this aquaporin traffics between TGN and LE/MVB (Jaillais 
et al. 2006). The polyene antibiotic filipin that has also sterol fluorescence detection 
properties has been used to show a role for membrane sterols in the endocytosis of 
AtPIP2;1 (Kleine-Vehn et al. 2006).

As a complement of the pharmacological interference approach using A23, a 
dominant-negative mutant strategy was employed to prove the role of clathrin-
dependent pathway on AtPIP2;1 endocytosis (Dhonukshe et al. 2007). The clathrin 
hub corresponding to the C-terminal part of clathrin heavy chain was overexpressed 
in plant cells, provoking the binding to and titering away the clathrin light chains, 
thus making them unavailable for clathrin cage formation. AtPIP2;1 was unable to 
label anymore BFA bodies, indicating a disruption of its endocytosis by the clathrin-
dependent pathway.

FRAP and photoactivation of a photoactivatable version of GFP (paGFP) were 
classical techniques for the analysis of the lateral diffusion of membrane proteins. 
Their use has been extended to study the cycling of PM aquaporins (Luu et al. 2012). 
The low lateral mobility of AtPIP2;1 in the plane of the PM compared to a variant 
retained into the ER membranes has been previously shown (Sorieul et al. 2011). 
FRAP experiments were performed using Arabidopsis root epidermal cells stably 
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Fig. 2  Dynamic properties of plant PM aquaporins. (a) In resting conditions, PIPs undergo con-
stitutive cycling from the TGN to the surface of the cell. SNAREs and clathrin-mediated endocy-
tosis are involved. Their lateral mobility is restricted by a combination of actin filaments and cell 
wall interactions. (b) A marked change in PIP dynamics occurs in stimuli-challenged conditions, 
where enhanced cycling and higher mobility in the plane of the PM could be observed, concomi-
tant to a trafficking to MVBs. Importantly, a clathrin-independent pathway overcomes the clathrin-
mediated pathway, hypothetically involving flotillins. Chemicals used in pharmacological 
interference approach to block trafficking processes are indicated
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expressing fusions of GFP with AtPIP1;2, AtPIP2;1, LTi6a, or AtTIP1;1 proteins. 
The fluorescence signal of AtPIP constructs had recovered below 60 % even after 
30 min, whereas LTi6a construct exhibited a recovery of ~55 % at only 50 sec and 
almost completely at 7  min after photobleaching. Kymograms, representing as a 
function of time the recovery of the fluorescence signal along a line which crosses the 
bleached region, also showed slow dynamics of AtPIP constructs in the plane of the 
PM compared to LTi6a. Photoactivation of paGFP in LTi6a or AtPIP2;1 constructs 
confirmed their fast or slow dynamics, respectively. The whole set of data indicates a 
significant immobility of AtPIP1;2 and AtPIP2;1 constructs in the PM of Arabidopsis 
root epidermal cells. However, a marked FRAP response was observed over the 
30  min of records. This cannot be explained only by the lateral diffusion of the 
AtPIP1;2 and AtPIP2;1 constructs, and other processes must be invoked. Interestingly, 
the fluorescence recovery curves of AtPIP1;2 and AtPIP2;1 constructs were biphasic, 
with a fast process up to 60 s and a slower process that developed for up to 30 min 
and beyond. Thus, the authors suggested that the first process could account for a fast 
cytoplasmic streaming which drags intracellular compartments containing AtPIP1;2 
and AtPIP2;1 constructs into the initially bleached region. Because of the immobility 
of the AtPIP1;2 and AtPIP2;1 constructs in the PM, it was suggested that constitutive 
cycling could account for the slower recovery observed during the next 30 min. They 
came to the conclusion that the early recovery phase could account for an estimation 
of the intracellular labeling of the constructs, and the constitutive cycling rate could 
be accounted by the slow recovery phase including sequential steps in endocytosis, 
sorting in the endosomes, and exocytosis. Pharmacological interference validated 
this tentative model. For instance, A23 treatments not only reduced the labeling of 
endomembrane compartments by AtPIP constructs but provoked a reduced recovery 
of fluorescence at 30 min and beyond. A similar response was found with NAA and 
BFA treatments. NAA did not change noticeably the intensity of endosomal labeling 
in these experiments, suggesting that the site of NAA inhibition may be downstream 
of endocytotic uptake and upstream of the TGN.  Importantly, this new approach 
using FRAP experiments provided a higher quantitative resolution of constitutive 
cycling than standard confocal microscopy.

1.2.3  �Stress-Induced Change of PIP Dynamics and Localization

Salt treatments (150 mM NaCl) or exogenous application of salicylic acid (0.5 mM 
SA) concomitantly inhibits the Lpr and provokes an accumulation of reactive oxygen 
species (ROS) (Boursiac et al. 2008, 2005). These effects are fast and associated 
with the internalization of the analyzed AtPIP constructs. Importantly, the internal-
ization could be counteracted by ROS-scavenging catalase treatments, indicating the 
central role of ROS in the cellular relocalization of aquaporins. ROS, and more 
specifically hydrogen peroxide (H2O2), have well-known cell-signaling functions in 
plants (Apel and Hirt 2004; Foyer and Noctor 2009). An in-depth cell biology analy-
sis of PIP trafficking under ROS stimulus was described by combining several 
approaches in root cells of Arabidopsis (Wudick et al. 2015). Subcellular fractionation 
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experiments revealed that H2O2 treatments induced an enhanced localization of 
AtPIPs in intracellular membranes, as early as 15 min. In parallel, a twofold increase 
in the lateral mobility of AtPIP2;1 particles and a 40 % decrease of their density in 
the PM were observed by sptVAEM and FCS, respectively. This indicates not only 
a change in the mobility of AtPIP2;1 at the cell surface but also a change in their 
subcellular localization. This change was clearly observed as labeling of intracellu-
lar spherical bodies of ~1–2  μm, dot-shaped-like structures, and a more diffuse 
labeling. Co-expression of AtPIP2;1 constructs with endomembrane markers or 
staining with the lipophilic styryl dye FM4-64 identified the LE/MVB as the poten-
tial compartments of relocalization. This result suggested the possibility of a stress-
induced degradation process similar to well-described ones occurring for the borate 
transporter BOR1, the flagellin receptor FLS2, the iron transporter IRT1, or the 
auxin efflux facilitator AtPIN2 (Takano et al. 2005; Robatzek 2007; Barberon et al. 
2011; Laxmi et al. 2008). Furthermore, a sequestration process could be possible as 
for the K+-channel AtKAT1, which is reversibly sequestered upon ABA (Sutter et al. 
2007). However, a series of experiments including biochemical and microscopy 
approaches did not support either the degradation or the reversible sequestration 
process, suggesting a stress-induced sequestration of PM aquaporins in LE/MVB 
that is strictly disconnected from vacuolar degradation. The labeling of spherical 
bodies observed in these stress-induced conditions may correspond to enlarged 
MVBs described in Arabidopsis mutants of SAND-CCZ1 complex involved in the 
trafficking toward lysosome/vacuole (Ebine et al. 2014; Singh et al. 2014).

Milder concentration of salt (100 mM NaCl) not only significantly reduces Lpr of 
Arabidopsis plants but affects the distributions of PIPs and TIPs (Boursiac et al. 
2005). The effects on PIP dynamics under these mild salt stress conditions were 
analyzed by using approaches to study the lateral diffusion of PIPs in the plane of 
the PM and their cycling in root epidermal cells of Arabidopsis (Li et al. 2011; Luu 
et al. 2012). sptVAEM revealed an increase by twofold of the diffusion coefficient 
of AtPIP2;1 particles and by 60 % proportion of particles with a restricted diffusion 
mode. Furthermore, the density of AtPIP2;1 construct in the PM was reduced by 
46 %. This reduction could be prevented by pretreatments with A23 or methyl-β-
cyclodextrin (MβCD), a sterol-disrupting reagent. Thus, these data support the 
hypothesis that under standard conditions, the endocytosis of PIPs occurs via pre-
dominantly the clathrin-dependent pathway, but it is enhanced under salt stress and 
occurs via both clathrin-mediated and membrane microdomain-mediated pathways 
(Li et al. 2011). A dissection of the cycling properties of AtPIP1;2 and AtPIP2;1 
under salt stress was investigated using a FRAP approach. A twofold increase in the 
amplitude of fluorescence recovery curves was observed, suggesting an enhanced 
cycling of PIPs. To validate this hypothesis, the authors observed an earlier labeling 
of BFA bodies by AtPIP constructs under a concomitant treatment with NaCl and 
BFA. As a complementary experiment, an earlier decrease in the labeling of the 
BFA bodies was observed in the washout of BFA with NaCl solutions. A combina-
tion of FRAP and pharmacological interference approaches showed that PIP cycling 
under salt stress was blocked by NAA but had become insensitive to A23. The 
whole set of data suggests that salt stress enhances both endocytosis and exocytosis 
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of PIPs, and therefore their cycling, and that an endocytotic mechanism independent 
of clathrin-mediated pathway could occur (Luu et al. 2012). This hypothesis sup-
ports the possible involvement of a membrane microdomain-dependent pathway 
previously uncovered in plant cells (Li et al. 2011).

As previously shown, posttranslational modifications on PIPs such as phosphor-
ylation could alter ER-to-Golgi trafficking in resting conditions. Such a regulatory 
role has also been uncovered in salt stress conditions (Prak et al. 2008). Salt treat-
ments for 2–4 h caused 30 % decrease in the abundance of phosphorylated S283 
form AtPIP2;1. S280A mutation of GFP-AtPIP construct was associated with the 
labeling of “fuzzy” structures, whereas the S283D mutation allowed a labeling of 
spherical bodies. An adaptive response of plant root to limit the delivery of PIPs to 
the PM upon salt stress could be invoked.

1.3  �Polar Localization of Aquaporins in Plant Cells

1.3.1  �Polar Localization of Mammalian Aquaporins

Polar localization has been observed on several aquaporins in plant cells, although 
its physiological role in directional transport of substrates has not been shown. 
Before summarizing the knowledge on plant aquaporins, we introduce the preced-
ing models of polar localization of mammalian aquaporins. In mammalian epithe-
lial cells, three aquaporins are known to show polarity in their localization in the 
PM.  In the renal collecting duct principal cells, AQP2 is targeted to the apical 
domain of the PM facing the ducts, while AQP3 and AQP4 are localized to basolat-
eral domain of the PM (Edemir et al. 2011; Fig. 3a).

AQP2 is localized to intracellular vesicles, and vasopressin promotes transloca-
tion of AQP2 to the apical PM domain for efficient reabsorption of water from the 
ducts (Nedvetsky et al. 2007). It has been revealed that phosphorylation at S256 and 
S269 is crucial for the translocation (Hoffert et al. 2008; Van Balkom et al. 2002). 
Phosphorylation of S256 promotes translocation to the apical PM (Tamma et  al. 
2011), while phosphorylation at S269, which depends on the prior phosphorylation 
at S256, represses the clathrin-mediated endocytosis from the apical PM (Moeller 

Fig. 3  Models of mechanisms underlying the polar localization of aquaporins in epithelial cells of 
mammalian renal collecting duct. (a) AQP2 is localized in the apical domain of the PM in the 
epithelial cell and cycled between the PM and Rab11-positive apical recycling endosomes. Rab5- 
and dynein-dependent transcytosis from basolateral to apical domain is required for the polar 
localization. AQP3 and AQP4 are distributed to basolateral domain of the PM. Tight junctions 
restrict the lateral diffusion of the AQPs. (b) In the PM, AQP2 is predominantly accumulated in the 
microdomains. Phosphorylation at S256 and S269 of AQP2 promotes its apical localization. 
Phosphorylation at S269 inhibits clathrin-mediated endocytosis and retains the localization of 
AQP2 in the apical PM domain. AQP2-bearing vesicles are transported along actin filaments and 
fused with the apical PM in VAMP-2 and syntaxin 4-dependent manner. AQP2-bearing vesicles are 
trafficked by Myosin-Vb motor protein along actin filaments
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et  al. 2009, 2014). PM-residing AQP2 is predominantly accumulated in the 
detergent-resistant membrane (DRM) and thus suggested to be localized in the PM 
microdomain (Yu et  al. 2008). Endocytosis of microdomain-residing proteins is 
supposed to be through not clathrin- but caveolae-dependent pathway in mamma-
lian cells (Roy and Wrana 2005). The phosphorylation state of AQP2 might alter its 
distribution between microdomain and non-microdomain to control the endocytic 
rate of AQP2 cycling (Fig. 3b). This set of data strongly supports the more recent 
discovery of the membrane microdomain-dependent pathway involved in endocyto-
sis of AtPIP2;1 upon salt stress (Li et al. 2011). However, a caveolae homolog has 
not been discovered so far in plants. Flotillin endocytosis was also described to be 
independent from the clathrin-mediated pathway in plant cells and could hypotheti-
cally have the same function in plants as caveolae have in mammals (Li et al. 2012).

Another important factor for the polar localization of AQP2 is a PDZ-interacting 
motif (x-T/S-x-Φ, where x is unspecified amino acid; Φ is hydrophobic amino acid) 
in its C-terminal tail (Harris and Lim 2001). This motif interacts with SPA-1, a PDZ-
domain containing GTPase-activating protein (GAP) for a small GTPase, Ras-
related protein 1 (Rap1) (Kurachi et  al. 1997; Noda et  al. 2004). Rap1 regulates 
diverse cellular processes including Ras/extracellular signal-regulated kinase (ERK) 
signaling pathway, cell morphogenesis, and cell growth (Frische and Zwartkruis 
2010). Rap1 may be involved in cytoskeletal orientation (Tsukamoto et al. 1999) and 
vesicular transport (Moskalenko et al. 2002). SPA-1 is localized to the apical surface 
of the renal collecting ducts and required for the polar localization of AQP2 as a scaf-
fold (Noda et al. 2004; Kim and Sheng 2004). Thus, SPA-1 regulates AQP2 distribu-
tion through its GAP activity for Rap1 and/or scaffolding at the apical surface.

In addition, the apical polar localization of AQP2 requires Rab11-dependent api-
cal vesicular trafficking by myosin Vb along actin filaments (Nedvetsky et al. 2007; 
Fig. 3b) and Rab5-dependent transcytosis by dynein along microtubules (Yui et al. 
2012; Fig. 3a). AQP2 colocalizes with a v-SNARE VAMP-2 at the apical vesicles 
(Gouraud et al. 2002), suggesting that VAMP-2 determines apical sorting of AQP2-
bearing vesicles (Fig. 3b). At the apical domain of the PM, syntaxin 4 was impli-
cated to function as a t-SNARE for the AQP2-bearing vesicles (Gouraud et  al. 
2002). In summary, small GTPase-dependent vesicular sorting, directional 
transcytosis along cytoskeletons, SNARE-mediated vesicular fusion, interaction to 
a PDZ-domain containing protein, and inhibition of endocytosis by phosphorylation 
are underlying the polar localization of AQP2.

In contrast to AQP2, the isoforms AQP3 and AQP4 are localized to the basolat-
eral domain of the PM (Edemir et al. 2011; Fig. 3a). AQP4 has a tyrosine- and a 
dileucine-based motif (Madrid et al. 2001), well-characterized signals for clathrin-
mediated endocytosis and sorting to the lysosome/vacuole (Traub 2009). The tyro-
sine motif (YxxΦ; Φ is a bulky hydrophobic amino acid residue) and the dileucine 
motif ([DE]xxxL[LIM]; [ ] indicates alternative) were shown to be recognized by μ 
subunits of AP complexes (Ohno et al. 1995) and γ/σ1 and α/σ2 hemicomplexes of 
AP-1 and AP-2 (Doray et al. 2007), respectively. Interestingly, an AQP4 variant, 
whose tyrosine motif was mutated, showed ectopic localization to the apical PM 
domain and reduced interaction with μ subunit of AP-2 (Madrid et al. 2001). This 
finding implies that the polar localization of AQP4 to the basolateral PM requires 
clathrin-mediated endocytosis from the apical side.
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AQP3 carries a conserved YRLL motif in its N-terminal region. A variant of 
AQP3 whose tyrosine is substituted to alanine (ARLL) displayed less polarized 
localization than the wild-type isoform, while a variant with AAAA substitution 
showed intracellular localization, suggesting the tyrosine and leucine residues func-
tion distinctly (Rai et al. 2006).

Together, polar localization of AQP3 and AQP4 targeted to the basolateral 
domain requires their endocytic motifs. In contrast to the case of apical localization 
of AQP2, there is no indication of requirement of phosphorylation.

1.3.2  �Polar Localization of Plant Aquaporins

To date, several plant aquaporins have been reported to show polar localization in 
the PM (Table 1). Immunocytochemistry of maize and rice PIP isoforms identified 
at least four PIPs polarly localized in the PM, while other PIPs show nonpolar 

Table 1  Polar or nonpolar distribution of aquaporin proteins

Protein Function Localization Organism References

AtPIP1;1 Water transport Uniform Arabidopsis 
thaliana

Boursiac et al. 2005

AtPIP2;1 Water transport Uniform Arabidopsis 
thaliana

Boursiac et al. 2005

OsPIP2;1 Water transport Stele side Oryza sativa Sakurai-Ishikawa 
et al. 2011

ZmPIP2;1/2;2 Water transport Uniform/stele side Zea mays Hachez et al. 2008
ZmPIP2;5 Water transport Uniform/soil side Zea mays Hachez et al. 2006
OsPIP2;5 Water transport Stele side Oryza sativa Sakurai-Ishikawa 

et al. 2011
OsLsil Si transport Soil side Oryza sativa Ma et al. 2006
HvLsil Si transport Soil side Hordeum 

vulgare
Chiba et al. 2009

ZmLsil Si transport Soil side Zea mays Mitani et al. 2009
CmLsil Si transport Soil side Cucurbita 

moschata
Mitani et al. 2011 

OsLsi6 Si transport Soil side (root) Oryza sativa Yamaji et al. 2008; 
Yamaji and Ma 2009Xylem side (xylem 

parenchyma in leaf)
Xylem side 
(enlarged vascular 
bundles in node I)

HvLsi6 Si transport Soil side (root) Hordeum 
vulgare

Yamaji et al. 2012
Xylem side? (xylem 
parenchyma in leaf)
Xylem side 
(enlarged vascular 
bundles in node I)

AtNIP5;1 B transport Soil side Arabidopsis 
thaliana

Takano et al. 2010
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distribution. In rice root, OsPIP2;1 and OsPIP2;5 were localized in the stele-side 
domain of the PM (Sakurai-Ishikawa et  al. 2011). In maize root, ZmPIP2;5 was 
localized to the soil-side (distal) domain of the PM in the epidermal cells (Fig. 4a), 
whereas it was localized in a nonpolar manner in other cell layers (Hachez et al. 
2006). In contrast, ZmPIP2;1/2;2 was localized to the inner side (proximal) domain 
of the PM in leaf epidermal cells (Fig. 4b; Hachez et al. 2006, 2008). These findings 
suggested that distribution of PIPs in the PM is regulated in cell type-specific man-
ners. Similar to the case of mammalian AQP2, proteomic analyses have identified 
PIP2 isoforms in DRM in Arabidopsis thaliana (Minami et  al. 2009; Shahollari 
et al. 2004) and Medicago truncatula (Lefebvre et al. 2007). It is possible that local-
ization to the microdomain is related to the polarized distribution of ZmPIP2;1/2;2/2;5. 
So far physiological significance and mechanisms of polar localization of aquapo-
rins remain uninvestigated.

Besides PIPs, some members of NIPs were shown to be localized in the PM in a 
polar manner. In exodermal and endodermal cells of rice roots, OsLsi1 (NIP2;1), a 
silicic acid channel, and OsLsi2, an anion exporter, are localized in the soil-side and 
the stele-side domains of the PM, respectively, and cooperatively play a role in 
translocation of silicon (Si) into the xylem (Ma et al. 2006, 2007; Ma and Yamaji 
2015). Si is a beneficial element for plants and highly accumulated in monocotyle-
donous plants including rice, maize, barley, and wheat (Ma and Yamaji 2006). Si 
enhances resistance against abiotic and biotic stresses, and Si deficiency causes 
agricultural problems such as reduced productivity (Ma and Yamaji 2006). Recently, 
the physiological importance of the polar localization of OsLsi1 and OsLsi2 in rice 
root was examined in silico by a mathematical model of root cell layers with 
parameters such as cellular and subcellular distribution of Lsi1 and Lsi2 and location 
of the Casparian strips (Sakurai et al. 2015). The model suggested that wild-type 
pattern of polar localization of Lsi1 and Lsi2 and exodermal and endodermal 
Casparian strips are all required for efficient Si transport in rice (Sakurai et al. 2015).

Lsi6, a homolog of Lsi1, functions as a silicic acid channel in rice, barley, and 
maize. Interestingly, patterns of expression and subcellular localization of Lsi6 are 
distinct between tissues. In rice roots, OsLsi6 (OsNIP2;2) is expressed in the epider-
mis and cortex and localized to the soil-side domain of the PM. However, in leaves 
and nodes, OsLsi6 is expressed in xylem parenchyma and xylem-transfer cells, 
respectively, and localized in the polar PM domains toward the side of xylem, for 
efficient xylem unloading (Yamaji et al. 2008; Yamaji and Ma 2009). Similarly, in 
the barley node I, HvLsi6 is expressed in the xylem-transfer cells and localized to 
the PM domain facing xylem of enlarged vascular bundle (XE, Fig. 5a, b; Yamaji 
et al. 2012). The other isoform HvLsi2 is expressed in the xylem parenchyma cells 
adjacent to the xylem-transfer cells and localized to the PM domain at the side of 
diffuse vascular bundle (DV, Fig. 5c, d). HvLsi6 and HvLsi2 play important roles 
for reloading Si to the xylem of diffuse vascular bundle from the xylem of enlarged 
vascular bundle (Yamaji et al. 2012; Ma and Yamaji 2015).

Rice exodermis and endodermis have Casparian strips, which restrict not only 
apoplastic flow of water and solutes but also lateral diffusion of PM-residing pro-
teins like the case of tight junctions in mammalian epithelial cells (Geldner 2013). 
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Fig. 4  Polar localization of ZmPIP2;5 in roots, ZmPIP2;1/2;2 in leaves, and AtNIP5;1 in roots. (a) 
Immunofluorescence of ZmPIP2;5 in a maize root. ZmPIP2;5 shows polar localization in the soil-
side domain of the PM in the epidermal cells. (b) Immunofluorescence of ZmPIP2;1/2;2 in a maize 
leaf blade. ZmPIP2;1/2;2 shows polar localization in proximal domain of the PM in the epidermal 
cells. Scale bar = 30 μm (a), 50 μm (b). Figures are reproduced from Hachez et al. 2006 (a) and 
Hachez et al. 2008 (b) with permission. (c) A confocal image of a primary root of the transgenic 
plant carrying ProAtNIP5;1-mCherry-AtNIP5;1genomic and ProAtBOR1,AtBOR1-GFP grown on 
low-B media. AtNIP5;1 is expressed which shows polar localization in soil-side domain of the PM 
in the outermost cell layers, whereas AtBOR1 shows polar localization in stele-side domain in 
various cells in the root tip (Takano et al. 2010). Scale bar = 100 μm
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Therefore, one can imagine that the polar localization of OsLsi1 in these cell types 
is dependent on the presence of the Casparian strip. However, Lsi1 and Lsi6 also 
showed polar localization in cell types without the Casparian strips (Chiba et al. 
2009; Mitani et al. 2009; Yamaji et al. 2012), indicating that the Casparian strip is 
not necessary for polar localization.

Another example of polar-localized plant aquaporin is NIP5;1, a boric acid chan-
nel in Arabidopsis (Takano et al. 2006, 2010; see chapter “Plant Aquaporins and 
Metalloids”). Boron (B) is an essential micronutrient, while excess B is toxic for 
plants (Marschner 1995). Imaging of GFP fusion revealed that NIP5;1 is localized 
to the soil-side domain of the PM in outermost cell layers of roots, while a borate 
efflux transporter BOR1 is localized to the stele-side domain in various cell types, 
under low-B conditions (Takano et al. 2002, 2010) (Fig. 4c). The opposite polar 
localization of NIP5;1 and BOR1 is considered to be beneficial for B uptake into 
root and subsequent translocation to the vascular cylinder under low-B conditions.

Currently, molecular mechanisms underlying polar localization of a subset of 
PIPs and NIPs are not well understood. As discussed above, a membrane diffusion 
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Fig. 5  Localization of HvLsi6 and HvLsi2 in the node I. Immunofluorescence in node I at the 
flowering stage with anti-HvLsi6 antibody (red color in a, b), anti-HvLsi2 antibody (red color in 
c), or double staining with anti-HvLsi6 (yellow) and anti-HvLsi2 (red) antibodies (d). Blue and 
cyan colors are UV autofluorescence from the cell wall. xE, pE: xylem, and phloem region of 
enlarged vascular bundle, respectively, DV diffuse vascular bundle, v xylem vessel, * xylem-
transfer cell, pc outer parenchyma cell layer next to xylem-transfer cell. Scale bars = 100 μm (a, c, 
d), 20 μm (b) (Reproduced from Yamaji et al. 2012 with permission)
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barrier such as tight junctions in animal epithelial cells is not necessary for main-
taining the polar localization in the plant PM.  Limited lateral diffusion of the 
PM-localized proteins (discussed above) is apparently a basis for the maintenance 
of the polar localization by vesicle trafficking. Although no canonical endocytic 
motifs have been identified within their cytosolic sequences, other endocytic sig-
nals or posttranslational modification such as phosphorylation might regulate the 
polar localization of plant aquaporins as it does for some mammalian AQP 
proteins.

1.4  �Trafficking of TIPs

1.4.1  �Localization of TIPs to the Lytic Vacuole and the Protein Storage 
Vacuole

TIPs have functions in transport of diverse solutes including water, glycerol, urea, 
ammonia, or hydrogen peroxide (H2O2) across the vacuolar membrane (tonoplast) 
(Wudick et al. 2009). TIPs are further classified into five groups. Among them, 
γ-TIP (renamed AtTIP1;1 in Arabidopsis) has been used as a marker for the lytic 
vacuole, and α- and δ-TIP (renamed AtTIP3;1 and AtTIP2;1 in Arabidopsis) have 
been used as markers for the protein storage vacuole (PSV) (Frigerio et al. 2008; 
Xiang et al. 2013). The lytic vacuole has acidic pH, occurs in mature tissues, and 
functions similarly to the lysosome in animals. The PSV has less acidic pH and 
functions as the main protein storage compartment in the storage tissues. There 
remains a contradiction whether the different TIPs target specifically toward the 
lytic vacuoles or the PSVs. In Arabidopsis mesophyll protoplasts, AtTIP2;1-GFP 
was colocalized with the isoform b of a rice two-pore K+ channel construct in 
small PSVs, whereas the construct with the isoform a is localized in the tonoplast 
of the central vacuole (Isayenkov et al. 2011). However, in transgenic Arabidopsis 
plants, different TIPs (AtTIP1;1, AtTIP2;1, and AtTIP3;1) fused to fluorescent 
proteins coexisted in the same tonoplast of the central vacuole in roots and leaves 
(Hunter et al. 2007; Gattolin et al. 2009) and in the same tonoplast of PSVs in 
embryos (Hunter et al. 2007). The differential localization of TIP isoforms to the 
lytic vacuoles or the PSVs seems to be dependent on tissues and developmental 
stages.

Interestingly, specifically in early seed maturation and early germination stages, 
AtTIP3;1 and AtTIP3;2 were shown to localize to the tonoplast of PSVs and also to 
the PM (Gattolin et al. 2011). This is apparently not an artifact since both N- and 
C-terminal fluorescent protein fusions of AtTIP3;1 and AtTIP3;2, but not YFP-
AtTIP1;1 expressed under the control of the AtTIP3;2 promoter, showed the dual 
localization. Although the mechanisms of dual targeting are unknown, this finding 
suggests the distinct trafficking mechanisms for different TIPs and possible impor-
tance of the PM localization of TIPs to compensate the absence or low expression 
of PIPs in these developmental stages.
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1.4.2  �Trafficking of TIPs in Golgi-Dependent and Golgi-Independent 
Pathways

The tonoplast targeting of membrane proteins is apparently more complex than the 
PM targeting via the ER, Golgi apparatus, and TGN.  There exist at least two 
pathways to the tonoplast: Golgi-dependent and Golgi-independent pathways 
(Pedrazzini et al. 2013; Rojas-Pierce 2013; De Marchis et al. 2013; Viotti 2014). 
These pathways have been distinguished by sensitivities to the fungal toxin 
BFA. BFA sensitivity in a cell type is dependent on the sensitivity/insensitivity of 
ARF-GEF isoforms responsible for each trafficking step (Robinson et al. 2008). For 
example, in leaf epidermis of tobacco, hypocotyls, and leaves but not roots of 
Arabidopsis, BFA inhibits the retrograde traffic from the Golgi to the ER and 
induces uncontrolled fusion of Golgi and ER membranes (Brandizzi et al. 2002; 
Robinson et al. 2008; Rivera-Serrano et al. 2012). In these cells, BFA inhibits the 
trafficking of soluble cargoes to the vacuole or the apoplast, and some, but not all, 
tonoplast proteins are investigated (Pedrazzini et  al. 2013; Rojas-Pierce 2013;  
De Marchis et al. 2013). In an early study, using protoplasts from transgenic tobacco 
leaf cells, the vacuolar traffic of the soluble protein phytohemagglutinin, but not the 
tonoplast TIP3;1, was inhibited by BFA treatment (Gomez and Chrispeels 1993).  
In protoplasts of Arabidopsis, the Golgi-independent trafficking of AtTIP3;1 was 
further supported by the finding that Golgi-specific glycosylation was not detected 
in a modified TIP3;1 variant that contained a potential glycosylation residue (Park 
et al. 2004). A recent study showed that the tonoplast targeting of AtTIP1;1-YFP but 
not AtTIP3;1-YFP and GFP-AtTIP2;1 was sensitive to BFA in Arabidopsis 
hypocotyls (Rivera-Serrano et al. 2012). Furthermore, a screen of chemical inhibi-
tors of TIP trafficking in the same study identified a compound, C834, which 
retained GFP-AtTIP2;1 and AtTIP3;1-YFP in the ER, but did not affect the tono-
plast targeting of AtTIP1;1-YFP. Therefore, BFA and C834 treatments are means to 
differentiate the Golgi-dependent and Golgi-independent pathways as distinct 
mechanisms (Fig. 6).

1.4.3  �Golgi-Dependent Trafficking to the Tonoplast

Although little is known for the Golgi-dependent trafficking of TIPs, studies on 
various tonoplast proteins revealed multiple pathways to the tonoplast through the 
Golgi apparatus (Fig. 6). Studies on some tonoplast proteins in plants identified the 
requirement of dileucine-based motifs and a tyrosine-based motif located in the 
cytosolic region for tonoplast trafficking (Pedrazzini et  al. 2013). As introduced 
above, dileucine-based motifs (typically [D/E]xxxL[L/I]) and the tyrosine-based 
signal YxxΦ, where Φ is any bulky hydrophobic residue, are well-established sig-
nals for endocytosis and sorting to lysosomes or vacuoles by binding to AP com-
plexes in mammals and yeast (Bonifacino and Traub 2003). Intriguingly, mutations 
in the dileucine motifs (not limited to the typical ones) of tonoplast proteins, such as 
a monosaccharide transporter ESL1, a molybdate transporter MoT2, an inositol 

J. Takano et al.



69

transporter INT1, a two-pore channel TPC1, and an iron transporter VIT1, redi-
rected them to the PM (Yamada et al. 2010; Gasber et al. 2011; Wolfenstetter et al. 
2012; Larisch et al. 2012; Wang et al. 2014). Furthermore, short amino acid frag-
ments containing the dileucine motif of INT1, PTR2/4/6, or VIT1 were sufficient to 
redirect PM-targeted proteins to the tonoplast (Wolfenstetter et al. 2012; Komarova 
et  al. 2012; Wang et  al. 2014). These results suggest that the tonoplast-targeting 
mechanism dependent on the dileucine motif is dominant over the PM-targeting 
mechanism, at least for a subset of membrane proteins. Importantly, the dileucine 
motif from VIT1 was shown to interact with AP-1 subunits in vitro, and the knock-
down of the AP-1 γ-adaptins caused relocation of VIT1 and INT1 to the PM (Wang 
et al. 2014). Since AP-1 γ-adaptins are mainly localized in the TGN, it was pro-
posed that its complex mediates the targeting of membrane proteins carrying a 
dileucine motif from the TGN to the tonoplast (Fig. 6).

To add further complexity, there exists another Golgi-dependent vacuolar-sorting 
pathway, which is dependent on AP-3. The AP-3 complex in Arabidopsis is impor-
tant for biogenesis of the vacuole (Feraru et al. 2010; Zwiewka et al. 2011). The 
tonoplast trafficking of SUC4 but not of INT1, TPC1, and ESL1 was affected in the 
AP-3 β-subunit mutant (Larisch et al. 2012; Wolfenstetter et al. 2012). In the AP-3 

BFA

C834

ER

Golgi

TGN

AP-3

SUC4

PVC

PVC

TIP1;1 ?

INT1
ESL1
MOT2
TPC1TIP3;1

TIP2;1

Cargo protein

Vacuole
AP-1

Fig. 6  A model of multiple trafficking pathways to the tonoplast. The trafficking pathway of 
AtTIP1;1 but not of AtTIP2;1 and AtTIP3;1 is through Golgi. These routes can be differentiated by 
sensitivities to BFA or C834. The BFA-sensitive, Golgi-dependent pathway is further divided to 
two pathways, dependent on AP-1 and AP-3 complexes. TIP1;1 does not contain dileucine motifs, 
which are recognized by the AP-1 complex and found in INT1, PTR2/4/6, ESL1, MOT2, TPC1, 
and VIT1
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β-subunit mutant, GFP-SUC4 colocalized with cis-Golgi markers (Wolfenstetter 
et al. 2012). By analogy to the apparent function of yeast AP-3 (Odorizzi et al. 1998; 
Dell’Angelica 2009), it was proposed that AP-3 is involved in direct trafficking 
from the Golgi apparatus to the tonoplast (Wolfenstetter et al. 2012; Fig. 6). Since 
AtTIP1;1, as well as SUC4, does not contain conserved trafficking signals in the 
cytosolic region, involvement of AP-3 for AtTIP1;1 trafficking needs to be tested.

1.4.4  �Golgi-Independent Trafficking to the Tonoplast

What kind of mechanism is conceivable for the Golgi-independent pathway? A 
recent study carefully investigated the Golgi-independent trafficking of two proton 
pumps to the lytic vacuoles in the root meristematic cells of Arabidopsis (Viotti 
et al. 2013). The localization of a VHA-a3-mRFP to the tonoplast was not disturbed 
by concanamycin A treatment, which causes aggregates derived from TGN. This 
contrasts to the case of INT1 fused to GFP, which was trapped in the aggregates 
labeled by the endocytic tracer FM4-64. VHA-a3-mRFP was introduced into the 
BFA-sensitive GNL1/gnl 1 line (Richter et al. 2007) to block the ER-to-Golgi trans-
port and the post-Golgi transport by BFA treatment. Upon BFA treatment, the tono-
plast localization of VHA-a3-mRFA was not affected. These results supported the 
hypothesis that VHA-a3 trafficking to the tonoplast is Golgi independent. 
Furthermore, the immunoelectron microscopy analysis of the VHA-a3-GFP and 
V-PPase AVP1/VHP1 detected both proteins at the tonoplast and double-membrane 
structures designated as provacuoles, but not in the TGN/EE, Golgi stacks, or ER 
(Viotti et al. 2013). The formation of the provacuoles was not prevented by com-
plete abolition of Golgi and post-Golgi trafficking in the gnl mutant with BFA treat-
ment. Importantly, although at rare incidences, a direct connection between the 
provacuole and the ER was observed. These results suggested that the biogenesis of 
the lytic vacuole and trafficking of a subset of tonoplast proteins occur directly from 
the ER independent of Golgi function. It is tempting to speculate that the tonoplast 
trafficking of AtTIP3;1 and AtTIP2;1, which is insensitive to BFA, occurs in the 
similar direct pathway. This hypothesis needs to be tested in the tissue containing 
PSVs, where native AtTIP3;1 and AtTIP2;1 are expressed. The precursor-
accumulating (PAC) vesicles carrying precursors of storage proteins directly from 
the ER to the PSVs in pumpkin cotyledons (Hara-Nishimura et al. 1998, 2004) or 
the KDEL vesicles carrying a proform of a KDEL-tailed cysteine protease directly 
from the ER to the PSVs (Toyooka et al. 2000) might be involved.

1.4.5  �Stress-Induced Changes of TIP Localization

The response of aquaporin trafficking to stress conditions was first described for 
McTIP1;2 in suspension cells and leaves of ice plant (Mesembryanthemum crystal-
linum; Vera-Estrella et al. 2004). Membrane fractionation followed by Western blot-
ting by an anti-McTIP1;2 antibody revealed the changes of localization after 
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mannitol-induced osmotic stress. An immunofluorescence analysis showed local-
ization of McTIP1;2  in the tonoplast under a control condition and its change to 
unique intracellular spherical structures after the mannitol treatment. The spherical 
structure labeled by McTIP1;2 was not labeled with tonoplast markers V-PPase, 
V-ATPase, and AtTIP2;1, PM markers, and LE/MVB markers. The change was 
accompanied with increased amount of the protein and glycosylation and blocked 
by the glycosylation inhibitor tunicamycin. These results suggested that osmotic 
stress induces glycosylation of McTIP1;2 to change the trafficking pathway to 
spherical structures, possibly to maintain water balance.

Another example of the changes of TIP localization was in Arabidopsis root cells 
after salt treatment (Boursiac et al. 2005). Under control conditions, both isoforms 
AtTIP1;1-GFP and AtTIP2;1-GFP labeled the tonoplast of the central vacuole, 
while after the salt treatments, AtTIP1;1-GFP, but not AtTIP2;1-GFP, appeared in 
intravacuolar spherical structures tentatively identified as tonoplast invaginations. 
The spherical intravacuolar structures need to be interpreted with caution since this 
kind of structures can be artificially induced by dimerization of GFP fused with 
tonoplast proteins when they are abundantly expressed (Segami et  al. 2014). 
However, the spherical structures labeled by AtTIP1;1-GFP were observed only 
after salt stress (Boursiac et al. 2005), suggesting that at least a change in localiza-
tion of AtTIP1;1 or vacuole structure occurred. Since AtTIP1 abundance measured 
by anti-TIP1 antibody was decreased by approximately 20 % within 6 h after salt 
treatment (Boursiac et  al. 2005), this labeling might reflect protein degradation. 
Alternatively, it might be accompanied by a reshaping of vacuole structure under 
salt stress.

2  �Aquaporins as Markers for Membrane Dynamics

PIPs and TIPs have been used as PM and tonoplast markers for various studies on 
organelle and membrane dynamics in plant cells. TIPs were also used as protein 
markers for identification of new small molecule inhibitors for membrane traffick-
ing (Rivera-Serrano et  al. 2012). Recently, Arabidopsis AtNIP5;1, a boric acid 
channel, was utilized as a PM marker for a forward genetics study. Using chemi-
cally mutagenized GFP-AtNIP5;1 lines, a fluorescence imaging-based screening 
isolated mutants in which AtNIP5;1 localized abnormally in root epidermal cells 
(Uehara et al. 2014). An allelic group of mutants contained intracellular aggregates 
co-labeled with GFP-AtNIP5;1, endocytic tracer FM4-64, and TGN markers. A 
positional cloning identified the responsible gene as UDP-glucose 4-epimerase, 
which is important for synthesis and channeling of d-galactose into the Golgi appa-
ratus (Uehara et al. 2014; Seifert et al. 2002). Further analysis of ultrastructure in 
the uge4 mutant cells revealed accumulation of high-electron-density vesicles 
derived from TGN (Wang et  al. 2015). It is most likely that accumulation of 
galactose-depleted xyloglucan caused abnormal function and structure of TGN and 
caused a “traffic jam” in the membrane traffic system (Kong et al. 2015). The same 

﻿Plant Aquaporin Trafficking



72

screen identified an allelic group of mutants in which GFP-AtNIP5;1 is accumu-
lated in the ER in addition to the PM (unpublished). Analysis of the mutant has a 
potential to identify a novel mechanism of ER exit specific to AtNIP5;1 or related 
aquaporins.

3  �Conclusions and Perspectives

Recent studies have greatly improved knowledge on the localization of plant 
aquaporins. The localization and trafficking of aquaporins were revealed to be 
different among isoforms even in the same subfamily or in different cell types. PIP 
trafficking exhibits similarities and originalities with other PM proteins in plant 
cells. The PM targeting of PIP1s requires heteromerization with PIP2s. They use 
the secretory pathway to be targeted to the cell surface, and although fairly immo-
bile in the plane of the PM, they are subjected to the constitutive cycling. Some PIPs 
and NIPs show polar localization in the PM. Comparison with preceding models in 
mammal aquaporins will be a key to understand the mechanism of polar trafficking 
of plant aquaporins. It would be also important to examine the physiological signifi-
cance of the polar localization by substitution of polar aquaporins with their nonpo-
lar variants. It is still controversial whether different TIP isoforms are differentially 
targeted to the lytic vacuoles or the PSVs. Systematic studies not only on TIPs but 
also with other tonoplast and vacuolar proteins using recently identified mutants for 
membrane trafficking will clarify the mechanisms. The trafficking mechanisms 
underlying localization of NIPs in the peribacteroid membrane of nitrogen-fixing 
nodules (Fortin et al. 1987) remain unknown. A change of destination of TIPs from 
the tonoplast to the symbiosome membrane in nodules of Medicago truncatula sug-
gests a dynamic change of the membrane-trafficking system during nodulation 
(Gavrin et al. 2014). The mechanisms underlying dual localization of a PIP1 homo-
log (NtAQP1) in the PM and the chloroplast inner membrane in leaf mesophyll 
cells (Uehlein et al. 2008) await investigation. Aquaporins of the PM and the tono-
plast exhibit extraordinary dynamic properties. When challenged to stress stimuli, 
and in order to adjust water status, plant cells respond by a fast membrane redistri-
bution involving aquaporin relocalization. It would be intriguing to reveal the 
mechanisms not only on the trafficking but also stress sensing which cause post-
translational modifications of aquaporins to change their destinations. Clearly, 
aquaporin trafficking will continue to be a significant model of plant membrane 
proteins.
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Plant Aquaporin Posttranslational Regulation

Véronique Santoni

Abstract  Posttranslational modifications are mechanisms that modulate and 
control the functions of proteins. The development of mass spectrometry 
methodology allows description of the extent of posttranslational modifications 
affecting plant aquaporins. Hence, more than 70 phosphorylation sites are described 
in several aquaporin isoforms belonging to PIP, TIP, and NIP groups across different 
species, and several kinases have been characterized. N-terminal protein modifica-
tions also occur on plant aquaporins as well as deamidation, glycosylation, methyla-
tion, and ubiquitination. This chapter summarizes the knowledge about aquaporin 
posttranslational modifications and their implication in aquaporin function.
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ABA	 Abscisic acid
AGC kinase	 cAMP-dependent protein kinase (PKA), cGMP-dependent protein 

kinase (PKG), and protein kinase C (PKC) families
Lpr	 Root hydraulic conductivity
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NIP	 Nodulin26-like intrinsic protein
PIP	 Plasma membrane intrinsic protein
PK	 Protein kinase
PTM	 Posttranslational modification
Ser	 Serine residue
Thr	 Threonine residue
TIP	 Tonoplast intrinsic protein
Ub	 Ubiquitin
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1  �Introduction

Maintaining water balance in plant cells and organs involves control of transmem-
brane ion and water fluxes and, hence, a tight regulation of ion channels and water 
channels (aquaporins) in plant cell membranes (Maurel et al. 2015). An excellent 
mechanism for fine-tuning, the function of channels can be provided by posttrans-
lational modifications (PTMs). PTMs are central to regulate protein structure and 
function and thereby to modulate and control protein catalytic activity, subcellular 
localization, stability, and interaction with other partners (Temporini et  al. 2008; 
Jensen 2006). Thus, the determination of the expression of aquaporins and of their 
PTMs appears essential when studying plant–water relations. During the past 
10 years, mass spectrometry (MS)-based proteomics has begun to reveal the true 
extent of the PTM universe. For many PTMs, including phosphorylation, ubiquiti-
nation, glycosylation, and acetylation, tens of thousands of sites can now be confi-
dently identified and localized in the sequence of proteins. The quantification of 
PTM levels between different cellular states and in specific environmental condi-
tions can be likewise established, with label-free methods showing particular prom-
ise. It is also becoming possible to determine the absolute occupancy or stoichiometry 
of PTMs (Olsen and Mann 2013). The following sections summarize the knowledge 
regarding plant aquaporin PTMs including phosphorylation, N-terminal modifica-
tion, deamidation, glycosylation, methylation, and ubiquitination.

2  �Phosphorylation of Aquaporins

Protein phosphorylation is a critical regulatory step in signaling networks and is 
arguably the most widespread protein modification affecting almost all basic cellu-
lar processes in various organisms. In recent years, the identification of protein 
phosphorylation sites has become routine through detection of phosphorylated pep-
tides by MS (Steen et al. 2006). Hence, increased confidence in phosphoproteome 
analysis came with development of suitable enrichment methods for phosphopro-
teins and phosphopeptides from complex protein digests and with increased techni-
cal performance of mass spectrometers regarding sensitivity, mass accuracy, 
resolution, and dynamic range (Schulze 2010).

2.1  �Phosphorylated Residues in Aquaporins

Recent phosphoproteomic developments allowed the identification of more than 70 
phosphorylation sites in several aquaporin isoforms belonging to PIP, TIP, and NIP 
groups across different species (Table 1, http://phosphat.uni-hohenheim.de/). Serine 
appears as the major (87 %) phosphorylated residue in plant aquaporins. Eleven and 
2  % of phosphorylated sites correspond to threonine and tyrosine residues, 
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respectively (Table 1). Such a distribution is similar to the one described for a cell 
lysate phosphoproteome in Arabidopsis (Sugiyama et al. 2008). The N-terminal tail 
of PIPs belonging to the PIP1 subfamily harbors phosphorylation sites in up to two 
residues of its N-terminal tail in Arabidopsis, Brachypodium, and maize. The PIPs 
belonging to the PIP2 subfamily exhibit N-terminal Ser- and Thr-phosphorylated 
residues in Arabidopsis, Brachypodium, and rice. In addition, PIP2s carry several 
conserved phosphorylation sites in their C-terminal tail (Table 1). Amino acid 
sequence alignments reveal that two C-terminal phosphorylated Ser residues are 
highly conserved in PIP2 isoforms across species (Fig. 1a). Interestingly, the 
C-terminal sequence alignment of NIPs revealed a conserved phosphorylation site 
at a Ser residue (Fig. 1b). Additional structure–function analyses of TIPs, PIPs, and 
NIPs in Xenopus oocytes (Guenther et al. 2003; Johansson et al. 1998; Maurel et al. 
1995) have pointed to the role of several cytosol-exposed phosphorylation sites in 
controlling water transport. These studies rely on the substitution of a Ser residue by 

a

b

AtPIP2;1 -- ASGSKSL ------ GSFRSAANV287
AtPIP2;2 -- ASGSKSL ------ GSFRSAANV285
AtPIP2;3 -- ASGSKSL ------ GSFRSAANV285
AtPIP2;4 -- AAAIKALGSFG SFGSFRSFA291
AtPIP2;5 -- AGAIKAL ------ GSFRSQPHV286
AtPIP2;6 -- AGAMKAY ------ GSVRSQLHELHA289
AtPIP2;7 -- ASAIKAL ------ GSFRSNATN280
AtPIP2;8 -- AAAIKAL ------ ASFRSNPTN278
BdPIP2;1 -- AGAIKAL ------ GSFRSNA290
BdPIP2;5 -- ASATKL ------- GSSASFGRN287
OsPIP2;1 -- AGAIKAL ------ GSFRSNA290
OsPIP2;6 -- AAAIKAL ------ GSFRSNPSN282
OsPIP2;7 -- GEAAKAL ------ SSFRSTSVTA257
SoPIP2;1 -- AAAIKAL ------ GSFRSNPTN281
ZmPIP2;1 -- AGAIKAL ------ GSFRSNA290
ZmPIP2;2 -- AGAIKAL ------ GSFRSNA292
ZmPIP2;3 -- ASATKL ------- GSYRSNA289
ZmPIP2;4 -- ASATKL ------- GSYRSNA288
ZmPIP2;6 -- ASARGY ------- GSFRSNA288
ZmPIP2;7 -- GSAIKAL ------ GSFRSNA287

AtNIP1;1 -- EITK SGSFLKTVRIGST296
AtNIP1;2 -- EITK SGSFLKTVRNGSSR294
AtNIP4;1 -- ELTK SASFLRAVSPSHKGSSSKT283
AtNIP4;2 -- ELTK SASFLRSVAQKDNASKSDG283
GmNod26 -- ETTK SASFLKGRAASK271

Fig. 1  Alignment of the amino acid sequences of C-termini of PIP2s and NIPs from several spe-
cies. Multiple amino acid sequence alignment of PIP2s in Arabidopsis thaliana (At), Brachypodium 
distachyon (Bd), Oryza sativa (Os), Spinacia oleracea (So), and Zea mays (Zm) (A) and of NIPs in 
Arabidopsis thaliana and Glycine max (Gm) (B), the phosphorylation sites of which were experi-
mentally determined (red characters; see Table 1 for details). Alignment was performed with 
Muscle v3.8.31. Highly conserved phosphorylation sites are in bold characters

V. Santoni
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a non-phosphorylable residue. The resulting decrease of water channel activity of 
the corresponding aquaporin suggests a role for this residue and its phosphorylated 
form in water transport activity. Using this approach, a critical Ser residue con-
served in all plant PIPs was identified in loop B (corresponding to Ser128 and 
Ser121  in AtPIP1;1 and AtPIP2;1, respectively) (Johansson et  al. 1998, 1996; 
Amezcua-Romero et al. 2010; Temmei et al. 2005; Van Wilder et al. 2008; Azad 
et  al. 2008) and a phosphorylable residue in loop D (Ser203  in ZmPIP2;1) (Van 
Wilder et al. 2008) and in the N-terminus close to the first helix (Ser35) of TgPIP2;2 
(Azad et al. 2008). However, such experiments are not sufficient enough to fully 
conclude on the role of the phosphorylated residue on aquaporin function. For that, 
additional studies should include the demonstration of a loss of activation by a 
kinase or an agonist (Johansson et  al. 1998; Amezcua-Romero et  al. 2010; Van 
Wilder et al. 2008; Azad et al. 2008) or the expression of a mutated form of the Ser 
residue in a phospho-mimetic residue (Asp or Glu) (Van Wilder et al. 2008; Grondin 
et al. 2015; Nyblom et al. 2009; Prado et al. 2013; Prak et al. 2008). Finally, some 
residues are still hardly detected as phosphorylated residues in planta, in particular 
the Ser residue conserved in plant PIPs loop B. A specific antibody raised against a 
phosphorylated loop B peptide from ZmPIP2 isoforms was used to detect phos-
phorylation of loop B in plant protein extracts (Aroca et  al. 2005, 2007). Now, 
despite that peptides arising from the PIP loop B can be detected by MS, no phos-
phorylated forms of these peptides have been identified so far by a MS approach. 
This may be due to an instability of the phosphate group that may be lost during 
protein sample preparation.

2.2  �Role of Aquaporin Phosphorylation

X-ray crystallography of spinach SoPIP2;1 revealed with a high resolution the 
structure of an aquaporin in its closed and open states (Nyblom et al. 2009; Tornroth-
Horsefield et al. 2006), shedding light onto the original gating properties of PIPs. 
Closure of SoPIP2;1 is triggered by Ser115 in the cytosolic loop B and Ser274 in the 
C-terminal region. SoPIP2;1 atomic structure models explain how phosphorylation 
of Ser115 in SoPIP2;1 would destabilize the loop D-loop B anchor, thereby favoring 
the open-pore conformation. Interestingly, phosphorylation of Ser274 on SoPIP2;1 
C-terminal tail would act similarly but through a transactivation process, whereby 
interaction between the C-terminal tail and the loop D of an adjacent monomer 
would be destabilized after Ser274 phosphorylation. Yet, functional reconstitution 
in proteoliposomes of SoPIP2;1 forms mutated in loop B failed to confirm this 
model (Nyblom et  al. 2009). By contrast, heterologous expression in Xenopus 
oocytes of SoPIP2;1 or TgPIP2;2 indicated that phosphorylation of Ser115 or 
Ser274 increases channel activity (Johansson et al. 1998; Azad et al. 2008). This 
discrepancy may arise from different phospholipidic environments, which were 
shown to be critical for the water permeability of mammalian AQP4 and AQP0 
(Tong et al. 2012, 2013). In addition to gating, PIP phosphorylation can modulate 
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their subcellular localization (reviewed in (Luu and Maurel 2013); see chapter 
“Plant Aquaporin Trafficking”). In AtPIP2;1, phosphorylation of Ser283, but not of 
Ser280, is required for targeting of newly synthesized proteins to the plasma mem-
brane (Prak et al. 2008). This mark also provides an intracellular sorting signal for 
directing internalized AtPIP2;1 to specific spherical bodies under salt stress (Prak 
et al. 2008).

2.3  �Phosphorylation of Aquaporin In Planta

The role of phosphorylation in planta has been initially addressed through pharma-
cological approaches and more recently making use of quantitative proteomics. 
Thus, the phosphorylation mediated by staurosporin-sensitive kinases positively 
regulates the root hydraulic conductivity (Lpr) in barley roots (Horie et al. 2011). 
Staurosporin treatments were also found to reduce significantly the Lpr of barley 
plants exposed to 100 mM NaCl for 4 h (Horie et al. 2011). In addition, fluoride, a 
phosphatase inhibitor, was shown to lower the cytosolic calcium concentration and 
to act as a strong inhibitor of protein dephosphorylation (Gerbeau et al. 2002). In 
earlier studies, either increase (Gerbeau et al. 2002) or decrease (Kamaluddin and 
Zwiazek 2003; Calvo-Polanco et al. 2009; Lee et al. 2010) of root and cell hydraulic 
conductivity by fluoride treatment was reported. Okadaic acid, another phosphatase 
inhibitor, significantly inhibited the salinity-induced Lpr repression, suggesting that 
dephosphorylation is a key event to downregulate Lpr, which correlates with the role 
of phosphorylation in modulating Lpr of barley (Horie et al. 2011; Kaneko et al. 
2015). A few studies made use of antibodies against phosphorylated forms of aqua-
porins to correlate the phosphorylation level of the aquaporin with a hydraulic phe-
notype (Aroca et al. 2005, 2007; Sánchez-Romera et al. 2015). In particular, the use 
of anti-phospho-aquaporins showed that jasmonate addition modified the response 
of root conductance to arbuscular mycorrhizal symbiosis and drought, by regulating 
in part the phosphorylation state of Ser280 of PvPIP2s (Sánchez-Romera et  al. 
2015). Since a few years, relationships between changes in phosphorylation state of 
aquaporins and the regulation of plant tissue hydraulics have been studied using 
quantitative phosphoproteomic strategies (Table 2). The phosphorylation of the 
C-terminal tail of AtPIP2s appears to be highly responsive to numerous sets of con-
straints including abiotic, osmotic, nutritional, oxidative, as well as hormonal treat-
ments (Prado et al. 2013; Prak et al. 2008; Di Pietro et al. 2013; Engelsberger and 
Schulze 2012; Hsu et al. 2009; Kline et al. 2010; Niittylä et al. 2007; Stecker et al. 
2014; Vialaret et al. 2014; Wang et al. 2013a; Wu et al. 2013, 2014; Xue et al. 2013; 
Yang et  al. 2013) (Table 2). A large-scale proteomics analysis of aquaporins in 
Arabidopsis roots under a broad set of constraints revealed that the overall phos-
phorylation status of PIPs was positively correlated with root hydraulic conductivity 
across the whole set of studied treatments (Di Pietro et al. 2013). This holds true in 
other species such as maize in which the doubly C-terminal phosphorylated form of 
ZmPIP2;7 was decreased upon heat stress and combined heat and drought stress  
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(Hu et al. 2015). Aquaporin phosphorylation can also be regulated by hormones in 
particular abscisic acid (ABA) and ethylene (Table 2). The ethylene signaling cas-
cade starts from the membrane-associated ethylene receptors (ETR1, ETR2), ethyl-
ene insensitive 4 (EIN4), and ethylene response sensors (ERS1, ERS2) (Hua and 
Meyerowitz 1998). The physical interaction of ethylene with each receptor complex 
triggers a suppression of the kinase activity of constitutive triple response 1 (CTR1) 
(Kieber et al. 1993) that is a putative Raf-like mitogen-activated PK which induces 
EIN2 dephosphorylation. Consequently, the C-terminus of EIN2 is cleaved off from 
its N-terminal domain and migrates into the nucleus to stabilize ethylene response 
transcription factors, ethylene insensitive 3 (EIN3) and ethylene insensitive 3-like 1 
(EIL1) (Qiao et  al. 2012). The quantitative phosphoproteomics analysis of ctr1 
showed that the presence of the PK CTR1  in Arabidopsis cells suppresses the 
C-terminal double phosphorylation of AtPIP2;1 under ethylene treatment suggest-
ing that ethylene may partially inactivate the function of CTR1 (Yang et al. 2013). 
Another recent quantitative phosphoproteomics study that combined protoplast 
swelling/shrinking experiments and leaf water loss assays on the transgenic plants 
expressing both the wild-type and Ser280A/Ser283A-mutated PIP2;1 in both Col-0 
and ein3eil1 genetic backgrounds suggests that ethylene increases water transport 
rate in Arabidopsis cells by enhancing Ser280/Ser283 phosphorylation at the 
C-terminus of PIP2;1 (Qing et al. 2016).

Upon treatment of young plantlets with 50 μM ABA for 5–30 min, the C-terminal 
double phosphorylation of five PIP isoforms (AtPIP2;1, AtPIP2;2, AtPIP2;3, 
AtPIP2;4, AtPIP2;8) decreased (Kline et al. 2010). Thus, together with the decreased 
phosphorylation of the C-terminal tail of AtPIP2s in response to water stress treat-
ments (Prak et al. 2008; Di Pietro et al. 2013; Hsu et al. 2009; Vialaret et al. 2014; 
Wang et al. 2013a; Xue et al. 2013), these observations are consistent with a role of 
PIP dephosphorylation in decreasing water flux in response to drought and in pre-
venting rehydration during ABA-regulated physiological processes. However, a 
transient increased in the phosphorylation of one of the two C-terminal phosphory-
lated sites (i.e., Ser280 in AtPIP2;1) could be observed upon osmotic treatments (Di 
Pietro et al. 2013; Niittylä et al. 2007) suggesting an unanticipated complex regula-
tion of the C-terminal phosphorylation of AtPIP2;1 in a short time frame upon such 
treatment exposure. Then, in a more recent study aiming at characterizing posttrans-
lational events tied to the circadian system, a survey of circadian-regulated protein 
phosphorylation events was carried out in Arabidopsis seedlings and revealed circa-
dian oscillations in the phosphorylation state of two conserved C-terminal Ser resi-
dues of AtPIP2;1-AtPIP2;7 (Choudhary et  al. 2015). These results suggest that 
circadian oscillations in the phosphorylation state of key regulatory Ser residues in 
aquaporins may contribute to the circadian regulation of water uptake and drive 
hypocotyl and leaf movement rhythms (Choudhary et al. 2015).

Most importantly, the putative regulations in planta require to be functionally 
validated by expression in transgenic plants of phospho-mimetic and phospho-
deficient forms of the aquaporin isoform involved. Thus, in support of quantitative 
phosphoproteomics, expression studies of phospho-mimetic and phosphorylation-
deficient forms of AtPIP2;1 in transgenic Arabidopsis were used (Prado et al. 2013). 
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In this study, phosphorylation at Ser280 and Ser283 of AtPIP2;1 was shown to be 
necessary for mediating leaf hydraulic conductivity enhancement under darkness 
(Prado et al. 2013). Quantitative proteomic analyses showed that light-dependent 
regulation of rosette hydraulic conductivity is linked to the double C-terminal phos-
phorylation of AtPIP2;1. Expression in pip2;1 plants of phospho-mimetic and 
phosphorylation-deficient forms of AtPIP2;1;1 demonstrated that phosphorylation 
at these two sites is necessary for rosette hydraulic conductivity enhancement under 
darkness. These findings establish how regulation of a single aquaporin isoform by 
phosphorylation in leaf veins critically determines leaf hydraulics (Prado et  al. 
2013). In a recent work, aquaporins were shown to contribute to ABA-triggered 
stomatal closure through OST1-mediated phosphorylation (Grondin et  al. 2015). 
Hence, the expression in pip2;1 plants, of a phospho-mimetic form (mutation of 
Ser121 in Asp121) but not a phospho-deficient form of PIP2;1 (mutation of Ser121 in 
Ala121), was shown to constitutively enhance the osmotic water permeability of 
guard cell protoplasts while suppressing its ABA-dependent activation and was able 
to restore ABA-dependent stomatal closure in pip2;1 (see also chapters “Aquaporins 
and Leaf Water Relations” and “Roles of Aquaporins in Stomata”). Thus, this work 
demonstrated that ABA-triggered stomatal closure requires an increase in guard cell 
permeability to water and possibly to hydrogen peroxide, through OST1-dependent 
phosphorylation of AtPIP2;1 at Ser121 (Grondin et al. 2015).

2.4  �Protein Kinase and Phosphatase Acting on Aquaporins

Characterization of specific protein kinases (PK) and phosphatases involved in 
printing and removing phosphorylation marks on aquaporins is of importance to 
understand aquaporin regulation networks. However, the knowledge of such modi-
fying enzymes is still scarce. TIP isoforms from the protein storage vacuole mem-
brane of Lens culinaris seeds were shown to be phosphorylated by a 52  kDa 
Mg2+-dependent PK (Harvengt et al. 2000). Two PKs acting on the phosphorylation 
sites Ser115 and Ser274  in SoPIP2;1 were characterized (Sjovall-Larsen et  al. 
2006). The PK acting on Ser115 was shown to be cytosolic and Mg2+ dependent, 
and the one acting on Ser274 was shown to be a plasma membrane-bound Ca2+-
dependent PK (Sjovall-Larsen et  al. 2006). A similar Ca2+-dependent PK was 
described in maize (Van Wilder et al. 2008). A recent work revealed that Open sto-
mata 1 (OST1)/Snf1-related PK 2.6 (SnRK2.6), a PK involved in guard cell ABA 
signaling, was able to phosphorylate a cytosolic AtPIP2;1 peptide at Ser121 
(Grondin et al. 2015). This work strongly suggested that ABA-triggered stomatal 
closure requires an increase in guard cell permeability to water and possibly to 
hydrogen peroxide, through SnrK2.6-dependent phosphorylation of AtPIP2;1 at 
Ser121 (Grondin et  al. 2015) (see also chapters “Aquaporins and Leaf Water 
Relations” and “Roles of Aquaporins in Stomata”).

A large-scale analysis of sucrose-induced protein phosphorylation recently led to 
the identification of SIRK1 and BSK8, a leucine-rich repeat receptor-like kinase 

V. Santoni

http://dx.doi.org/10.1007/978-3-319-49395-4_7
http://dx.doi.org/10.1007/978-3-319-49395-4_7
http://dx.doi.org/10.1007/978-3-319-49395-4_8
http://dx.doi.org/10.1007/978-3-319-49395-4_7
http://dx.doi.org/10.1007/978-3-319-49395-4_7
http://dx.doi.org/10.1007/978-3-319-49395-4_8


95

(LRR-RLK) and a receptor-like cytoplasmic kinase (RLCK), respectively (Niittylä 
et al. 2007; Wu et al. 2013). The phosphorylation of five aquaporins (AtPIP2;1–2;4, 
AtPIP2;7) in response to sucrose stimulation was reduced in the mutant sirk1 upon 
sucrose stimulation, and AtPIP2;4 was confirmed to be modulated directly by the 
receptor kinase SIRK1 (Wu et al. 2013). SIRK1 is thus supposed to be involved in 
the regulation of sucrose-specific osmotic responses through direct interaction with 
and activation of an aquaporin via phosphorylation, and it is presumed that the dura-
tion of this response is controlled by phosphorylation-dependent receptor internal-
ization (Wu et al. 2013). In addition, interestingly, among the proteins with reduced 
phosphorylation in bsk8 plants was the aquaporin AtPIP2;7 (Wu et al. 2014). Thus, 
responses of aquaporins to sucrose-induced osmotic changes may involve different 
PKs. However, an enhancement of the diphosphorylated form of AtPIP2;1 at Ser280 
and Ser283 in bsk8 plants was noticed, suggesting that BSK8 kinase may also indi-
rectly suppress the phosphorylation of AtPIP2;1 (Wu et al. 2014). A few other stud-
ies suggest that cAMP-dependent PK, cGMP-dependent PK, and PKC families, 
also called AGC kinases, could be involved in aquaporin phosphorylation. Thus, in 
McPIP2;1, both water permeation and phosphorylation status of McPIP2;1 were 
shown to be markedly decreased by the inhibitory peptides PKI 14–22 and PKC 
20–28, inhibitors of PKA and PKC, respectively (Amezcua-Romero et al. 2010). 
Activation of endogenous PKA increased the osmotic water permeability coeffi-
cient of PvTIP3;1- and ZmPIP2;1-expressing oocytes (Maurel et  al. 1995; Van 
Wilder et al. 2008). The targets of PKA were described as both in loop B (Ser126) 
and loop D (Ser203) of ZmPIP2;1 (Van Wilder et al. 2008). The use of predictive 
bioinformatic tools for PK motifs also suggested that AtPIP2s could be substrates of 
PKA and PKC (Vialaret et al. 2014). However, such PKs remain to be characterized. 
Overall, these studies reveal that different PKs act on aquaporins and that a single 
serine residue may be the target of several PKs. Since a large number of environ-
mental conditions modulate the phosphorylation status of aquaporins, additional 
PKs acting on aquaporins surely remain to be discovered as well as phosphatases. 
For instance, hypothetical phosphorylation cascades triggered by ethylene and neg-
atively regulating aquaporin phosphorylation have recently been modeled (Yang 
et al. 2013), but we still ignore the signaling components involved.

3  �Other Posttranslational Modifications of Aquaporins

3.1  �N-Terminal Modification

Modifications affecting the protein N-terminus, collectively known as N-terminal 
protein modifications, are the earliest modifications which a protein undergoes. 
They involve the N-terminal methionine excision process, N-α-acetylation, and 
N-myristoylation. In Arabidopsis, the initiating methionine was shown to be co-
translationally processed in all PIP isoforms studied: whereas it was Nα-acetylated 
in members of the AtPIP1 subclass, methionine was cleaved in AtPIP2 isoforms 
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(Santoni et al. 2006). These observations were also described for PIPs in broccoli 
(Casado-Vela et al. 2010). Excision of the N-terminal methionine has been exten-
sively studied in soluble proteins (Giglione et al. 2004; Moerschell et al. 1990) and 
to a much lesser extent in membrane proteins. This process was shown to depend on 
the nature of penultimate residues and occurs in the presence of residues with side 
chains of reduced steric hindrance (Giglione et al. 2004; Moerschell et al. 1990). In 
agreement with this rule, AtPIP2;1, AtPIP2;2, and AtPIP2;4, which exhibit an ala-
nine residue at position 2, all had their methionine excised, whereas PIP1s, which 
have a perfectly conserved glutamic acid residue, did not. N-terminal acetylation, 
which has been thoroughly studied in soluble mammalian and yeast proteins, 
depends on N-terminal sequences (Polevoda and Sherman 2003). Recent studies 
provide evidence that N-terminal methionine excision may play a role in the regula-
tion of protein stability, reviewed in (Giglione et al. 2015). Similarly, recent studies 
revealed that biological functions of N-terminal α-acetylation are to create specific 
degrons inducing degradation of the protein by the proteasome, to influence mem-
brane targeting, protein–protein interactions, and changes in proteostasis (see 
(Giglione et al. 2015) for a recent review). However, additional studies are required 
to unravel the role of N-terminal modifications in PIP aquaporins.

3.2  �Deamidation

Deamidation is the irreversible conversion of the amino acids glutamine and aspara-
gine to glutamic acid and aspartic acid, respectively. This irreversible amino acid 
conversion results in an increase of approximately 1 Da in the mass of the target 
protein, an increase in its negative charge, and the release of ammonia. Specific 
enzymatic deamidation can regulate cellular functions (Chao et al. 2006), and non-
enzymatic process may also spontaneously occur during sample preparation (Hao 
et al. 2011; Li et al. 2008). In several AtPIPs, deamidation was shown to occur at 
Asn and Gln residues located in the second extracellular loop (loop C) and in the 
N- and C-terminal tails (Di Pietro et  al. 2013). Interestingly, the deamidation of 
several AtPIPs showed quantitative variations according to abiotic treatments of 
plants that modulate aquaporin activity, suggesting that deamidation may occur in 
planta (Di Pietro et al. 2013). In addition, deamidation was observed to be closely 
associated with phosphorylation in C-terminal AtPIP2 peptides (Di Pietro et  al. 
2013). This observation may provide a clue to explain how an apparent increase in 
AtPIP2 C-terminal phosphorylation could be associated with a decrease in Lpr. A 
typical case is AtPIP2;7, for which the abundance of the mono-phosphorylated form 
and that of the same form with an additional deamidation showed opposite behav-
iors (Di Pietro et al. 2013). However, it remains unknown whether or how neighbor-
ing deamidation and phosphorylation could interfere to alter protein function.

Data from the literature suggest that deamidation possibly interferes with protein 
stability, protein activation, and protein–protein interactions. In mammalian AQP0, 
several sites of N-terminal truncation have been identified as sites of Asn deamidation 
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(Ball et  al. 2004; Schey et  al. 2000). This age-related PTM, together with other 
PTMs, including phosphorylation, is supposed to serve as a molecular clock 
(Robinson and Robinson 2001) to regulate AQP0 function. In several AtPIPs, deami-
dation was identified at a conserved Asn residue in loop C (Di Pietro et al. 2013). In 
the case of AtPIP2;7, molecular modeling according to the previously described 
SoPIP2;1 structure (Tornroth-Horsefield et al. 2006) indicated that the deamidated 
Asn152 residue is located at the entrance of the pore, close to Arg224 (Di Pietro et al. 
2013). The latter residue contributes to one of the main pore constrictions involved 
in substrate specificity. By introducing a negative charge at physiological pH, deami-
dation may interfere with aquaporin action. However, such speculative effects of 
deamidation on aquaporin function clearly deserve further experimental work.

3.3  �Glycosylation

Glycosylation is a complex topic as many glycosylation-branched configurations 
with different sugar units exist. However, a consensus sequence motif Asn-Xaa-Ser/
Thr (Xaa is any amino acid except Pro) has been defined as a prerequisite for 
N-glycosylation in eucaryotes (Blom et al. 2004). N-glycosylation was predicted 
for some MIPs, among them AtPIP2;1 and OsNIP2;1, at sites located in the N- and 
C-termini, loops A, B, and E, and in the second transmembrane domain that remain 
to be experimentally described and functionally investigated (Hove and Bhave 
2011). In addition, N-glycosylation has been experimentally observed in GmNOD26 
(Miao et al. 1992) and in McTIP2;1 (Vera-Estrella et al. 2004). AtNIPs and AtTIP4;1 
were predicted to have putative O-glycosylation sites, mostly in loop B (Hove and 
Bhave 2011). A possible consensus for O-glycosylation, G-H-I-S-G-A/G-H-X, 
unique to NIPs only, was also identified (Hove and Bhave 2011). The glycosylation 
of animal aquaporins has been reported to be involved in the proper routing and 
membrane insertion of mammalian AQP1 and AQP2 (Baumgarten et al. 1998) and 
exit of AQP2 from Golgi complex and sorting to plasma membrane (Hendricks 
et al. 2004). The role of glycosylation in plant aquaporins is much less understood. 
It was shown that upon a mannitol treatment, McTIP1;2 may reside in several mem-
brane compartments and that such a redistribution depends on posttranslational 
modifications including glycosylation (Vera-Estrella et al. 2004).

3.4  �Methylation

Protein methylation can occur as either N-methylation of residues such as lysine, 
arginine, histidine, alanine, proline, glutamine, phenylalanine, asparagine, and 
methionine or carboxymethylation, i.e., O-methylesterification of glutamic acid 
and aspartic acid residues. The N-terminal tail of several PIP1 and PIP2 isoforms 
in Arabidopsis and in Brassica oleracea was described to be methylated (Santoni 
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et  al. 2006; Casado-Vela et  al. 2010). In particular, AtPIP2;1 and AtPIP2;2 iso-
forms carried methylated Lys and Glu residues on the cytosolic N-terminal tail. 
Thus, Lys3 and Glu6 of AtPIP2;1, although they existed in their native form, occa-
sionally carried dimethyl (Lys3) or monomethyl (Glu6) moieties (Santoni et al. 
2006). In AtPIP2;1, a diacidic motif located on the N-terminal tail likely interacts 
with the COPII sorting machinery and critically determines their export from the 
endoplasmic reticulum (Matheson et  al. 2006; Sorieul et  al. 2011) (see chapter 
“Plant Aquaporin Trafficking”). The N-terminal methylated residues overlap with 
this diacidic motif suggesting a role for AtPIP2;1 methylation in protein subcel-
lular trafficking. Yet, any mutation at these sites had dominating effects on aqua-
porin trafficking, thereby preventing proper structure–function analyses (Santoni 
et al. 2006). Two Arabidopsis methyltransferases were identified to methylate the 
N-terminal tail of AtPIP2;1, specifically at either one of the two methylation sites 
Lys3 and Glu6 (Sahr et  al. 2010). SDG7 (At2g44150), an extranuclear methyl-
transferase, and OMTF3 (At3g61990), a glutamate methyltransferase, were shown 
to dimethylate Lys3 and monomethylate Glu6, respectively, in AtPIP2;1(Sahr 
et al. 2010). The localization of OMTF3 and SDG7 proteins in the endoplasmic 
reticulum but not in the plasma membrane was described to be compatible with 
aquaporin expression and function and pointed to a role for methylation during 
aquaporin biogenesis or targeting to the PM.  However, although SDG7 and 
OMTF3 meet all enzymatic criteria for methylating AtPIP2;1 in terms of substrate 
affinity or preference, the methylation of this aquaporin by the two enzymes had 
not been proven in vivo, and the true physiological role of the two enzymes awaits 
elucidation.

3.5  �Ubiquitination

Although aquaporin abundance can markedly vary in response to environmental 
conditions, information on the modes of plant aquaporin degradation has remained 
scarce. Ubiquitination is the posttranslational attachment of ubiquitin (Ub), a highly 
conserved 8-kD protein, to a wide range of target proteins (Pickart and Eddins 2004; 
Mukhopadhyay and Riezman 2007). In the ubiquitination pathway, Ub is attached 
to substrate proteins in three consecutive steps catalyzed by E1, E2, and E3 enzymes 
(Kraft et  al. 2005; Stone et  al. 2005). The ubiquitin chain topology includes the 
formation of Lys48-linked poly-ubiquitin chains which are able to direct the degra-
dation of tagged proteins by the 26S proteasome. However, recent results in the lit-
erature revealed that atypical linkages through lysine residues at positions 6, 11, 27, 
29, 33, and 63 perform a range of diverse functions (Walsh and Sadanandom 2014). 
Using stringent two-step affinity methods to purify Ub-protein conjugates followed 
by high-sensitivity MS, about 950 ubiquitylation substrates were identified in whole 
Arabidopsis thaliana seedlings, including AtPIP1;1–1;4, AtPIP2;1, AtPIP2;4, 
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AtPIP2;7, AtPIP2;8, AtTIP1;2, and AtTIP2;1 (Kim et al. 2013). However, Ub attach-
ment sites were not resolved. The ubiquitylation level of AtTIP1;2, AtTIP2;1, 
AtPIP1;1, AtPIP1;4, AtPIP2;1, and AtPIP2;7 was shown to increase after treating 
seedlings with the proteasome inhibitor MG132, strongly suggesting that Ub addi-
tion commits these proteins to degradation by the 26S proteasome (Kim et al. 2013). 
In another study, a RING membrane-anchor E3 ubiquitin ligase from pepper, and its 
Arabidopsis homologs, was shown to localize in the endoplasmic reticulum and to 
ubiquitinate AtPIP2;1 leading to its retention in this compartment (Lee et al. 2009)  
(see chapter “Plant Aquaporin Trafficking”). This process was enhanced under 
osmotic stress, leading to aquaporin degradation through the proteasome pathway. 
In addition to a degradation process driven by a putative aquaporin ubiquitination 
and subsequent proteasomal targeting, a recent study established a novel link 
between aquaporin degradation and intracellular trafficking in Arabidopsis (Hachez 
et al. 2014) independent of ubiquitination pathway. Thus, AtPIP2;7 was shown to 
interact in the endoplasmic reticulum and Golgi, with a membrane protein, named 
TSPO for tryptophan-rich sensory protein/translocator and serving as multistress 
regulator (see chapter “Plant Aquaporin Trafficking”). The complex is then directed 
toward vacuolar degradation, using the autophagosome pathway, this process being 
stimulated by ABA (Hachez et al. 2014). Thus, plant cells under water stress can use 
various pathways, including ubiquitination and autophagy pathways, for aquaporin 
degradation and long-term downregulation of plasma membrane water 
permeability.

4  �Conclusion and Perspective

The advent of highly sensitive MS-based strategies improved our knowledge about 
PTMs in aquaporins and revealed that aquaporins are highly modified membrane 
proteins (Fig. 2). In addition, functional studies revealed that PTMs may interfere 
with aquaporin gating and subcellular localization and degradation (Fig. 2). 
However, some residues still remain to be identified in planta in their modified 
form, in particular a critical serine residue in loop B that strongly interferes with 
aquaporin intrinsic activity. In addition, the ubiquitinated sites still remain to be 
identified as well as their role as part of proteasome-mediated degradation and 
proteasome-independent roles, including the endocytosis of membrane proteins as 
recently described for a few plant membrane proteins (Leitner et al. 2012; Martins 
et al. 2015; Barberon et al. 2011). Quantitative proteomics has contributed to our 
understanding of the functional significance of PTMs, in particular of phosphoryla-
tion. However, additional studies are still necessary to fully interpret the role of 
PTMs. In addition, due to putative interplay between PTMs (Venne et al. 2014), a 
challenge will be to describe these cross talks and interpret their role as part of regu-
latory mechanisms of aquaporin function.
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Fig. 2  Multiple covalent posttranslational mechanisms acting on PIP2 in Arabidopsis. The figure, 
adapted from Maurel et al. (2015), shows a schematic representation of AtPIP2;1 with its six trans-
membrane domains, five connecting loops (A–E), and N- and C-terminal tails bathing in the cyto-
sol. Unless stated, the indicated modifications were experimentally determined and are detailed in 
Table 1. They include cleavage of the initiating methionine (cross); dimethylation (Met Met) of a 
Lys residue (K3); monomethylation (Met) of a Glu residue (E6) (Santoni et al. 2006); deamidation 
(Dea) of Gln and Asn residues (Q14, Q19, N159, N286) (Di Pietro et al. 2013); phosphorylation 
of Ser121 (S121) (Tornroth-Horsefield et al. 2006); phosphorylation of C-terminal Ser residues 
S277, S280, and S283 (see Table 1 for references); and ubiquitination (Ub), the ubiquitinated 
residue(s) being unknown (Lee et al. 2009). *The phosphorylation at Thr15 (T15) in AtPIP2;1 was 
deduced from amino acid sequence alignment with AtPIP2;3 for which Thr13 was experimentally 
shown to be phosphorylated (Wu et al. 2013). **The phosphorylation of loop B at Ser121 was 
inferred from studies on spinach SoPIP2;1 (Tornroth-Horsefield et al. 2006). ***The deamidation 
at Asn159 (N159) in AtPIP2;1 was deduced from amino acid sequence alignment with AtPIP2;7 
for which Asn152 was experimentally determined to be deamidated (Di Pietro et al. 2013). 
Enzymes involved in covalent modification of PIP2 aquaporins in different plant species are indi-
cated: two methyltransferases SDG7 and OMTF3 (Sahr et al. 2010), a U3 ligase (Lee et al. 2009), 
Mg2+- and Ca2+-dependent protein kinases (Sjovall-Larsen et al. 2006), Snrk2.6 (Grondin et al. 
2015), BSK8 (Wu et al. 2014), and SIRK1 (Wu et al. 2013). The figure is color coded to show the 
main molecular and cellular function [subcellular localization (red), gating (green), and degrada-
tion of the aquaporin (orange)] associated to the posttranslational modification. Treatments that 
modulate the level of phosphorylation of S280 and S283 are indicated (see Table 2 for details and 
references)
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Plant Aquaporins and Cell Elongation

Wieland Fricke and Thorsten Knipfer

Abstract  There exists an increasing number of reports which show that the gene 
transcript, and in some cases also protein level, of particular aquaporin (AQP) 
isoforms is higher in growing than in nongrowing plant tissues. This suggests that 
AQPs play a role in the process of cell expansion. The most likely role of AQPs is 
that of facilitating water inflow into cells as they expand to a multiple of their origi-
nal volume. The question is whether this is the major role which AQPs play in 
expanding cells and whether expanding cells actually need AQPs given the rate at 
which they expand and the hydraulic conductivity (Lp) of their membranes. These 
questions are addressed in this chapter by using a combination of molecular (AQP), 
biophysical (Lp, driving forces and water potential difference), anatomical (apo-
plastic barriers) and physiological (cell dimensions and relative growth rates) data 
for growing plant tissues and cells. The focus of analyses is on growing root and leaf 
tissues and on plasma membrane intrinsic (PIPs) and tonoplast intrinsic proteins 
(TIPs). It is concluded that a high expression of AQPs and a high Lp in growing 
plant cells are required more for facilitating water transport at significant (and high) 
rates through cells and tissues rather than for facilitating water transport into cells 
to sustain the (comparatively smaller) water uptake rates required for the volume 
expansion of these cells.
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Abbreviations

AQP	 Aquaporin
Lp	 Hydraulic conductivity
NIP	 Nodule-26 like intrinsic protein
PIP	 Plasma membrane intrinsic protein
SIP	 Small basic intrinsic protein.
TIP	 Tonoplast intrinsic protein
ΔΨ	 Water potential difference
Ψ	 Water potential

1  �Introduction

1.1  �Plants and Animals: The Little Difference

Terrestrial higher plants are sessile organisms. In contrast to most animals, which 
can move physically and often keep the next generation in close proximity, plants 
reflect the opposite evolutionary strategy – if there exists anything like an evolution-
ary ‘strategy’ – in that they literally form roots and try to spread through the next 
generation (seeds). Being able (animals) or not being able (plants) to move as veg-
etative organism has many implications for the design of such an organism. An 
almost endless list of such implications and differences in design between sessile 
and mobile multicellular organisms could be listed here, yet possibly the ‘single’-
most basic differences which impact organ growth and development are the absence 
(animals) and presence (plants) of a cell wall and a large central vacuole in cells.

Not being able to move as a vegetative organism from A to B means that self-
sufficiency in nutrition and temporal and spatial variation in nutrient supply has to 
be optimised; this also applies to the access of water. It also implies that some cells 
and tissues of the organism must be exposed directly, and in a highly conductive 
manner, to an environment in which the water availability and osmotic strength can 
change quickly. Furthermore, dealing with waste becomes a major issue as waste 
cannot simply be discharged next to the organism as this would lead in the longer-
term to the build-up of toxic concentration of waste products. The solution to these 
challenges in plants is that all mature living cells are surrounded by a wall and con-
tain a large central vacuole. The wall prevents cells from bursting when cells, such 
as root surface cells, are exposed to a hypo-osmotic environment. The large central 
vacuole enables plants to optimise various processes: (i) excess nutrients can be 
stored transiently; (ii) waste products or toxic compounds can be stored indefinite 
(for as long as the cell is alive); (iii) water is stored; and (iv), maybe of most rele-
vance to the process of cell expansion, the bulk of protoplast volume is occupied by 
a low-protein, resource-efficient aqueous compartment – the large central vacuole 
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or, at very early stages of cell development, the sum of many smaller vacuoles 
(‘vacuon’). The presence of a significant vacuolar compartment renders cell expan-
sion ‘cheap’ in terms of protein and nitrogen use, and as nitrogen often limits plant 
production in a natural environment, it potentially provides an evolutionary advan-
tage. To complete this comparison of evolutionary strategies between plants and 
animals, the latter substitute the lack of a cell wall through a tight control of the 
osmolarity of interstitial and extracellular fluid, and take in food and discharge 
waste products in either liquid or solid form through specialised body openings. 
Cells in animals play a minor role in waste product storage, with few exceptions 
such as liver tissue.

1.2  �Meristems

Having cells with a mechanically tough wall has some potential disadvantages. 
Because plants must be able to respond in their growth and tissue/organ repair/
replacement to changes in their environment, this ‘plasticity’ requires the growth of 
new tissue which in turn requires the production of new cells. The presence of a cell 
wall in plants precludes the option that cells can be produced at one part of the body, 
such as through stem cells in the human body, and migrate to the site of tissue dam-
age and growth. Rather, the ability to produce new cells must persist throughout the 
lifetime of plant and throughout the plant body. Secondary meristems such as the 
root lateral meristem, the vascular cambium in stem and the leaf axillary meristem 
fulfil such a function.

In contrast to secondary meristems, primary meristems facilitate the growth of 
the main axis of the two primary organs of plant, root and shoot, in the form of api-
cal meristems. These meristems form already early during embryo development. 
Most studies that are concerned with the function of AQPs in cell growth have 
focused on primary meristems. Once cells have been produced in the apical meri-
stem, or ‘cell division zone’, they start to expand to a multiple of their original 
volume in the so-called cell expansion/elongation zone before they differentiate in 
the ‘differentiation zone’ to reach their final form and function. All three zones 
together will be referred to as ‘growth zone’ in the following. The spatial and 
sequential arrangement of meristem, cell expansion and cell differentiation zone 
makes it easy to study the development-dependent expression of genes, particularly 
in roots and in grass leaves. One aspect of cell and tissue differentiation which 
becomes particularly important when trying to understand how growing tissues take 
up water is the circumstance that neither the water conduction transport paths 
(xylem, phloem) along the main axis of organ (from root to shoot or from shoot to 
root) are fully developed along the entire growth zone, nor are possible apoplastic 
barriers within the radial transport paths (roots, between soil and root xylem; leaf, 
between leaf xylem and epidermis) (e.g. Hukin et al. 2002; Fricke 2002; Enstone 
et al. 2003; Hachez et al. 2006; Knipfer and Fricke 2011). This means that accepted 
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views of water flows and hydraulic barriers in mature tissues cannot necessarily be 
adopted to explain flows and barriers in growing tissue. In fact, as will be shown, 
our knowledge about the hydraulic architecture of the meristematic and proximal 
cell expansion zone in roots and leaves is far from complete.

In the following, we will first have a closer look at the hydraulics of growing 
plant tissues, their architecture and water potential gradients, and what they tell us 
about the possible limitation of growth through cell and tissue hydraulic proper-
ties – and therefore also AQPs. We will then move on to data on the expression of 
AQPs in growth zones and on the hydraulic conductivity of the plasma membrane 
of growing leaf cells. Finally, we will use this information together with data on the 
rate of cell volume expansion to ask the question whether growing plant cells actu-
ally need AQPs to take in water at sufficiently high rates to support their volume 
expansion rates.

2  �Water Potential Differences in Growing Plant Tissues

2.1  �Quantitative Relationships

From the biophysical point of view, the process of cell expansion and factors limit-
ing cell expansion are best described by the Lockhart equation (Lockhart 1965; e.g. 
Touati et al. 2015). This equation relates the relative growth rate of a cell to (i) the 
mechanical and hydraulic forces which drive volume expansion and (ii) the mechan-
ical and hydraulic conducting properties which affect the gain in cell volume per 
unit driving force. The mechanical properties are those of the wall of growing cells, 
and the hydraulic properties are those of the plasma membrane and, for tissues, of 
the water conducting path. We are not so much interested here into addressing the 
question whether growth is limited more through hydraulic or wall properties of 
cells and tissues (e.g. Boyer et al. 1985; Cosgrove 1993; Boyer 2001; Boyer and 
Silk 2004; Touati et al. 2015), but rather in the specific hydraulic properties of grow-
ing tissues and the contribution that AQPs make to these properties.

The volume flux density of water (J; volume [m3] of water per unit surface (m2) 
and time (s−1); unit: m3 m−2 s−1, or m s−1) from location A to B equals the product of 
hydraulic conductivity (Lp; unit: m s−1 MPa−1) and the driving force (water potential 
difference between A and B, ΔΨ; unit: MPa); so J = Lp × ΔΨ. Locations A and B 
could be the apoplast (A) and cytosol (B), respectively, of a cell; they could also be 
the root environment (A) and xylem (B), respectively, of a root system. Note that 
ΔΨ includes two components, an osmotic component and a hydrostatic pressure 
component; the osmotic component can only drive water flow between A and B in 
the presence of a semipermeable structure (containing AQPs; see below) that sepa-
rates both compartments and largely inhibits the free diffusion of osmotically active 
solutes (i.e. allows the build-up of an osmotic gradient between A and B). The flux 
of water which is of relevance when studying cell expansion is that flux which is 
required to let the growing tissue expand at a certain relative rate. Maximum relative 
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growth rates of roots are typically higher than those of leaf tissues, and values range 
from about 20 to 40 % h−1 (for a review, see Pritchard 1994). It can be seen from the 
relation ‘J = Lp x ΔΨ’ that the smaller Lp is for a given J, the larger ΔΨ needs to be. 
The smaller the Lp is, the less hydraulically conductive is the path between A and 
B; in other words, a small Lp and a significant ΔΨ are indicative of some hydraulic 
limitation of growth. If so, one could predict that an increase in Lp, such as through 
increased expression and activity of AQPs – provided that water has to cross at least 
one membrane – should lead to an increase in J and cell expansion rate, provided 
ΔΨ can be maintained at its original level, for example, by maintaining an osmotic 
gradient across a semipermeable membrane barrier through active solute transport 
(Fricke and Flowers 1998). It follows from the above that an analysis of ΔΨ, for a 
given J, provides an indication whether growth is potentially limited through Lp and 
hydraulic properties of cells or not.

2.2  �Water Potential Difference ΔΨ

There exists evidence in support and not in support of a significant (ca 0.05 MPa and 
larger) ΔΨ, between the plant-internal water source (e.g. leaf xylem) and expanding 
cell (e.g. leaf epidermis) in growing plant tissues (for reviews, see Cosgrove 1993; 
Fricke 2002; Boyer and Silk 2004). A significant ΔΨ has been reported in particular 
for the elongation zone of grass leaves and growing hypocotyls and epicotyls (stem 
sections) (e.g. Boyer et al. 1985; Fricke et al. 1997; Fricke and Flowers 1998; Martre 
et al. 1999; Tang and Boyer 2002; Touati et al. 2015). The apparent discrepancy 
between studies may be related to differences in the species analysed and in the 
growth and experimental conditions used. Significant differences in Ψ have also 
been reported between the root medium and growing regions of roots (e.g. Miyamoto 
et al. 2002; Hukin et al. 2002).

If we accept that there can exist a significant ΔΨ in some growing plant tissues, 
does this necessarily mean that a change in plasma membrane or tonoplast AQP 
activity alters the growth rate of cells and tissues? No, it does not. Figure 1 shows 
two possible scenarios for a setup where six elongating cells are located, in sequence, 
along a radial water path. Water is provided just outside cell 1 and moves radially 
along cells 2–5 to cell 6. In both cases, water moves from cell to cell by crossing 
membranes, and if water only crosses the plasma membrane (and not also tono-
plast), it has to cross 11 plasma membranes, in a polar manner (entering one side 
and exiting the opposite side of a cell) until it has entered cell 6. The hydraulic 
resistance of the path calculates as the additive resistance of the 11 plasma mem-
branes and the six sections of wall that have to be crossed, by analogy to Ohm’s law 
for an electric circuit (Van den Honert 1948). In scenario ‘a’, the hydraulic resis-
tance of the wall sections is negligible compared with that of the plasma mem-
branes, and the overall Lp of flow path is dominated by the Lp of plasma membranes. 
In scenario ‘b’, water moves the same path from cell 1 to cell 6, but before water 
enters cell 1, it has to pass through an apoplast which has a very high hydraulic 
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resistance (low Lp, as represented by the small size Lp symbols in Fig. 1), e.g. due 
to intense suberisation (hydrophobic hydraulic barrier). The resistance of the 
suberised wall section dominates the overall resistance of the flow path, and any 
alteration of the Lp of plasma membranes will have little effect on the overall Lp. 
Both scenarios lead to a significant ΔΨ. In ‘a’, the significant ΔΨ is due to an inher-
ently low Lp of the plasma membrane of cells, and upregulation of PIPs may 
increase Lp and growth. In contrast, in ‘b’, upregulation of PIP activity will have 
little effect on the overall Lp and growth rate. Thus, the existence of a significant 
ΔΨ in growing tissues is a pre-requisite but not proof per se that any alteration in 
plasma membrane AQP activity leads to an altered growth rate of cells. The possible 
existence of local and significant apoplast barriers to water movement needs to be 
considered too.

Source Sink

Lp

Lp

Cell-1

Cell-1 Cell-6

Cell-6

a

b

Fig. 1  The significance of a water potential difference across tissues for a hydraulic limitation of 
growth through cell hydraulic properties. The scheme shows a cross-sectional view of six cells that 
are arranged next to each other along the radial flow path of water from source (e.g. root medium) 
to sink (e.g. cell 6 or xylem). Each cell has a hydraulic conductivity (Lp) at its membrane, and the 
size of Lp symbol reflects the size of Lp; the same applies to the symbols used for water potential 
(Ψ), aquaporin (AQP) activity and expression and for plasmodesmatal (PD, symplastic) connection 
between cells. In (a), the Lp of all six cells contributes equally to the difference in Ψ (ΔΨ) across 
the tissue, and any change in Lp will affect ΔΨ and a hydraulic limitation of growth. In (b), the by 
far smallest Lp (highest resistance to water movement) is found at the entry point of water into cell 
1; this could be due to, e.g. suberinisation of the apoplast. The Lp of cells contributes little to ΔΨ, 
and changes in cell Lp will have little effect on ΔΨ. The value of ΔΨ is similar in (a, b) and points 
to a hydraulic limitation of growth, yet only in (a) could such a limitation be significantly affected 
by changes in cell Lp, for example, through changes in AQP activity
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2.3  �Root Growth Zones Are Special

There exist one fundamental difference between the hydraulic arrangement of grow-
ing tissues in roots on the one hand and stem and leaf on the other. Growth zones of 
stems, such as hypocotyls, and of leaves of monocot crop plants (e.g. wheat, barley 
and maize), which are exposed to the atmosphere (as opposed to, e.g. leaves of sea-
grass that are submerged under water), are located along the axial transport route of 
water from roots to shoot (Fricke 2002; for water flow in submerged plants such as 
seagrass, Posidonia australis, see Tyerman et al. 1984). In contrast, growth zones of 
roots are located at the very starting point, or even prior to that starting point, where 
water is transported axially from root to shoot (Fig. 2). Which implications does this 
have for a hydraulic limitation of growth and a role that AQPs could play?

In roots, transpiration water in xylem moves away from the growth zone and may 
not reach any of the proximal (closest to the tip) regions. In the latter regions, 
phloem-delivered water may constitute the main source of water to expanding cells, 
in addition to water entering from the soil/root interface. In addition, water may 
move along a symplastic path, through plasmodesmata (Hukin et al. 2002). This is 
supported by a study on maize roots, which showed that AQP inhibitors have little 
or no effect on the half-time of water exchange (and by implication plasma mem-
brane Lp) in the growing tip region (Hukin et al. 2002). By linking the expansion of 
cells in roots to the supply of water, and resources such as carbon and energy through 
the phloem from shoots, shoot productivity and transpirational surface can be fine-
tuned with growth of water and mineral nutrient absorbing root surface. In contrast, 
the distal portion of root growth zones is more directly linked to xylem water flow. 
Radial movement of water can occur along the transmembrane path, from cell-to-
cell crossing membranes, and AQP activity and AQP inhibitors impact on this water 
movement (e.g. Hukin et al. 2002; Frensch and Steudle 1989; Knipfer et al. 2011).

3  �AQP Expression in Growing Root and Leaf Tissues

A comprehensive literature review of data on AQP expression in growing plant tis-
sues, including root, leaf, stem, petals and hairs, is provided by Obroucheva and 
Sin’kevich (2010). We will focus here on roots and leaves, with some information 
also on fibre elongation.

3.1  �Roots

There exist a few studies in which the expression of the majority of AQP isoforms 
of a particular plant species has been compared between root and shoot tissue. 
These studies show two trends: (i) when there are AQP isoforms within a species 
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that are almost exclusively expressed in one vegetative plant organ, then the exclu-
sive expression occurs mostly in roots and not in shoots, and (ii) roots show a higher 
total expression of AQPs compared with shoots. For example, relatively (compared 
with shoot tissue) high or exclusive expression of AQPs in roots was observed for 
Oryza sativa (OsPIP2;3, OsPIP2;5, OsTIP2;1, Sakurai et  al. 2005), Zea mays 
(ZmPIP2;1, ZmPIP2;5, ZmPIP1;5, Hachez et al. 2006; Heinen et al. 2009; Lopes 
et  al. 2003), Arabidopsis thaliana (AtPIP2;2, AtPIP1;1, AtPIP1;2, AtPIP2;1, 
AtTIP1;1, AtTIP1;2, Javot et  al. 2003; Alexanderson et  al. 2005), Vitis vinifera 
(VvPIP1;1, VvPIP2;2, Vandeleur et  al. 2009), Hordeum vulgare (HvPIP1;2, 
HvPIP2;1, HvPIP2;2, HvPIP2;5, Katsuhara et  al. 2002; Katsuhara 2007; Besse 
et  al. 2011; Knipfer et  al. 2011) and Pisum sativum (PsPIP2;1, Beaudette et  al. 
2007). As some of these AQPs were also expressed in growing root tissue, the data 
show that there is not a single set of AQPs in a particular plant species that facilitates 
growth in growing root and leaf tissue, but that this role can be organ-specific and 
involve isoform-specific AQPs.

Using in situ hybridisation and also immunocytochemical approaches, AQP iso-
forms have been localised in certain root tissue types (e.g. cortex, epidermis) and in 
dependence on root developmental stage (Hachez et al. 2006; Sakurai et al. 2005, 
2008; Vandeleur et al. 2009; Knipfer et al. 2011). The most complete studies so far 
exist for rice (Sakurai et al. 2005, 2008), vine (Vitis vinifera, Vandeleur et al. 2009; 
Gambetta et al. 2013), maize (Hachez et al. 2006, 2012), Arabidopsis (Brady et al. 
2007) and barley (Knipfer et al. 2011). For example, it was shown for maize that 
ZmPIP2;1/2;2 proteins are most abundant in the stelar cells at the root tip, encom-
passing the growth zone, whereas in more mature root regions, these two AQP iso-
forms were preferentially localised to the cortex and epidermis; ZmPIP2;5 protein 
was in particular found in cortex tissue at the root tip and in the endodermis in 
mature root tissue (Hachez et al. 2006). In rice, Sakurai et al. (2008) showed that 
OsPIP1s and OsPIP2;1, OsPIP2;3 and OsPIP2;5 proteins were localised preferen-
tially in the endodermis at the root tip. In more mature root regions, OsPIP2s pro-
teins were distributed rather evenly between tissues, whereas OsTIP2;1 and 
OsTIP2;2 proteins were localised preferentially in stelar cells. In grapevine, 
Vandeleur et al. (2009) observed that VvPIP1s and VvPIP2s gene expression and 
protein level were localised evenly in cortex tissue and vascular tissue at the root tip, 
but showed lower signals in the cortex of mature root regions. Gambetta et al. (2013) 
compared the root zone-dependent gene expression of isoforms in grapevine with 

Fig. 2  Hydraulic architecture of the growth zone of (a) roots and (b) grass leaves. The scheme 
gives a longitudinal view of the arrangement of expanding cells and the relative location of tissues 
(xylem, phloem) through which water can be supplied internally to growing tissues. The size of Lp 
symbol reflects the size of Lp; the same applies to the symbols used for aquaporin (AQP) activity 
and expression and for plasmodesmatal (PD, symplastic) connection between cells. A ‘?’ indicates 
that we lack detailed information here, and arrows for phloem and xylem point to possible main 
directions of flow; for details, see text. CP cell production zone (meristem), prox. EZ proximal 
elongation zone, distal EZ distal elongation zone, mature mature root or leaf region where cells 
have attained their full size, TIP root tip region including the root cap
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their homologues in Arabidopsis (using data from Brady et al. 2007) and concluded 
that most AQP isoforms distributed similar in the two species. There was a much 
higher gene expression of PIPs in the root tip compared with more mature regions 
along the main root axis. In barley, tissue localisation of the gene expression of six 
AQP isoforms was tested (HvPIP2;2; HvPIP2;5, HvPIP2;7, HvPIP1;2, HvTIP1;1, 
HvTIP2;3) (Knipfer et al. 2011). There was generally high expression of AQP genes 
in the epidermis and protoxylem. Expression in cortex tissue was evident in all root 
developmental zones and in both seminal and adventitious roots. Expression in the 
endodermis and stele was observed particularly in less mature adventitious roots, 
highlighting a potential role in regulating radial water transport. Of all barley AQPs 
tested, HvTIP1;1 was the most ubiquitously expressed gene, while HvPIP2;5 was 
expressed particularly in cortex tissue.

In barley, adventitious roots had a threefold higher cortex cell hydraulic conduc-
tivity and total expression of PIP2s and TIPs compared with seminal roots (Knipfer 
et  al. 2011). This difference in AQP expression was due to higher expression of 
three aquaporins, HvPIP2;2, HvPIP2;5 and HvTIP1;1, all of which display water 
channel activity (Besse et al. 2011). These aquaporins were expressed in the epider-
mis, cortex, endodermis and stele of the transition zone of adventitious roots, where 
cells have completed some of their elongation yet are not fully mature as judged 
from endodermis development. HvPIP2;5 and HvTIP1;1 were the highest-expressed 
AQPs tested.

In seminal roots of barley, HvTIP1;1 was expressed lowest in the mature zone, 
and this coincided with the lowest cortex cell hydraulic conductivity in this root 
region compared with the immature and transition zone, which, together encom-
passed the entire growth zone (Knipfer et al. 2011). The expression of three HvPIPs 
(HvPIP1;2, HvPIP2;2, HvPIP2;5) was compared between growing (immature + 
transition zone) and nongrowing (mature zone) root regions in seminal roots. None 
of the three genes tested was expressed higher in growing tissue, despite cell hydrau-
lic conductivity being almost four times higher in growing compared with nongrow-
ing tissue. Other PIPs, which were not tested in the study by Knipfer et al. (2011), 
may be responsible for the higher cell Lp in growing barley root tissue. What the 
study shows, though, is that AQPs such as HvPIP2;5 may facilitate water flow in 
growing root tissue in one type (adventitious roots) but not another type (seminal 
roots) of roots, even within one species.

Sequence comparison between barley and maize PIPs shows that ZmPIP2;1 and 
ZmPIP2;2 share highest sequence identity with HvPIP2;5. ZmPIP2;1 is among the 
highest-expressed PIPs in maize roots, The tissue localisation of ZmPIP2;1 protein 
changes during maize root development from a predominant location in the stele 
and endodermis to a location in the cortex and epidermis (Hachez et al. 2006). Such 
a change in tissue localisation was not observed for HvPIP2;5 in barley (Knipfer 
et al. 2011), where gene expression was analysed. HvPIP2;5 was expressed in cor-
tex tissue in both transition and mature zones. Sakurai et al. (2008), using immuno-
cytochemistry, observed for rice roots that candidate AQPs occurred predominantly 
in the endodermis and stele, with some protein in the rhizodermis and very little in 
the cortex. The difference in results between the study on barley (Knipfer et  al. 
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2011) and the studies on maize (Hachez et al. 2006) and rice (Sakurai et al. 2008) 
may reflect differences between species or the circumstance that AQP gene and 
protein abundance do not correlate in time and space.

TIP1;1 isoforms are generally the most abundantly expressed members of the 
TIP family of AQPs (e.g. Alexandersson et al. 2005; Sakurai et al. 2005) and share 
a high sequence identity among the plant species tested. The ubiquitous and abun-
dant expression of HvTIP1;1 in barley roots (Knipfer et al. 2011) suggests that this 
AQP is a ‘housekeeping’ type of AQP, which provides a ‘baseline’ level tonoplast 
hydraulic conductance to guarantee rapid osmotic equilibration between vacuole 
and cytosol (Maurel et  al. 1993). This does not preclude a role of HvTIP1;1  in 
growth-facilitated water uptake. A complete loss of (water channel) function of 
HvTIP1;1 is not expected to cause a phenotype in barley (see also Schüssler et al. 
(2008) for Arabidopsis), as another TIP (HvTIP2;3), which shows water channel 
activity (Besse et al. 2011), is expressed in roots, though with a different tissue (e.g. 
the cortex, stele, epidermis) pattern (Knipfer et al. 2011). It remains to be shown 
why multiple TIP isoforms which show water channel activity are co-expressed 
abundantly in root cells and whether any of these TIP isoforms carries a growth-
specific function.

3.2  �Leaves

Besse et  al. (2011) conducted a detailed study on the development-dependent 
expression of AQPs in growing barley leaves. At the time of study, the entire set of 
almost 40 barley AQPs (Hove et al. 2015) was not known, and 23 AQPs were stud-
ied. Five AQP genes, including one PIP1 (HvPIP1;2), were expressed at such low 
levels in leaf regions that it was difficult to conclude on their pattern of expression. 
A sixth gene (HvSIP2;1) was expressed so uniformly between leaf developmental 
zones that it turned out to be a suitable reference gene of expression. The 17 remain-
ing genes analysed, which included most known barley PIPs, were expressed par-
ticularly in either growing (seven genes) or in emerged, mature leaf tissue (ten 
genes). It can be concluded from these data that differential expression during leaf 
development is the rule rather than exception for barley MIPs and that all MIPs that 
facilitate diffusion of water across the plasma membrane are under developmental 
or environmental control. There is no obvious reason why control of water channel 
activity of one particular AQP through post-translational regulation and trafficking 
(Johansson et  al. 1998; Tournaire-Roux et  al. 2003; Maurel 2007; Zelazny et  al. 
2007; Boursiac et al. 2008; Hachez et al. 2014) should not provide sufficient means 
to meet requirements specific to growing and mature leaf tissue. Therefore, the 
observation that many different barley AQP isoforms show development-specific 
expression points to these AQPs fulfilling tissue-specific functions. Individual AQPs 
with localisation to specific tissues may play important roles during tissue and cell 
expansive growth in barley, but their relative abundance in whole tissue extracts is 
lower because of their specific localisation.
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None of the AQPs tested in the study by Besse et al. (2011) were expressed high-
est or lowest in the non-elongation zone  – that zone during grass leaf cell 
development, where cells have ceased to elongate, yet still show some residual 
expansion in width before being displaced through growth of more basal regions 
from subtending sheaths into the ambient atmosphere. Instead, the start (elongation 
zone) and end point (emerged, mature blade) of a cell’s ontogeny were accompanied 
by maximum or minimum expression of a particular AQP isoform (Besse et  al. 
2011). This contrasts with the only other comparable study, on maize (Hachez et al. 
2008), where expression of AQPs was analysed in detail and at high spatial resolu-
tion in different developmental zones of a leaf. In the study on maize, expression of 
PIPs in developing leaves was highest in the zone near the emergence point from the 
sheath of older leaves, with subsequent decrease in expression in the mature part of 
blade. A continuous increase in expression during leaf development was only 
observed for ZmPIP1;5. As the studies on maize and barley are the only ones of 
their kind, it cannot be said which study presents the rule and which the exception 
with respect to AQP isoform expression during leaf development. The most notable 
difference between barley and maize is that barley is a C3 and maize a C4 plant. 
How, and whether, this could explain differences in the expression pattern of AQP 
in leaves of the two species remains to be shown.

It is not known what regulates the differential expression of barley (or maize or 
any other grass) MIPs during leaf development. The most pronounced difference in 
microenvironment between the elongation zone and the more mature leaf regions is 
the intensity and quality of light that reaches cells; also relative humidity in the air 
next to the elongation zone enclosed by subtending sheaths of older leaves should 
be considerably higher than ambient. The elongation zone of leaf three is enclosed 
by sheaths of leaf one and two, whereas the non-elongation zone is only enclosed by 
the sheath of leaf two. The sheaths are green and photosynthetic. As a result, the 
light that reaches the non-elongation and, particularly, elongation zone will have a 
higher ratio of far-red to red light than that striking the emerged and mature blade. 
This could enable regulation of AQP expression through the phytochrome system in 
a development- and therefore also growth-dependent manner.

3.3  �Roles of Particular AQP Isoforms During Leaf Growth

In barley, HvPIP2;5, HvTIP1;1 and HvTIP2;3 were expressed abundantly and high-
est in growing tissue of roots and leaves (Besse et al. 2011). The same was observed 
for HvPIP1;1 (identical to the barley AQP annotated as HvPIP1;6) in a previous 
study on barley (Wei et al. 2007). These four MIPs, all of which show water channel 
activity (Wei et al. 2007; Besse et al. 2011), seem to have a role that is specific to 
cell growth in barley, irrespective of the organ. In contrast, the water channel 
HvPIP2;2 was expressed particularly in growing tissue of leaves (Besse et al. 2011) 
and seems to have a growth-related function that is more leaf-specific.

High expression of TIP1;1 isoforms in meristematic and elongating shoot tissue 
has been reported, e.g. maize (Chaumont et al. 1998), tulip (Tulipa gesneriana, Balk 
and de Boer 1999), cauliflower (Brassica oleracea, Barrieu et al. 1998) and oilseed 
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rape (Brassica napus, Frangne et al. 2001), and appears to be a common character-
istic associated with growth. Arabidopsis plants lacking AtTIP1;1 (and AtTIP1;2) 
protein do not show any phenotype or change in growth rate under normal growth 
conditions (Schüssler et al. 2008). This does not preclude a role of AtTIP1;1 or the 
barley homologue HvTIP1;1 in facilitating water uptake and vacuole enlargement 
during leaf cell expansion, nor in playing a role in any cell expansion-related event 
such as lateral root formation (see recent work on role of TIPs in lateral root growth 
using triple TIP mutants of Arabidopsis; Reinhardt et al. 2016). For example, the 
high expression of the water channel HvTIP2;3 in the growth zone of barley leaves 
points to some redundancy in function among TIPs (Besse et al. 2011).

In the leaf elongation zone of barley, HvPIP1;1 and HvPIP2;5 accounted for 
90 % or more of the expression of PIP1s and PIP2s, respectively (Besse et al. 2011). 
Their closest maize homologues (based on sequence identity), ZmPIP1;1 and 
ZmPIP2;1 together with ZmPIP2;2, also accounted for the bulk of expression of 
PIP1s and PIP2s in the elongation zone of maize (Hachez et al. 2008). It appears 
from these two studies on grasses that dominant PIP isoforms are conserved in elon-
gating leaf tissue. As these isoforms include members of the PIP1 and PIP2 subfam-
ily, they may regulate cell Lp and growth through formation of PIP1/PIP2 heteromers 
(for a review, see Chaumont and Tyerman 2014) (see chapter “Heteromerization of 
Plant Aquaporins”).

In barley, the water channel HvPIP2;5 was expressed abundantly in the leaf elon-
gation zone, and this included the mesophyll in this leaf region (Besse et al. 2011). 
Mesophyll constitutes most of tissue volume of leaves, and this could explain why 
HvPIP2;5 accounted for more than 90 % of PIP2 expression in the elongation zone 
(Besse et  al. 2011). This renders HvPIP2;5, a prime candidate to mediate plasma 
membrane water flow in growing mesophyll cells. It would also explain the higher cell 
hydraulic conductivity in growing compared with nongrowing mesophyll tissue in 
barley, as concluded from swelling assays of the osmotic water permeability of meso-
phyll protoplasts (Volkov et al. 2007). In growing leaf epidermal cells of barley, the 
function of HvPIP2;5 appears to be carried out by HvPIP1;1 (HvPIP1;6) and HvPIP2;2, 
both of which are expressed highest in the epidermis (Wei et al. 2007; Besse et al. 
2011). Trans-tonoplast movement of water in growing leaf tissues seems to be facili-
tated by the abundantly expressed HvTIP1;1 and HvTIP2;3 (Besse et al. 2011).

3.4  �The Role of Vascular Bundles in the Hydraulics of Leaf 
Growth

It is not known whether water reaches epidermal cells in the elongation zone of 
grass leaves directly through mesophyll or through bundle sheath extensions, from 
where it diffuses radial within the epidermis. In the latter case, many membranes 
and hydraulic resistances have to be overcome. A potential hydraulic limitation of 
cell expansion growth could be avoided by high expression of AQPs such as 
HvPIP1;1/1;6 in the epidermis, leading to a higher cell hydraulic conductivity in 
the epidermis of elongation compared to mature leaf tissue (Volkov et al. 2007). The 
comparatively low water transport activity of HvPIP1;1/1;6 (Wei et al. 2007) may 
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be partially compensated for by high expression levels of, and heteromerisation 
(Fetter et  al. 2004; Zelazny et  al. 2007) (see chapter “Heteromerization of Plant 
Aquaporins”) with, the concurrently expressed HvPIP2;2 and HvPIP2;5.

The mestome sheath of grass leaves can be suberised (O’Brien and Carr 1970; 
O’Brien and Kuo 1975; for a review, see Lersten 1997; Fricke 2002). The study by 
Besse et al. (2011) on barley showed that Casparian-band like structures increased 
during leaf development. The mestome sheath may fulfil a role in leaves that is 
comparable to that of the endodermis in roots (Fricke 2002; Enstone et al. 2003; Wu 
et al. 2005; Heinen et al. 2009). This view receives increasing experimental support 
through studies which emphasise the role of the bundle sheath and bundle sheath 
AQPs as potential hydraulic bottlenecks, through which the radial movement of 
water from xylem to substomatal cavity is controlled in transpiring leaves of mono-
cot and dicot plant species (e.g. Shatil-Cohen et al. 2011; Sade et al. 2014).

Increase in expression of HvPIP2;7 during barley leaf development, with smaller 
expression in elongating and higher expression in mature leaf tissue, in vascular 
bundles (Besse et al. 2011) could compensate for the formation of any apoplastic 
barriers by facilitating radial movement of transpiration water through membranes 
along a cell-to-cell pathway. Such a pathway has been supported by a study on 
Tradescantia (Ye et  al. 2008). In rice, OsPIP2;7 is expressed in leaves predomi-
nantly in mesophyll, and not in vascular bundles as in barley. Overexpression of 
OsPIP2;7 in rice results in increased transpirational water loss (Li et al. 2008). The 
data on PIP2;7 expression in barley and rice support a role of this PIP in facilitating 
radial movement of transpiration water in both species, yet the tissue site where this 
facilitation occurs differs between barley (vascular bundle) and rice (mesophyll). 
The considerable expression of HvPIP2;7 in the non-transpiring non-elongation 
zone in barley (Besse et al. 2011) might be in preparation of the displacement of cells 
into the open atmosphere (past the point of emergence from the sheath of leaf two). 
This displacement can occur in as little as 10 h (Richardson et al. 2005).

Between 98 and 99 of every 100 water molecules that enter the leaf elongation 
zone of barley along the xylem are lost through the emerged blade; only one to two 
molecules are used to support cell expansive growth (Fricke 2002). Therefore, it is 
surprising that water channels such as HvPIP2;5 and HvTIP1;1 are expressed at so 
much lower levels in mature, transpiring compared with growing, non-transpiring 
leaf tissue (Besse et al. 2011). Could it be that their water channel activity is an 
experimental disguise of their true function in planta (e.g. Hill et al. 2004) or that 
the need to rapidly osmotically equilibrate water across membranes is much higher 
in growing than in mature plant tissue? We do not know.

3.5  �Examples of Other Experimental Systems

Fibres, which grow on/around seeds, such as cotton (Gossypium hirsutum) seed 
fibres offer a great experimental system to study the molecular processes accom-
panying cell elongation. The fibres and fibre cells are large; they are arranged in 
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series, are easy accessible, are easy to observe and are comparatively easy to 
analyse; and in addition, they are also commercially very important. In 
Gossypium hirsutum, four PIP2s (GhPIP2;3, GhPIP2;4, GhPIP2;5 and GhPIP2;6; 
Li et al. 2013) and one PIP1 and TIP (GhPIP1;2, GhγTIP; Yang and Cui 2009) 
have been shown to be expressed particularly in fibres and to peak in expression 
during a period when fibres and fibre cells elongate at their highest rate. 
Knockdown of expression of GhPIP2 genes in cotton significantly decreased the 
rate of fibre elongation (Li et al. 2013). Furthermore, the authors also observed 
that most of the PIP2s that were expressed particularly in cotton fibre cells were 
able to form heterotetramers and, through this, increased water channel activity 
further.

In the milkweed Calotropis procera, which produces long seed trichomes, 
CpPIP2 AQPs were also implicated in the process of fibre cell elongation (Aslam 
et al. 2013). This conclusion was based on the observation that the expression of 
CpPIP2s in fibre cells was highest during the period of highest rates of fibre cell 
elongation. In addition, transgenic tobacco plants that expressed CpPIP2s had a 
larger number of trichomes on leaves and stem.

In rose (Rosa hybrid ‘Samantha’), the rose PIP2 RhPIP2;1 was shown to be 
involved in the ethylene-regulated expansion of petals (Ma et al. 2008). RhPIP2;1 
was localised primarily in the abaxial subepidermal cells of petals, and its expres-
sion during petal development was highly correlated with petal expansion rate. 
Furthermore, treatments that reduced the rate of petal expansion, such as ethylene 
and silencing RhPIP2;1 in transgenic plants, also reduced the gene expression level 
of RhPIP2;1.

In deepwater rice (Oryza sativa L. ssp. indica), shoot internodes must elongate 
quickly in response to flooding to minimise anoxia stress to leaf tissues. Muto et al. 
(2011) observed that the gene transcript levels of several OsAQPs (OsTIP1;1, 
OsTIP2;2, OsPIP1;1, OsPIP2;1, OsPIP2;2) increased significantly in stems in 
response to submersion. This occurred in parallel to the stimulation of other pro-
cesses that facilitate elongation growth of cells, such as expression of vacuolar pro-
ton pumps (OsVHP1;3). The authors also observed that AQPs (OsNIP2;2 and 
OsNIP3;1), which are not primarily involved in water transport, but in the transport 
of substances (silicic acid and boric acid) that can interfere with wall expansion, 
were reduced in expression in response to flooding. The latter provides a good 
example for a role of AQPs in cell elongation not related to their water transport 
function.

4  �Membrane Hydraulic Conductivity in Growing Plant Cells

The above section was concerned with identifying AQP isoforms in a range of spe-
cies, which facilitate water uptake into growing leaf or root tissue. Now we have a 
closer look at the hydraulic conductivity (Lp) of growing cells. First, we want to 
know whether growing cells have a higher hydraulic conductivity, at their plasma 
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membrane, compared with mature cells. Then we ask whether such differences in 
plasma membrane Lp are indicative of growing cells taking in more water per unit 
time and driving force to support volume expansion.

4.1  �Roots

Most of the data on the Lp of higher plant cells and tissues exist for roots. This is 
because roots provide an easier experimental system compared with leaves: (i) roots 
can be grown hydroponically and enable an easier application of experimental treat-
ments; (ii) roots are cylinders in shape, which facilitates modelling of water flows; 
and (iii) the discovery of AQPs in plants has opened up the possibility that plant 
water flow can be regulated also in the short term through roots rather than through 
stomata in shoots. There exist surprisingly few data on the plasma membrane Lp of 
growing root cells mainly due to the experimental challenges involved, in particular 
for cells that are located very close to the root tip in the proximal half of root elonga-
tion zone. The majority of cell Lp data on roots has been obtained on mature tissues, 
often with the aim to link cell Lp to root tissue Lp and to address the role which 
AQPs and particular root developmental regions play in root water uptake (e.g. 
Hachez et al. 2006; Bramley et al. 2009; Ehlert et al. 2009; Knipfer et al. 2011; 
Gambetta et al. 2013). This has made it possible to conclude on the main path of 
radial water movement (apoplast versus cell to cell) across the root cylinder and to 
test the composite model of water transport across roots (Frensch and Steudle 1989; 
Steudle 2000; Steudle and Peterson 1998). The implicit assumption of these analy-
ses is that a higher expression of AQPs in conjunction with a higher Lp supports the 
idea that AQPs contribute to root water uptake in a particular root region and that a 
significant portion of water moves along the transmembrane component of cell-to-
cell path. This assumption may apply to mature root regions. However, one has to 
be careful when applying this assumption to growing and meristematic root regions. 
This is demonstrated nicely by the studies of Hukin et al. (2002) on maize, Gambetta 
et al. (2013) on grapevine and Miyamoto et al. (2002) on pea roots.

Hukin et al. (2002) studied the expression of two AQPs, and cell Lp in the pres-
ence and absence of the AQP inhibitor Hg and the symplastic connectivity in the tip 
region of maize roots. The authors analysed locations in the proximal half of the 
growth zone, half-way along the growth zone (where relative elemental growth rates 
were highest) and at the distal end of the growth zone and the mature zone just 
beyond that. The main observations were that (i) Lp of cells averaged about 
1.5–2 × 10−7 m s−1 MPa−1 throughout the growth zone and increased two- to three-
fold in mature tissue; (ii) Hg reduced cell Lp half-way along and in the distal portion 
of the growth zone and in the mature zone but not closer to the root tip; and (iii) 
symplastic continuity was observed only closer to the root tip, in the proximal por-
tion of growth zone. The conclusions that can be drawn from these observations are 
that maize root AQPs contribute to cell Lp and radial root water flow across the root 
cylinder in the distal half of the growth zone and mature root regions. However, 
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cells closer to the root tip, where xylem is not fully developed and functional, have 
a high symplastic connectivity to enable the import of water through the phloem 
(compared with xylem earlier developed) and transport of water through tissue. The 
two AQPs studied were expressed at much lower levels in the proximal compared 
with distal half of the growth zone, yet cell Lp was similar in the two root regions. 
It is possible that other AQP isoforms that were not studied showed a different pat-
tern of expression, with expression being higher in the proximal portion of the 
growth zone. The disparity between AQP expression and cell Lp could also be due 
to the technique used to determine cell Lp: the cell pressure probe. This instrument 
can be used to induce water flow across the plasma membrane of a cell and follow 
the subsequent turgor pressure relaxation, which in turn is used to determine cell 
Lp. What this technique measures is water flow across the plasma membrane (and 
through plasmodesamata, as water flow through these two structures cannot be mea-
sured separated with currently available techniques) of a cell, yet it cannot distin-
guish between the path of water flow, which could be through simple diffusion 
through the lipid bilayer, facilitated diffusion through AQPs or through movement 
of water through plasmodesmata. Thus, the above data could also be interpreted in 
such a way that the Lp in cells close to the root tip reflects plasmodesmatal water 
transport, whereas the Lp of cells in more distal regions of the growth zone and in 
the mature region reflects water transport through AQPs. If this is the case, we can-
not simply ask the question whether AQPs contribute to water uptake into expand-
ing root cells, but we must distinguish between earlier and later stages of cell 
expansion. Also, at earlier stages of cell expansion, water supply appears to be 
through a root internal source (phloem), whereas at later stages of cell expansion, 
water supply occurs through an external source (root medium). This has implica-
tions for the direction of water movement (early, axial, tip-wards, radial from inner 
to outer tissues; late, axial, towards shoot; radial from outer to inner tissues) during 
cell elongation in roots and the driving forces that facilitate water movement through 
tissues.

Miyamoto et al. (2002) studied the gravitropic bending response of pea roots. 
Using the cell pressure probe, the authors observed that cell Lp in the part of growth 
zone where xylem was not fully developed averaged about 1.7 × 10−6 m s−1 MPa−1. 
This value was higher than cell Lp in more mature root regions and about 100 times 
higher than tissue Lp in the growth zone. The authors explained the latter observa-
tion such that the growing cells with a high Lp obtained their water not from the root 
medium but through xylem vessels that were up to 50 cells (and 100 plasma 
membranes) located away from those growing cells. This supports some of the 
above data by Hukin et al. (2002) on maize.

Gambetta et al. (2013) carried out a detailed analysis of the expression of AQPs 
and tissue Lp in different developmental regions of the woody plant grapevine. The 
authors also distinguished between the very proximal portion of growth zone, which 
was rather meristematic, and the more distal portion of growth zone, where most 
cell elongation occurred. The authors observed much higher expression of most 
AQPs in the proximal portion of growth zone compared with the other root regions. 
This coincided with a higher tissue Lp in the proximal part, and Lp could be 

﻿Plant Aquaporins and Cell Elongation



124

inhibited through Hg. The authors concluded that even though mature root regions 
have lower AQP gene expression and tissue Lp compared with the other root regions, 
they contribute significantly to root water uptake of plants. The authors questioned 
the significance of the very tip region of roots for root water uptake, despite having 
the highest tissue Lp and AQP expression level, and raised the possibility that such 
high values may have little to do with root water uptake but with the volume expan-
sion of cells. The above cited studies of Hukin et al. (2002) and Miyamoto et al. 
(2002) would support such an interpretation of data. Gambetta et al. (2013) observed 
highest expression of many AQP isoforms in the proximal and meristematic portion 
of growth zone, whereas Hukin et al. (2002) observed a much lower expression of 
the two AQP isoforms studied in proximal compared with distal regions. This dif-
ference may be due to the number of AQP isoforms and species studied. Our own 
data on the expression of AQPs in the proximal portion of growth zone of barley 
roots (Knipfer, Besse and Fricke, unpublished results) supports the data by Gambetta 
et al. (2013).

4.2  �Relevance of Cell Lp for Root Growth

The above analyses highlight four major aspects, which must be considered when 
studying the role of AQPs in root cell expansion. Firstly, a high cell Lp as deter-
mined with the cell pressure probe does not necessarily reflect water flow through 
AQPs across the plasma membrane; it may actually reflect water flow through plas-
modesmata (see Zhang and Tyerman 1991). Secondly, proximal and distal portions 
of the growth zone must be distinguished during analyses. Thirdly, the direction of 
water flow and the source of water supply to expanding root cells may differ between 
proximal and distal portions of the growth zone. Fourthly, and in relation to the 
previous aspect, the Lp of a growing root cell should be seen more in context of 
facilitating water flow through a tissue rather than facilitating water uptake at a suf-
ficiently high rate into an individual cell to support that cell’s expansion growth. 
This can be demonstrated through calculations where data on cell Lp, growth rates 
and cell dimensions are used.

Published values of the Lp of growing root cells are in the region 10−6 to 10−7 m 
s−1 MPa−1 (Miyamoto et al. 2002; Hukin et al. 2002) and generally not that different 
from values for mature root cells (e.g. Ehlert et al. 2009; Azaizeh et al. 1992; Lee 
et al. 2012), though differences in Lp between root regions have been reported (e.g. 
barley, Knipfer et al. 2011). Maximum relative growth rates of root cells are gener-
ally higher than those of leaf cells, with peak values half-way along the elongation 
zone of about 20–40 % h−1 (e.g. Miyamoto et  al. 2002; Hukin et  al. 2002). The 
volume of a typical root cortex cell half-way along the growth zone is in the range 
of 30–50 pl (30–50 × 10−15 m3). The surface area of such a cortex cell, if we assume 
that it is shaped like a cube with 35 μm of each side, is about 40 × 10−9 m2 (compare 
also, e.g. Miyamoto et al. 2002; Hukin et al. 2002). If we take here a relative growth 
rate of 30  % h−1, a cell volume of 40 × 10−15  m3 (40  pl) and a surface area of 
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40 × 10−9  m2, we obtain a net rate of water uptake into growing cells of 
(0.3 h−1 × 40 × 10−15 m3) 12 × 10−15 m3 h−1, or 3.3 × 10−18 m3 s−1; the water flow rate 
per unit cell surface area calculates to (3.3 × 10−18 m3 s−1 divided by 40 × 10−9 m2) 
8.3 × 10−11 m s−1. If we take an Lp of about 5 × 10−7 m s−1 MPa−1, we see that a water 
potential difference of (8.3 × 10−11  m s−1 divided by 5 × 10−17  m s−1 MPa−1) 
1.7 × 10−4 MPa across the plasma membrane of the growing cortex cell is required 
to sustain such a net water uptake rate for growth. Thus, we calculate here theoreti-
cal water potential differences as small as 0.1–0.2 kPa. We do not know how large 
the actual water potential difference is across the plasma membrane of a growing 
root cortex cell. On the one hand, cells are thought to be in local water potential 
equilibrium with their immediately surrounding apoplast, and the water potential 
difference may be as small as, e.g. 1.7 × 10−4 MPa (0.17 kPa); on the other hand, 
water potential differences across the root cylinder of larger than 0.1 MPa (100 kPa) 
have been measured in growing root tissues (e.g. Miyamoto et al. 2002; Hukin et al. 
2002). Even if 20 cells were located along the radial path, and provided that the 
hydraulic resistances of cells are comparable, the resulting water potential step 
across each cell would be by factor 100 to 1,000 larger than that required to sustain 
the volume expansion of these cells.

The most likely conclusion from these data is that cell Lp and plasma membrane 
localised AQPs do not limit the growth of individual cells through restricting their 
capacity to take in water. Rather, cell Lp and AQPs can limit the growth of root cells 
through limiting the rate of water supply to these cells through tissues. This conclu-
sion is supported through the observation that the expression of AQPs in growing 
regions of roots is generally higher in stelar compared with more peripherally 
located tissues (e.g. Gambettta et al. 2013; Knipfer et al. 2011). The cells in the root 
stele are mostly much smaller than the cells in the cortex. If it was only for their own 
water demand during cell expansion, the smaller stelar cells would not need a higher 
expression of AQPs (and by implication plasma membrane water flow). However, 
the cells in the stele encounter much high radial water flow densities per unit cell 
surface compared with, e.g. cortex cells (Bramley et al. 2009), and this is indepen-
dent of the direction of flow (from the epidermis towards the xylem or from the 
xylem towards the epidermis). The higher water flow densities are the most likely 
reason for the higher expression of AQPs in stelar tissue. In other words: a high 
expression of AQPs in growing stelar tissue relates more to the position of cells than 
to particular volume expansion rates.

4.3  �Relevance of Cell Lp for Leaf Growth

There exist some detailed studies on the hydraulics of cell expansion in leaves, in 
particular leaves of grasses. Most studies have been carried out on maize, tall fescue 
and barley (e.g. Ehlert et al. 2009; Martre et al. 1999; Fricke et al. 1997; Fricke and 
Peters 2002; Bouchabké et al. 2006; Parent et al. 2009; Touati et al. 2015). These 
studies showed that there exist growth-induced water potential differences between 

﻿Plant Aquaporins and Cell Elongation



126

growing tissue and leaf internal water source (xylem). The implication is that growth 
is co-limited by hydraulic properties in addition to a mechanical limitation through 
wall-yielding properties. For example, the Lp of growing leaf epidermal cells in 
barley ranged from 0.4 (Volkov et al. 2007) to 2 × 10−6 m s−1 MPa−1 (Touati et al. 
2015) and was slightly, though significantly, larger than the Lp of mature epidermal 
cells (Volkov et al. 2007). The same applies to the osmotic water permeability of 
mesophyll protoplasts when comparing growing with mature leaf regions (Volkov 
et al. 2007). One can, similar to the above calculations for roots, estimate the water 
potential difference across the plasma membrane of a growing leaf cell required to 
support water uptake for growth, given the dimension, growth rate and Lp of the 
cell. The conclusion is the same as for roots (Touati et al. 2015), in that the mea-
sured water potential difference across a tissue exceeds the one required to sustain 
growth by a factor of 1,000 or more. These data suggest that cell Lp and any growth-
dependent expression of AQPs in leaves match more the need for trans-tissue trans-
port of water than for sustaining volume expansion rates of an individual cell. The 
Lp values in the leaf epidermis are slightly at odds with this conclusion: as the epi-
dermis is at the end of the water transport path from leaf xylem to leaf periphery, 
any high cell Lp in the epidermis contributes little to speeding up the overall trans-
port of water from xylem to epidermis. So, why is cell Lp in growing epidermal 
cells high and also higher than in the mature leaf region, and why does this coincide 
with the tissue-specific expression of AQPs, as shown for barley (HvPIP1;1/1;6)? 
One possible explanation is that the cell Lp reflects extensive symplastic movement 
of water between epidermal cells, though previous studies on barley make this 
explanation unlikely (Fricke 2000). Another explanation is that water reaches the 
epidermis along bundle sheath extensions and then has to pass through 10, 20 or 
more lateral-located epidermal cells in succession to reach the end of its transport 
route (Fricke 2000); similarly, water may move over significant distances axially 
along a file of epidermal cells, from cell to cell, rather than being supplied to epider-
mal cells throughout along a radial transport route from xylem, via mesophyll/
bundle sheath extension to epidermis. A third explanation could be that close to 
100 % of the difference in water potential difference between epidermis and leaf 
xylem (ca 0.2–0.3 MPa) is generated upstream of the transport route of water, for 
example, at the parenchymatous and mestome sheath of vascular bundles (Fricke 
2002; Heinen et al. 2009). In this case, the difference in water potential between two 
adjacent cells in the epidermis, or between adjacent mesophyll and epidermal cells, 
may actually be so small that it requires the high cell Lp observed for growing cells.

As for roots, we could ask for leaves whether the high cell Lp in the growth zone 
has also the potential function to speed up water transport in the proximal portion of 
growth zone, which is close to the meristem. This question is of particular interest 
when studying grasses, as these have an intercalary ‘apical’ meristem located at the 
base of leaves during the early vegetative growth stage of plants. This means that the 
cell production zone and portion of growth zone containing undifferentiated cells 
including xylem are located between the water supply route from the root (xylem) 
and more distally located growing and mature leaf region (Fig. 2). There exist some 
anatomical and biophysical studies on the hydraulics of this proximal meristematic 
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region, yet we do not know for sure how water gets through the very base of grow-
ing grass leaves (for a review, see Fricke 2002); at least the author is not aware of 
any study that answers this question conclusively. Therefore, it is possible that simi-
lar to roots, growing cells close to the leaf meristem require a high cell Lp to facili-
tate the movement of water through tissues. Detailed analyses of the Lp of cells in 
this leaf region are required.

5  �AQPs: Facilitators of Water Uptake into Growing Plant 
Cells or…?

The above considerations allow several conclusions as to any involvement of AQPs 
in cell expansion in plants.

	 (i)	 There exist AQP isoforms that are expressed particularly in growing compared 
with nongrowing tissues, in roots and leaves and in all species examined so far.

	(ii)	 Higher expression of AQPs in growing compared with nongrowing tissues is 
often associated with a higher cell Lp, and sometimes also tissue Lp, in grow-
ing tissue.

	(iii)	 The portion of growth zone closest to the meristem – the ‘proximal’ growth 
zone  – seems to be hydraulically isolated from the major internal source 
(xylem) of water supply, particularly in roots. This has implications for the 
interpretation of data on AQPs and cell Lp and renders the (very) proximal 
growth zone different from the more distal regions of the growth zone, which 
are located further away from the meristem.

	(iv)	 Growing cells have a cell Lp that should easily satisfy their need for water 
uptake associated with volume expansion. Rather, the high cell Lp is required 
to facilitate water transport at a sufficient rate through the tissue. Exceptions 
from this rule could be cells that are located at the very periphery (epidermis) 
of growing organs.

	(v)	 It is concluded from the above that any specific expression of AQPs and high 
values of cell Lp in growing tissues reflect less any growth-specific require-
ments of individual cells but are a consequence of the overall developmental 
state and water flow pattern in these tissues. The primary role of AQPs in grow-
ing plant tissues is not so much the net transport of water into cells but through 
cells.

	(vi)	 To test the above conclusion requires the isolation of growing cells from their 
usual tissue environment and a comparison of the AQP expression pattern and 
cell Lp between such cells and cells that are retained within tissues. Also, detailed 
data are needed on the hydraulic architecture of the very proximal portion of 
growth zone in roots and leaves. In addition, analyses of cell/tissue growth in 
multiple AQP knockout/knockdown lines would be interesting to address this 
question (e.g. compare Reinhardt et al. 2016), especially if this can be combined 
with a downregulation of AQP expression in a tissue-/cell-specific manner.

﻿Plant Aquaporins and Cell Elongation



128

References

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

Aslam U, Bashir A, Khatoon A, Cheema HMN (2013) Identification and characterization of 
plasma membrane aquaporins from Calotropis procera. J Zhejiang Univ-SC B 14(7):586–595

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

Balk PA, de Boer AD (1999) Rapid stalk elongation in tulip (Tulipa gesneriana L. cv. Apeldoorn) 
and the combined action of cold-induced invertase and the water-channel protein γTIP. Planta 
209:346–354

Barrieu F, Thomas D, Marty-Mazars D, Charbonnier M, Marty F (1998) Tonoplast intrinsic pro-
teins from cauliflower (Brassica oleracea L. var. botrytis): immunological analysis, cDNA 
cloning and evidence for expression in meristematic tissues. Planta 204:335–344

Beaudette PC, Chlup M, Yee J, Emery RJ (2007) Relationships of root conductivity and aquaporin 
gene expression in Pisum sativum: diurnal patterns and the response to HgCl2 and ABA. J Exp 
Bot 58:1291–1300

Besse M, Knipfer T, Miller AJ, Verdeil J-L, Jahn TP, Fricke W (2011) Developmental pattern of 
aquaporin expression in barley (Hordeum vulgare L.) leaves. J Exp Bot 62:4127–4142

Bouchabké O, Tardieu F, Simonneau T (2006) Leaf growth and turgor in growing cells of maize 
(Zea mays L.) respond to evaporative demand under moderate irrigation but not in water-
saturated soil. Plant Cell Environ 29:1138–1148

Boursiac Y, Boudet J, Postaire O, Luu DT, Tournaire-Roux C, Maurel C (2008) Stimulus-induced 
downregulation of root water transport involves reactive oxygen species-activated cell signal-
ling and plasma membrane intrinsic protein internalization. Plant J 56:207–218

Boyer JS (2001) Growth-induced water potentials originate from wall yielding during growth. 
J Exp Bot 52:1483–1488

Boyer JS, Silk WK (2004) Hydraulics of plant growth. Funct Plant Biol 31:761–773
Boyer JS, Cavalieri AJ, Schulze ED (1985) Control of the rate of cell enlargement: excision, wall 

relaxation, and growth-induced water potentials. Planta 163:527–543
Brady SM, Orlando DA, Lee JY, Wang JY, Koch J, Dinneny JR, Mace D, Ohler U, Benfey PN (2007) 

A high-resolution root spatiotemporal map reveals dominant expression patterns. Science 
318:801–806

Bramley H, Turner NC, Turner DW, Tyerman SD (2009) Roles of morphology, anatomy, and aqua-
porins in determining contrasting hydraulic behavior of roots. Plant Physiol 150:348–364

Chaumont F, Tyerman SD (2014) Aquaporins: highly regulated channels controlling plant water 
relations. Plant Physiol 4:1600–1618

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

Cosgrove DJ (1993) Water uptake by growing cells: an assessment of the controlling roles of wall 
relaxation, solute uptake, and hydraulic conductance. Int J Plant Sci 154:10–21

Ehlert C, Maurel C, Tardieu F, Simonneau T (2009) Aquaporin-mediated reduction in maize root 
hydraulic conductivity impacts cell turgor and leaf elongation even without changing transpira-
tion. Plant Physiol 150:1093–1104

Enstone DE, Peterson CA, Ma F (2003) Root endodermis and exodermis: structure, function, and 
responses to the environment. J Plant Growth Regul 21:335–351

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

Frangne N, Maeshima M, Schäffner AR, Mandel T, Martinoia E, Bonnemain JL (2001) Expression 
and distribution of a vacuolar aquaporin in young and mature leaf tissues of Brassica napus in 
relation to water fluxes. Planta 212:270–278

W. Fricke and T. Knipfer



129

Frensch J, Steudle E (1989) Axial and radial hydraulic resistance to roots of maize (Zea mays L.). 
Plant Physiol 91:719–726

Fricke W (2000) Water movement between epidermal cells of barley leaves – a symplastic connec-
tion? Plant Cell Environ 23:991–997

Fricke W (2002) Botanical briefing review: biophysical limitation of cell elongation in cereal 
leaves. Ann Bot 90:1–11

Fricke W, Flowers TJ (1998) Control of leaf cell elongation in barley. Generation rates of osmotic 
pressure and turgor, and growth-associated water potential gradients. Planta 206:53–65

Fricke W, Peters WS (2002) The biophysics of leaf growth in salt-stressed barley, a study at the cell 
level. Plant Physiol 129:1–15

Fricke W, McDonald AJS, Mattson-Djos L (1997) Why do leaves and leaf cells of N-limited barley 
elongate at reduced rates? Planta 202:522–530

Gambetta GA, Fei J, Rost TL, Knipfer T, Matthews MA, Shackel KA, Walker MA, McElrone AJ 
(2013) Water uptake along the length of grapevine fine roots: developmental anatomy, tissue-
specific aquaporin expression, and pathways of water transport. Plant Physiol 163:1254–1265

Hachez C, Moshelion M, Zelazny E, Cavez D, Chaumont F (2006) Localization and quantification 
of plasma membrane aquaporin expression in maize primary root: a clue to understanding their 
role as cellular plumbers. Plant Mol Biol 62:305–323

Hachez C, Heinen RB, Draye X, Chaumont F (2008) The expression pattern of plasma membrane 
aquaporins in maize leaf highlights their role in hydraulic regulation. Plant Mol Biol 
68:337–353

Hachez C, Veselov D, Ye Q, Reinhardt H, Knipfer T, Fricke W, Chaumont F (2012) Short-term 
control of maize cell and root water permeability through plasma membrane aquaporin iso-
forms. Plant Cell Environ 35:185–198

Hachez C, Veljanovski V, Reinhardt H, Guillaumont, Vanhee C, Chaumont F, Batako H (2014) The 
Arabidopsis abiotic stress-induced TSPO-related protein reduces cell-surface expression of the 
aquaporin PIP2;7 through protein-protein interactions and autophagic degradation. Plant Cell 
26:4974–4990

Heinen RB, Ye Q, Chaumont F (2009) Role of aquaporins in leaf physiology. J  Exp Bot 60: 
2971–2985

Hill AE, Shachar-Hill B, Shachar-Hill Y (2004) What are aquaporins for? J  Membr Biol 197: 
1–32

Hove RM, Ziemann M, Bhave M (2015) Identification and expression analysis of the barley 
(Hordeum vulgare L.) aquaporin gene family. PLoS ONE 10(6):e0128025. doi:10.1371/jour-
nal.pone.0128025

Hukin D, Doering-Saad C, Thomas CR, Pritchard J (2002) Sensitivity of cell hydraulic conductiv-
ity to mercury is coincident with symplasmic isolation and expression of plasmalemma aqua-
porin genes in growing maize roots. Planta 215:1047–1056

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

Johansson I, Karlsson M, Shukla VK, Chrispeels MJ, Larsson C, Kjellbom P (1998) Water trans-
port activity of the plasma membrane aquaporin PM28A is regulated by phosphorylation. Plant 
Cell 10:451–460

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 (2007) Molecular mechanisms of water uptake and transport in plant roots: research 
progress with water channel aquaporins. Plant Root 1:22–26

Knipfer T, Fricke W (2011) Water uptake by seminal and adventitious roots in relation to whole-
plant water flow in barley (Hordeum vulgare L.). J Exp Bot 62:717–733

Knipfer T, Besse M, Verdeil J-L, Fricke W (2011) Aquaporin-facilitated water uptake in barley 
(Hordeum vulgare L.) roots. J Exp Bot 62:4115–4126

﻿Plant Aquaporins and Cell Elongation

http://dx.doi.org/10.1371/journal.pone.0128025
http://dx.doi.org/10.1371/journal.pone.0128025


130

Lee SH, Chung GC, Jang JY, Ahn SJ, Zwiazek JJ (2012) Overexpression of PIP2;5 aquaporin 
alleviates effects of low root temperature on cell hydraulic conductivity and growth in 
Arabidopsis. Plant Physiol 159:479–488

Lersten NR (1997) Occurrence of endodermis with a casparian strip in stem and leaf. Bot Rev 
63:265–272

Li GW, Zhang MH, Cai WM, Sun WN, Su WA (2008) Characterization of OsPIP2;7, a water chan-
nel protein in rice. Plant Cell Physiol 49:1851–1858

Li DD, Ruan XM, Zhang J, Wu YJ, Wang XL, Li XB (2013) Cotton plasma membrane intrinsic 
protein 2s (PIP2s) selectively interact to regulate their water channel activities and are required 
for fibre development. New Phytol 199(3):695–707

Lockhart JA (1965) An analysis of irreversible plant cell growth. J Theor Biol 8:264–275
Lopez F, Bousser A, Sissoeff I, Gaspar M, Lachaise B, Hoarau J, Mahe A (2003) Diurnal regula-

tion of water transport and aquaporin gene expression in maize roots: contribution of PIP2 
proteins. Plant Cell Physiol 44:1384–1395

Ma N, Xue JQ, Li YH, Liu XJ, Dai FW, Jia WS, Luo YB, Gao JP (2008) Rh-PIP2;1, a rose aqua-
porin gene, is involved in ethylene-regulated petal expansion. Plant Physiol 148:894–907

Martre P, Bogeat-Triboulot MB, Durand JL (1999) Measurement of a growth-induced water poten-
tial gradient in tall fescue leaves. New Phytol 142:435–439

Maurel C (2007) Plant aquaporins: novel functions and regulation properties. FEBS Lett 581: 
2227–2236

Maurel C, Reizer J, Schroeder JI, Chrispeels MJ (1993) The vacuolar membrane protein gamma-
TIP creates water specific channels in Xenopus oocytes. EMBO J 12:2241–2247

Miyamoto N, Ookawa T, Takahashi H, Hirasawa T (2002) Water uptake and hydraulic properties 
of elongation cells in hydrotropically bending roots of Pisum sativum L. Plant Cell Physiol 
43:393–401

Muto Y, Segami S, Hayashi H, Sakurai J, Murai-Hatano M, Hattori Y, Ashikari M, Maeshima M 
(2011) Vacuolar proton pumps and aquaporins involved in rapid internode elongation of deep-
water rice. Biosci Biotechnol Biochem 75:114–122

O’Brien TP, Carr DJ (1970) A suberized layer in the cell walls of the bundle sheath of grasses. Aust 
J Biol Sci 23:275–287

O’Brien TP, Kuo J (1975) Development of the suberized lamella in the mestome sheath of wheat 
leaves. Aust J Bot 23:783–794

Obroucheva NV, Sin’kevich IA (2010) Aquaporins and cell growth. Russ J  Plant Physiol 
57:153–165

Parent B, Hachez C, Redondo E, Simonneau T, Chaumont F, Tardieu F (2009) Drought and ABA 
effects on aquaporin content translate into changes in hydraulic conductivity and leaf growth 
rate: a trans-scale approach. Plant Physiol 149:2000–2012

Pritchard J (1994) The control of cell expansion in roots. New Phytol 127:3–26
Reinhardt H, Hachez C, Bienert MD, Beebo A, Swarup K, Voß U, Bouhidel K, Frigerio L, 

Schjoerring LK, Bennett MJ, Chaumont F (2016) Tonoplast aquaporins facilitate lateral root 
emergence. Plant Physiol 170:1640–1654

Richardson A, Franke R, Kerstiens G, Jarvis M, Schreiber L, Fricke W (2005) Cuticular wax depo-
sition in barley leaves commences in relation to the point of emergence from sheaths of older 
leaves. Planta 222:472–483

Sade N, Shatil-Cohen A, Attia Z, Maurel C, Boursiac Y, Kelly G et al (2014) The role of plasma 
membrane aquaporins in regulating the bundle sheath-mesophyll continuum and leaf hydrau-
lics. Plant Physiol 166:1609–1620

Sakurai J, Ishikawa F, Yamaguchi T, Uemura M, Maeshima M (2005) Identification of 33 aquapo-
rin genes and analysis of their expression and function. Plant Cell Physiol 46:1568–1577

Sakurai J, Ahamed A, Murai M, Maeshima M, Uemura M (2008) Tissue and cell-specific localiza-
tion of rice aquaporins and their water transport activities. Plant Cell Physiol 49:30–39

Schüssler MD, Alexandersson E, Bienert GP, Kichey T, Laursen KH, Johanson U, Kjellbom P, 
Schjoerring JK, Jahn TP (2008) The effects of the loss of TIP1;1 and TIP1;2 aquaporins in 
Arabidopsis thaliana. Plant J 56:756–767

W. Fricke and T. Knipfer



131

Shatil-Cohen A, Attia Z, Moshelion M (2011) Bundle-sheath cell regulation of xylem-mesophyll 
water transport via aquaporins under drought stress: a target of xylem-borne ABA? Plant J 67: 
72–80

Steudle E (2000) Water uptake by plant roots:an integration of views. Plant Soil 226:46–56
Steudle E, Peterson CA (1998) How does water get through roots? J Exp Bot 49:775–788
Tang AC, Boyer JS (2002) Growth-induced water potentials and the growth of maize leaves. J Exp 

Bot 53:489–503
Touati M, Knipfer T, Visnovitz T, Kameli A, Fricke W (2015) Limitation of cell elongation in 

barley (Hordeum vulgare L.) leaves through mechanical and tissue-hydraulic properties. Plant 
Cell Physiol 56:1364–1373

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

Tyerman SD, Hatcher AI, West RJ, Larkum AWD (1984) Posidonia australis growing in altered 
salinities – leaf growth, regulation of turgor and the development of osmotic gradients. Aust 
J Plant Physiol 11:35–47

Van den Honert TH (1948) Water transport in plants as a catenary process. Disc Faraday Soc 
3:146–153

Vandeleur RK, Mayo G, Shelden MC, Gilliham M, Kaiser BN, Tyerman SD (2009) The role of 
plasma membrane intrinsic protein aquaporins in water transport through roots: diurnal and 
drought stress responses reveal different strategies between isohydric and anisohydric cultivars 
of grapevine. Plant Physiol 149:445–460

Volkov V, Hachez C, Moshelion M, Draye X, Chaumont F, Fricke W (2007) Water permeability 
differs between growing and non-growing barley leaf tissues. J Exp Bot 58:377–390

Wei W, Alexandersson E, Golldack D, Miller AJ, Kjellbom PO, Fricke W (2007) HvPIP1;6, a 
barley (Hordeum vulgare L.) plasma membrane water channel particularly expressed in grow-
ing compared with non-growing leaf tissues. Plant Cell Physiol 48:1132–1147

Wu X, Lin J, Lin Q, Wang J, Schreiber L (2005) Casparian strips in needles are more solute-
permeable than endodermal transport barriers in roots of Pinus bungeana. Plant Cell Physiol 
46:1799–1808

Yang S, Cui L (2009) The action of aquaporins in cell elongation, salt stress and photosynthesis. 
Chin J Biotechnol 25:321–327

Ye Q, Holbrook NM, Zwieniecki MA (2008) Cell-to-cell pathway dominates xylem-epidermis 
hydraulic connection in Tradescantia fluminensis (Vell. Conc.) leaves. Planta 227:1311–1317

Zelazny E, Borst JW, Muylaert M, Batoko H, Hemminga MA, Chaumont F (2007) FRET imaging 
in living maize cells reveals that plasma membrane aquaporins interact to regulate their subcel-
lular localization. Proc Natl Acad Sci U S A 104:12359–12364

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

﻿Plant Aquaporins and Cell Elongation



133© Springer International Publishing AG 2017 
F. Chaumont, S.D. Tyerman (eds.), Plant Aquaporins, Signaling  
and Communication in Plants, DOI 10.1007/978-3-319-49395-4_6

Aquaporins and Root Water Uptake

Gregory A. Gambetta, Thorsten Knipfer, Wieland Fricke, 
and Andrew J. McElrone

Abstract  Water is one of the most critical resources limiting plant growth and crop 
productivity, and root water uptake is an important aspect of plant physiology 
governing plant water use and stress tolerance. Pathways of root water uptake are 
complex and are affected by root structure and physiological responses of the tissue. 
Water travels from the soil to the root xylem through the apoplast (i.e., cell wall space) 
and/or cell-to-cell, but hydraulic barriers in the apoplast (e.g., suberized structures in 
the endodermis) can force water to traverse cell membranes at some points along this 
path. Anytime water crosses a cell membrane, its transport can be affected by the activ-
ity of membrane-intrinsic water channel proteins (aquaporins). We review how aqua-
porins can play an important role in affecting root water transport properties (hydraulic 
conductivity, Lp), and thus alter water uptake, plant water status, nutrient acquisition, 
growth, and transpiration. Plants have the capacity to regulate aquaporin activity 
through a variety of mechanisms (e.g., pH, phosphorylation, internalization, oxidative 
gating), which may provide a rapid and reversible means of regulating root Lp. 
Changes in root Lp via the modulation of aquaporin activity is thought to contribute to 
root responses to a broad range of stresses including drought, salt, nutrient deficiency, 
and cold. Given their role in contributing to stress tolerance, aquaporins may serve as 
future targets for improving crop performance in stressful environments.
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1  �Introduction

Water is one of the most limiting factors to plant growth and productivity, and a 
primary determinant of vegetation distributions worldwide. Plants growing in natu-
ral ecosystems must cope with periodic droughts due to limited precipitation in 
mesic regions or chronically dry conditions in arid habitats. This coping often 
involves the ability to efficiently adjust water flow at the whole plant and cellular 
level (for review, Hsiao 1973). In agroecosystems, water scarcity (i.e., when 
demands exceed supplies) threatens crop production in dry growing regions across 
the globe due to growing competition between municipal, industrial, conservation, 
and agricultural entities for limited high-quality water supplies. Changing climatic 
conditions could exacerbate this situation; projections for the twenty-first century 
predict that more frequent and more severe drought events will be accompanied by 
warmer summers resulting in record soil moisture deficits for some regions (Cayan 
et al. 2010). Conservation irrigation techniques (e.g., deficit irrigation or dry farm-
ing) are often used under conditions of limited water availability, but these strategies 
can lead to the emergence of other abiotic stressors. When combined with impaired 
irrigation water quality, limited rainfall, and high evapotranspiration, deficit irriga-
tion strategies can cause salt to accumulate in crop root zones (UN-FAO 2002). In 
order to sustain crop production under these conditions, growers require plant mate-
rial that tolerates a variety of abiotic stressors. A major challenge in developing 
stress-resistant plant material is elucidating how roots can better meet increased 
evapotranspiration demands of the canopy with lower soil water availability and 
increased soil salinity.

For cultivated crops, drought resistance is defined as the ability of a plant to grow 
satisfactorily and maintain or enhance yield and fruit quality when exposed to peri-
ods of water deficit (Blum 2011). One fundamental function of a root system is to 
match canopy water demands needed to sustain transpirational water loss associated 
with carbon assimilation and plant growth (Kramer and Boyer 1995). Root systems 
can contribute to drought resistance by maintaining an expansive and active/absorp-
tive surface area that maintains water uptake capacity as soils dry. Commercial root-
stocks are thought to impart drought resistance to scion by partitioning roots deeper 
in the soil profile (e.g., Padgett-Johnson et  al. 2003). While expansive growth is 
important, the functionality of young non-woody fine roots is likely paramount 
because they contribute disproportionately to root system water uptake (Queen 
1967; Gambetta et al. 2013). However, this portion of the root system may also be 
the weak link when subjected to drying soil (North and Nobel 1991). The impor-
tance of young root proliferation associated with a higher Lp has been suggested for 
a drought-resistant rootstock (e.g., Alsina et al. 2011) and likely involves the regula-
tion of aquaporins (membrane-intrinsic water channel proteins that facilitate trans-
membrane water transport) to maintain water permeability and growth of the root 
tips. A greater understanding of how root hydraulic traits at both the cellular and 
organ level affect plant performance under these water deficit and other abiotic 
stress conditions can improve the breeding of stress-tolerant crops, improve 
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irrigation management, and enhance water conservation (Passioura 2002; Comas 
et al. 2013; Barrios-Masias and Jackson 2014; Seversike et al. 2014).

A root system consists of a complex network of individual roots that can differ in 
maturity and vary in developmental status along their length. As opposed to older 
woody roots, the newest portions of non-woody fine roots are considered the most 
permeable portion of a root system to water and are thought to have the greatest 
ability to absorb water (McCully 1999). Water absorbed by young fine roots moves 
radially, crossing several living and metabolically active cell layers before entering 
the xylem long-distance transport pathway to the leaves. Transport efficiency across 
these cell layers can be affected by the activity, density, and location of aquaporins 
(Maurel et al. 2015; Gambetta et al. 2013; Hachez et al. 2012).

2  �Root Water Uptake and Pathways of Water Transport

2.1  �Root Water Uptake: Composite Transport Model

Upon absorption by the root, water first crosses the epidermis and then moves 
toward the center of the root crossing the cortex and endodermis before arriving at 
the xylem. Based on the composite model of water transport across roots (Steudle 
and Peterson 1998; Steudle 2000), water can flow along two pathways in parallel 
between the soil and the root, i.e., along the apoplast and/or from cell-to-cell 
encountering a major hydraulic barrier at the endodermis (Fig. 1). The apoplastic 
path involves a substantial movement of water through the cell wall up to the endo-
dermis, where water is either forced through endodermal cell membranes (if 
Casparian bands containing hydrophobic suberin depositions are present) or contin-
ues to move along the radial walls of endodermal cells. The cell-to-cell path involves 
mainly a flow of water across membranes (transcellular), which can occur by simple 
diffusion through the lipid bilayer and by facilitated diffusion through aquaporins 
and/or transport across plasmodesmata (symplastic). The actual pathway of water 
transport across the root is extremely complex, and the relative contribution of each 
pathway likely varies with species, plant development, and growth conditions. It 
should be noted that aquaporins can only make a significant contribution to root 
water uptake when the dominating flow path through the root cylinder is from cell-
to-cell (Knipfer and Fricke 2010, 2011).

The rate of water flow (Q) through the root depends on the effective surface area 
for water uptake (A) and the biophysical force that drives the flow (i.e., water poten-
tial difference, ΔΨ). By definition, a hydraulic conductance L (=Q/ΔΨ) is depen-
dent on root surface area (Fig. 2). To obtain an estimate of the intrinsic root hydraulic 
property, involving changes in aquaporin activity, L needs to be divided by A which 
gives the root hydraulic conductivity Lp [=Q/ (ΔΨ *A)]. The Lp depends on the 
hydraulic properties of the axial flow path along mature xylem vessels and the radial 
flow paths across the root cylinder. It is generally accepted that the radial path of 
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apoplastic and cell-to-cell water movements constitutes the hydraulic bottleneck 
within roots (Frensch and Steudle 1989; Knipfer and Fricke 2011). For this reason, 
the radial flow path is particularly suited to adjust root water uptake.

Radial water flow through the root cylinder along the apoplast and cell-to-cell 
pathway is driven by a difference in Ψ between soil and root xylem. This water 

a

b

Fig. 1  (a) The composite model of water transport proposes that water can flow from the soil to 
the root xylem along two parallel pathways. One pathway is the apoplastic pathway (through the 
cell walls) and the other is the cell-to-cell pathway. Water flow through the apoplast can encounter 
a hydraulic barrier at the endodermis (Casparian band in red) which can force water flow across 
endodermal cell membranes if suberized (dotted line). The cell-to-cell pathway involves the flow 
of water through plasmodesmata and/or across membranes (dotted lines; i.e., the transcellular 
pathway). (b) Water crosses cell membranes by simple diffusion and/or by facilitated diffusion 
through aquaporins. Aquaporins function as homo- and heterotetramers, and their contribution to 
water transport can be regulated by their abundance, location, and interaction between different 
aquaporin isoforms. In addition, aquaporin proteins undergo gating, where various stimuli (e.g., 
pH, reactive oxygen species) can modulate the proteins between open and closed configurations, 
thus rapidly controlling their activity
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potential difference (ΔΨ =ΔP + Δπ) is composed of a hydrostatic (ΔP) and osmotic 
(Δπ) pressure component. The osmotic component drives water uptake only in the 
presence of a semipermeable barrier (i.e., osmotic Lp), and since such barriers are 
predominantly provided by cellular membranes but not by the relatively more per-
meable apoplast, osmotic gradients drive water uptake across cellular membranes at 
some point along the pathway. In contrast, ΔP drives water flow along both the 
apoplastic pathway by bulk flow and cell-to-cell pathway following a gradient in 
water potential (i.e., hydrostatic Lp). The contribution of these two pathways to the 
flow will depend on their resistances relative to each other. The relative sizes of 
osmotic and hydrostatic Lp indicate which path contributes most to radial water 
uptake. If osmotic and hydrostatic root Lp values are of similar magnitude, it is 
assumed that most water flows along the cell-to-cell path; if hydrostatic Lp exceeds 
osmotic Lp several fold, most water flows along the apoplast path (Steudle and 
Peterson 1998). The contributions of the apoplast and cell-to-cell pathways to root 

Fig. 2  The hydraulic property of a root system can be described by hydraulic conductance (L) or 
conductivity (Lp). Hydraulic conductance (L) is the relationship between the rate of water flow (Q, 
m3 s−1) relative to the biophysical force that drives the flow (i.e., water potential gradient, ΔΨ, 
MPa) and is expressed by the equation L=Q/ΔΨ; m3 s−1 MPa−1. L is dependent on root surface area 
(m2). L is divided by effective area for water uptake (A) to give the root hydraulic conductivity Lp 
[=Q/ (ΔΨ *A), m s−1 MPa−1] which represents the intrinsic root hydraulic property per unit surface 
area. Lp is a surface-independent size. As such, Lp can be used to assess the contribution of aqua-
porins to water uptake in root systems of various sizes
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water uptake can vary among plant species, most likely due to root morphological 
and anatomical features (Bramley et al. 2009; Knipfer and Fricke 2010, 2011).

Root Lp can be determined using several hydraulic methods (e.g., Knipfer and 
Fricke 2011; Barrios-Massias et al. 2015): root pressure probe, vacuum perfusion, 
pressure chamber, high-pressure flow meter (HPFM), and root exudation. All of 
these methods allow measurements of hydraulic properties on excised individual 
roots or root systems, but they differ in direction and magnitude of induced water 
flow and nature and magnitude of applied driving force. For example, in the root 
pressure probe method, pulses of hydrostatic pressure (<  0.1  MPa) are typically 
applied to the excised root base, which induces transient in-/outflows of water. In 
the vacuum perfusion method, a negative hydrostatic pressure step is applied to the 
root base inducing water inflow from root medium into the xylem. In the HFPM 
method, positive hydrostatic pressure steps of various magnitudes are applied to the 
root base inducing water outflows. In contrast, in the pressure chamber method, the 
entire root is subjected to positive hydrostatic pressure steps, and corresponding 
water flows from root medium into xylem are measured at the root base. Application 
of physiological nonrelevant hydrostatic pressures may induce artifacts related to 
the existence of hydraulic capacitors in the root tissue. Because each of these meth-
ods has their advantages and disadvantages, the limitations of each method should 
be considered in the context of the research goal.

2.2  �Aquaporins: The Contribution to Root Lp

Much work over the last two decades has demonstrated the role of aquaporins in 
affecting root hydraulic properties. The magnitude of aquaporin contribution to root 
hydraulic conductivity is highly variable across species, ranging from 0 to 90 %, 
with higher values typically reported for herbaceous species (Table 1; reviewed in 
Javot and Maurel 2002). Across studies there is great variability in the experimental 
approach utilized both with respect to the type of inhibitor and the methodology of 
measuring Lp (Table 1). Studies have also demonstrated the importance of aquapo-
rins to plant vigor and water relations of herbaceous species. For transgenic tobacco 
growing under favorable conditions, constitutive overexpression of Arabidopsis 
AtPIP1b increased transpiration rates and plant vigor (Aharon et al. 2003). More 
recently Sade et  al. (2010) demonstrated that constitutively overexpressing 
NtAQP1 in Arabidopsis and tomato plants can enhance transpiration, photosynthe-
sis, and shoot growth rates under favorable growing conditions. Lovisolo et  al. 
(2007) assessed links between aquaporin gene expression and rootstock effects in 
perennial woody plants and found a positive correlation between aquaporin expres-
sion and root-specific hydraulic conductance (i.e., per gram of root dry weight), 
which was actually higher in olive dwarfing rootstocks. However, whole root sys-
tem hydraulic conductance was greater in high vigor plants due to greater root bio-
mass (Lovisolo et al. 2007). This same research group found differential aquaporin 
activity, measured by mercurial inhibition, under drought conditions for grapevine 
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rootstocks derived from varied Vitis species parentage (Lovisolo et  al. 2008). 
Previous work has documented greater inherent aquaporin expression and activity 
and maintenance of higher root hydraulic conductivity under low soil moisture 
availability for drought-resistant rootstocks compared to sensitive counterparts 
(Lovisolo et al. 2008; Gambetta et al. 2012; Barrios-Masias et al. 2015).

Root aquaporins can contribute substantially to water uptake if the dominant 
pathway through the root cylinder is from cell-to-cell. This should be tested first 
when addressing the role of root aquaporins in water uptake (Knipfer and Fricke 
2010, 2011). In a plant, where most water is transported along the cell-to-cell path, 
any significant increase in aquaporin activity leads to an increase in root Lp. Such 
an increase in Lp through changes in aquaporin activity could be achieved more 
rapidly and with lower metabolic inputs than an increase in water-conducting sur-
face area (A) (Suku et  al. 2014). However, literature suggests that during plant 
development, water uptake increases mainly through an increase in A while changes 
in Lp (potentially through aquaporins) were only observed early in development 
(bean, Fiscus and Markhart 1979; barley, Suku et al. 2014).

Moreover, the analysis of aquaporin activity in roots may be further complicated 
by artificially induced changes in aquaporin activity related to sample preparation 
for hydraulic measurements. Vandeleur et al. (2014) found that shoot topping rap-
idly reduced root hydraulic conductance of grapevine and soybean by 50–60 %, 
which was associated with a significant reduction in the expression of several aqua-
porins. In soybean, there was a five to tenfold reduction in GmPIP1;6 expression 
over 0.5–1 h which was sustained over the period of reduced conductance. Meng 
and Fricke (unpublished data) also observed a 50  % decrease in PIP aquaporin 
expression in rice within 5 min for shoot topping. Given these observations, it can 
be speculated that measurements of Lp on excised individual roots or root systems 
may systematically underestimate the real contribution of aquaporins to root water 
transport in the intact plant because the measurements would be biased toward a 
larger contribution of the apoplastic pathway.

On a cellular level, aquaporins are water-conducting channels that are gated 
(Tornroth-Horsefield et al. 2006; Maurel et al. 2008) (Fig. 1). An observed increase/
decrease in water flow through aquaporins can have multiple causes: (i) the number 
of aquaporin proteins in the membrane can change through, e.g., increased synthe-
sis or altered trafficking (see Chapter “Plant Aquaporin Trafficking”); (ii) aquapo-
rins can be gated between an open/closed state (see Chapter “Structural Basis of 
Permeation Function of Plant Aquaporins”); and/or (iii) their water-conducting 
capability can change depending on the interaction of different aquaporin isoforms 
(see Chapter “Heteromerization of Plant Aquaporins”). Aquaporin activity can be 
regulated through a range of mechanisms and in response to external factors. For 
example, water channel activity (open state) can be increased through phosphoryla-
tion and decreased through dephosphorylation (Johansson et  al. 1996, 1998; 
Guenther et  al. 2003; Wei et  al. 2007) (see Chapter “Plant Aquaporin Post-
translational Regulation”). Also, aquaporin activity can be regulated through intra-
cellular pH and acidification (Gerbeau et  al. 2002). For example, pH-dependent 
regulation provides an important means for roots to adjust water uptake in response 
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to anoxia (Tournaire-Roux et  al. 2003). This mechanism has been exploited to 
inhibit aquaporin activity experimentally through intracellular acidosis using propi-
onic acid or azide (Tournaire-Roux et  al. 2003). Hydrogen peroxide (H2O2) can 
affect aquaporin activity through an oxidative gating mechanism (Henzler et  al. 
2004; Ye and Steudle 2006; Fenton reaction: Fe2+ + H2O2 = Fe3+ + OH + *OH), or 
H2O2 can cause an internalization of aquaporins from root cell membranes (Boursiac 
et al. 2008). In response to H2O2, root and cell Lp decreases (Martinez-Ballesta et al. 
2006; Boursiac et al. 2008; Ye and Steudle 2006). Aquaporins can also be regulated 
by other proteins. For example, recent work in Arabidopsis demonstrated that the 
stress-induced TSPO protein directly interacts with AtPIP2;7 and limits its abun-
dance in the plasma membrane (Hachez et al. 2014). Experimentally, the most com-
monly used aquaporin inhibitor is mercuric chloride (HgCl2) (Preston et al. 1993; 
Henzler and Steudle 1995; Tazawa et al. 1997; Katsuhara et al. 2002; Hukin et al. 
2002, Knipfer et al. 2011). HgCl2 is an efficient inhibitor for aquaporins, and there 
are only a few reports on aquaporin isoforms which are not inhibited (Daniels et al. 
1994) although it is highly toxic. The applicability of aquaporin inhibitors such as 
H2O2, phloretin, silver (Ag+ as AgNO3), and gold (as HAuCl4) appears to be more 
limited (Javot and Maurel 2002; Niemietz and Tyerman 2002; Maurel et al. 2008; 
Dordas et al. 2000; Moshelion et al. 2002; Volkov et al. 2007).

Inhibition studies involving nonspecific inhibitors (e.g., HgCl2, H2O2, azide, etc.) 
should also be interpreted cautiously. The use of these inhibitors can only prove that 
the process of water transport across a root can be altered in its activity. Any cause 
of this inhibition, whether it involves aquaporin-specific effects, reduced trafficking 
of plasma membrane vesicles containing various membrane proteins including 
aquaporins, or other unknown mechanisms cannot be differentiated using these 
methods. In theory, inhibition experiments should involve “control” experiments 
where one tests other protein-mediated transport activities like potassium channels 
or H+-ATPase activity in parallel, but in practice this is not possible for the vast 
majority of researchers. It is also interesting to note that few studies have shown that 
the inhibition of Lp by HgCl2 or H2O2 can be fully, or close to fully, reversed through 
sulfhydryl reagents. In contrast, inhibition with azide has been shown to be almost 
entirely reversible (Tournaire-Roux et al. 2003; Postaire et al. 2010; Grondin et al. 
2016).

2.3  �Root Tissue-Specific Expression/Activity of Aquaporins

Relatively high or exclusive expression of aquaporins in roots as compared to shoot 
tissue was observed in several plant species (e.g., Sakurai et al. 2005; Hachez et al. 
2006, Javot et al. 2003; Alexandersson et al. 2005; Heinen et al. 2009; Vandeleur 
et al. 2009; Besse et al. 2011; Beaudette et al. 2007). Also, aquaporin expression can 
vary along the main axis of roots but is commonly highest in the root tip (Knipfer 
et al. 2011; Gambetta et al. 2013). These findings infer that root-specific functions 
are associated with a higher or exclusive expression of aquaporin isoforms in roots. 
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Tissue localization of aquaporins has been studied using in situ hybridization, 
immunocytochemical approaches, and tissue laser microdissection (Hachez et al. 
2006; Sakurai et al. 2005, 2008; Vandeleur et al. 2009; Besse et al. 2011; Gambetta 
et al. 2013). For example, it was shown for maize that ZmPIP2;1 and ZmPIP1;2 
protein were most abundant in stellar cells; in more mature root regions, ZmPIP2;1 
and ZmPIP1;2 were preferentially localized to the cortex and epidermis. ZmPIP2;5 
was in particular found in cortex tissue at the root tip and in the endodermis in 
mature root tissue (Hachez et al. 2006). In barley, expression in the endodermis and 
stele was observed, highlighting a potential role in regulating radial water transport 
(Knipfer et al. 2011). In grapevines, high aquaporin activity and root Lp were asso-
ciated with peak VviPIP expression in the root tip, and similar radial patterns of 
expression (Gambetta et al. 2013).

3  �Root Aquaporins and Stress

Plants need to adapt to changes in external water availability in the short term (e.g., 
seconds to minutes to hours) and longer term (days to weeks). Prior to the discovery 
of aquaporins, it was widely accepted that the only means through which a short-term 
control of plant water balance could be achieved was through stomatal control. Roots 
were considered to allow regulation of water balance only in the longer term, for 
example, through changes in root surface area, morphology, or suberization of root 
internal and surface tissues. However, the discovery of aquaporins has revealed that 
similar to stomatal pores in leaves, roots have pores through which water flow can be 
regulated, even though these pores are molecular and not microscopic in dimension 
compared with stomata. This means that water flow through the plant can be regu-
lated at either end, root, shoot, or both, and over both the short and/or longer term. 
Root aquaporins will be involved in both types of responses, and one may speculate 
whether aquaporins are more important in the short-term response due to their rapid 
and dynamic gating mechanism. The distinction between shorter- and longer-term 
responses becomes particularly important when studying aquaporin function in stress 
experiments which are carried out in a laboratory environment. For example, applica-
tion of salt stress can lead lead to a more rapid osmotic stress on plants, and applica-
tion of drought to pot-grown plants will cause a faster change in soil water potential, 
compared with field environments. In the short term, a closure of aquaporins could 
be beneficial as it can minimize loss of water to a root environment in which the 
osmotic strength (e.g., through salt addition) has increased; in the longer term, the 
same decrease in aquaporin activity can limit root water uptake, leaf gas exchange, 
and yield. This is just one example, yet it shows that the interpretation of data in lit-
erature on stress responses of root aquaporins needs to be viewed in the context of the 
experimental design (see also Chapter “Aquaporins and Abiotic Stress”).

Stress induces changes in root Lp, anatomically and on a cellular scale, in response 
to a variety of different stresses. Drought, salt, cold, and nutrient stress often results 
in decreased root Lp (Clarkson 2000; Aroca et al. 2011). This decrease in Lp could 
serve several functions, which include influencing daily stomatal closure via the pro-
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duction of a hydraulic signal (Christmann et al. 2007) and limiting nighttime water 
loss back to the soil. The extent to which root system Lp contributes to whole plant 
hydraulic conductance varies, but can be greater than 50 % (Boyer 1971; Neumann 
et al. 1974; Martre et al. 2001a); thus decreases in root Lp under stress can poten-
tially play a significant role in limiting water movement through the transpiring plant.

3.1  �Aquaporins and Drought Stress

Over the long term, root Lp decreases under drought stress (reviewed in Aroca et al. 
2011) (Fig. 3). In some cases increases in Lp have been reported but only over short 
(i.e., hours) time frames (Lian 2004; Siemens and Zwiazek 2004). The short-term 
increase is consistent with increases in abscisic acid (ABA) under drought, positive 
effects of ABA on Lp, and the upregulation of aquaporin gene expression by ABA 
(Hose et al. 2000; Aroca et al. 2006; Parent et al. 2009; Mahdieh and Mostajeran 
2009). However, little is known regarding the integration of ABA, aquaporins, and 
root Lp across different time scales. ABA action is nuanced and can sometimes 
result in decreases in Lp and aquaporin gene expression in a developmental and 
concentration-specific manner (Beaudette et al. 2007).

The decrease in root Lp in response to drought likely results from a combination 
of decreases in the activity of aquaporins and structural changes, namely, through 
increased or accelerated deposition of suberin (Martre et  al. 2001b; North et  al. 
2004; Hachez et al. 2012; Barrios-Masias et al. 2015). The contribution of decreased 
aquaporin activity and/or structural changes to decreases in Lp may be specific to 
particular root portions. North et al. (2004) reported decreases in root Lp of desert 
agave subjected to drought that were proportional to the contribution of aquaporins 
under well-watered conditions; however, other root portions exhibited decreases in 
Lp without any contribution of aquaporins under either control or drought condi-
tions. This suggests that in some root portions, the decrease in Lp results from a 
purely structural mechanism.

Numerous studies have examined changes in aquaporin gene expression under 
drought stress, but drawing firm conclusions from these studies has proven difficult. 
The observed changes in gene expression are variable between studies and among the 
different aquaporin isogenes (reviewed in Aroca et al. 2011). Interpretation is compli-
cated by the fact that aquaporins form heterotetramers resulting in variable effects on 
cell membrane hydraulic conductivity (Fetter et al. 2004; Vandeleur et al. 2009) (see 
Chapter “Heteromerization of Plant Aquaporins”) and that aquaporins have tissue-spe-
cific expression patterns (discussed above). One technical consideration is that drought 
stress studies utilize a variety of approaches to induce the stress that include treatment 
with non-metabolizable solutes, decreased soil water content with daily watering, and 
complete water withholding among others. These differences may result in differential 
responses with respect to changes in aquaporin expression, activity, and root Lp.

The manipulation of specific aquaporin genes in transgenic plants has resulted in 
equally complex outcomes (Siefritz et al. 2002; Aharon et al. 2003; Lian 2004; Jang 
et al. 2007a, b; Peng et al. 2007; Sade et al. 2009; Wang et al. 2011). Some works 
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have found that changing the expression of specific aquaporin genes results in 
increased tolerance to drought or dehydration stress (Sade et al. 2009), while others 
have found either no, mixed, or negative effects (Aharon et  al. 2003; Jang et  al. 
2007a, b; Peng et al. 2007; Wang et al. 2011). These contrasting results may arise 
from the complexities of aquaporin function introduced above (i.e., heterotetramer-
ization) which make the effect of manipulating a single isogene, or expressing a 
heterologous isogene in a different species, difficult to predict. Furthermore, manip-
ulating the expression of a single aquaporin isogene has been shown to change the 
expression of other endogenous aquaporin isogenes (Jang et al. 2007a, b).

3.2  �Aquaporins and Cold Stress

Cold stress (typically referring to temperatures less than 15°C but not freezing) 
rapidly decreases root Lp, but in particular in plant varieties that are cold tolerant Lp 
recovers over time (Lee et al. 2004; Aroca et al. 2005; Yu et al. 2006; Murai-Hatano 
et  al. 2008) (Fig. 3). The initial decrease in Lp is associated with a rapid 
downregulation of the expression of most aquaporin isogenes in a variety of species 

Fig. 3  Hypothetical framework for the integration of short- and long-term responses of root water 
uptake to various stresses and underlying mechanisms involving the regulation of root Lp and 
aquaporins. The x-axis represents time. The speed of the change in the root environment and 
intensity of stress is not the same between stresses, especially in experimentation carried out in the 
laboratory environment. Shaded curves represent the rate of the stress; where cold and salinity 
stresses are nearly instantaneous upon application of the stress, drought takes time to develop and 
it intensifies over time. Changes in Lp, aquaporin protein regulation, aquaporin expression, and 
suberization are shown over the two time frames
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(Jang et al. 2004; Aroca et al. 2005; Sakurai et al. 2005; Yu et al. 2006) although 
some studies demonstrate that protein abundance does not decrease as a result 
(Aroca et al. 2005; Murai-Hatano et al. 2008). This difference suggests that aquapo-
rin contribution to the initial decrease in Lp is due to decreased aquaporin activity 
via post-translational modification.

The decreases in root Lp in response to cold stress appear to result from both the 
inhibition of aquaporin activity as well as other factors. Studies have suggested a role 
for membrane damage and reactive oxygen species, specifically hydrogen peroxide, 
in facilitating the decreases in Lp (Lee et al. 2004; Aroca et al. 2005). Hydrogen 
peroxide could potentially act directly on aquaporin activity and/or mediate changes 
in pH via the plasma membrane proton ATPases as proposed by Lee et al. (2004). 
Over longer time frames, cold stress can lead to increased suberin accumulation in 
roots, analogous to drought, likely contributing to decreased Lp (Lee et al. 2005).

In specific cold-tolerant plants, Lp recovers over time and sometimes to values 
even greater than those prior to the stress event (Aroca et al. 2005; Lee et al. 2005). 
The recovery of Lp has been associated with increases in aquaporin gene expression 
(Yu et al. 2006), protein level (Aroca et al. 2005), and contribution of aquaporins to 
the recovered Lp (Lee et al. 2005). Taken together this suggests that aquaporins play 
an important role in the recovery of Lp to cold stress. However, similar increases in 
aquaporin protein abundance during recovery have been observed in cold-intolerant 
varieties that do not recover Lp suggesting that increased aquaporin activity alone 
may not be sufficient for Lp recovery (Aroca et al. 2005).

3.3  �Aquaporins and Salt Stress

Similar to drought and cold, salt stress (or salinity stress) initially leads to decreased 
root Lp (reviewed in Aroca et al. 2011) and these decreases have been associated 
with the downregulation of aquaporin gene expression (Kawasaki et  al. 2001; 
Boursiac et al. 2005; Zhu et al. 2005) (Fig. 3). In contrast, some specific aquaporin 
isogenes have been shown to be salt inducible in some species (Suga et al. 2002; 
Bae et al. 2011). Early studies demonstrated that salt stress decreased root Lp and 
that the residual Lp, contrary to the Lp of non-stressed plants, was little or not at all 
reduced by aquaporin inhibitors. This observation not only supports a role of aqua-
porins in root water uptake of non-stressed plants but also suggests that most of the 
salt-induced decrease in root Lp is due to a reduction in aquaporin activity (Carvajal 
et al. 1999; Martínez-Ballesta et al. 2003). In Arabidopsis, decreases in Lp are asso-
ciated with decreases in gene expression, protein abundance of specific isogenes, 
and relocalization of aquaporin proteins into endosome-like structures (Boursiac 
et al. 2005). Some studies suggest that Lp recovers to some extent after longer expo-
sure to salt (Martínez-Ballesta et al. 2003; Wan 2010), but the role of aquaporins in 
facilitating this recovery is unknown.

Recently, Kaneko et al. (2015), studying rapid changes in root Lp and aquaporin 
function in barley cultivars which differ in salt tolerance, concluded that the more 
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tolerant cultivars showed a rapid (1 h) decrease in root Lp following addition of salt. 
The Lp recovered transiently (4 h) only to decrease again and remain at a low level 
during the following day. A more salt-sensitive cultivar did not show a decrease in 
Lp. The authors explained their finding through a combination of a rapid post-trans-
lational regulation (dephosphorylation, membrane internalization, degradation) of 
aquaporin function, coupled with a delayed decrease in aquaporin gene or protein 
level. Also, the authors proposed that there exists something like a time-dependent 
“checkpoint” where root Lp either stays low following an initial decrease and tran-
sient recovery or approaches the prestress level. Lee and Zwiazek (2015) observed 
a rapid decrease in root cell Lp in response to low concentrations (10 mM) of salt in 
wild-type Arabidopsis plants but not in plants overexpressing AtPIP2;5. Based on 
cell pressure probe and gene expression analyses, combined with pharmacological 
treatments, the authors concluded that changes in the phosphorylation status of 
aquaporins are among the initial targets of NaCl stress. These two studies highlight 
the importance of distinguishing between early and late responses of root Lp and 
aquaporin function to salinity. Even though salt tolerance of crops is defined through 
yield and longer-term performance in a saline root environment, tolerance 
mechanisms involving the regulation of root (cell) Lp and aquaporin function are 
nearly instantaneous.

Like drought stress, increased salt tolerance has been a target of transgenic 
manipulation of aquaporin genes. Similarly, these approaches have yielded mixed 
results because of the complexity of aquaporin action discussed above. Some stud-
ies have shown that overexpression of particular aquaporin isogenes increases seed 
germination and/growth under saline conditions (Peng et al. 2007; Gao et al. 2010) 
while other studies have shown negative effects on salt tolerance (Wang et al. 2011).

4  �Nutrient Uptake and Growth

4.1  �Aquaporins and Nutrient Uptake

Despite the strong link between root water and nutrient uptake, studies that combine 
root hydraulics and nutrient treatments are surprisingly rare (see chapter Root 
Hydraulic and Aquaporin Responses to N Availability). Changes in root hydraulic con-
ductivity, likely involving aquaporins, appear to be tightly linked with the availability 
of many different nutrients (reviewed in Wang et al. 2016). Studies in various plant 
species have demonstrated that nitrogen, phosphorous, and sulfur deficiencies lead to 
a rapid decrease in root Lp, which is reversible when the nutrient is resupplied (Carvajal 
et al. 1996; Clarkson 2000; Shangguan et al. 2005; Gorska et al. 2008). Some studies 
have found an absence of a reducing effect of aquaporin inhibition on root Lp follow-
ing a decrease in Lp in response to nutrient deficiency, indicating that aquaporins no 
longer contribute to root water uptake (Carvajal et al. 1996; Clarkson 2000), but more 
detailed characterizations of the role of aquaporins in mediating these changes in root 
Lp are needed. In corn (Zea mays) roots, the rapid increase in Lp associated with the 
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addition of nitrate occurred in the absence of changes in aquaporin gene expression 
(Gorska et al. 2008) suggesting that if aquaporins do contribute to these changes in Lp 
those changes likely take place at the posttranslational level. Finally, some studies have 
demonstrated an interaction between the regulation of root Lp via aquaporins, nutrient 
uptake, and drought stress response (Liu et al. 2014; Ding et al. 2015).

4.2  �Aquaporins and Plant Growth

Recently, more studies have attempted to draw connections between the role of 
aquaporins in controlling Lp and plant water status, and the resulting effect on 
growth. In leaves, greater Lp at the cell level corresponds with greater leaf elonga-
tion rates, although the role of aquaporins remains unclear (Volkov et  al. 2007). 
There is evidence that aquaporin-mediated changes in root Lp can also affect leaf 
growth at a distance through effects on leaf turgor (Parent et al. 2009; Ehlert et al. 
2009). Caldeira et al. (2014) demonstrated that diurnal oscillations of leaf growth 
and water status correlated with oscillations in whole plant hydraulic conductance 
and the expression of root aquaporins. At the level of the whole plant, constitutive 
overexpression of a tomato tonoplast aquaporin resulted in increased transpiration, 
plant biomass, and fruit yield under both drought and normal growing conditions 
(Sade et al. 2009).

There is also emerging evidence linking aquaporins with growth within the root 
itself. Differences in root cortical cell Lp are associated with differential root growth 
controlling gravitropism (Miyamoto et al. 2005). Recently a role for aquaporins in 
facilitating lateral root emergence has been described demonstrating links between 
auxin-related growth and tissue hydraulics (Péret et al. 2012). In roots, it is difficult 
to disentangle hydraulic changes and growth effects since increases in growth likely 
result in increased hydraulic capacity. Transgenic approaches aimed at assessing 
effects on stress responses have found tolerant phenotypes that were brought about 
by enhanced growth (Peng et al. 2007), but more detailed hydraulic analyses are 
needed to assess to what extent this is a direct result of increased Lp mediated by 
aquaporins.

4.3  �Aquaporins as Tools for Breeding in Plants

Aquaporins have garnered a lot of attention for breeding stress-tolerant plants, as 
evidenced by the numerous attempts at manipulating their expression in the search 
of stress-tolerant phenotypes (discussed above). At the same time, the unpredict-
ability of the outcomes emphasizes the complexity of aquaporin function, and it 
remains unclear to what extent aquaporins will fulfill their promise as effective tar-
gets for plant breeding. This may be related to limitations of measuring root Lp 
under field conditions and the overall complexity of root responses to various 

﻿Aquaporins and Root Water Uptake



148

abiotic conditions. Measurements of root hydraulic conductance (L) are not suited 
for assessment of aquaporin activity because L is a root-surface area-dependent size 
and does not reflect the intrinsic hydraulic property of the root (Fig. 2; Suku et al. 
2014). Therefore, a better understanding of the role of aquaporins in controlling root 
hydraulic function is needed. Leveraging this knowledge in the context of utilizing 
the natural diversity of hydraulic behaviors within a given plant species may prove 
fruitful. Indeed this is of great current interest (reviewed in Chaumont and Tyerman 
2014; Moshelion et al. 2015).

Currently, assessing root hydraulic properties is technically demanding and labo-
rious making the development of effective high-throughput phenotyping tools dif-
ficult. Current high-throughput root phenotyping is aimed almost entirely at 
assessing root architecture via imaging (Kuijken et al. 2015). The development of 
high-throughput root hydraulics phenotyping is a huge challenge, but holds the 
potential to open many new avenues with regard to root hydraulics, aquaporins, 
plant breeding, and rootstock selection.
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Aquaporins and Leaf Water Relations

Christophe Maurel and Karine Prado

Abstract  Leaf water relations are a key factor of plant growth and productivity. 
Water is delivered to the leaf through its vasculature. It then exits xylem vessels by 
crossing living cells prior to vaporization and diffusion through stomatal apertures. 
The present chapter shows how the leaf aquaporin equipment contributes to the 
water transport capacity of inner leaf tissues (leaf hydraulic conductance, Kleaf ) with 
a major role in the vascular bundles. Aquaporins provide optimal and locally 
adjusted water supply to the leaf during transpiration and leaf growth and move-
ments. The respective roles of leaf vasculature and aquaporins in leaf hydraulic 
changes in response to endogenous or environmental stimuli are discussed. It is 
established that regulation of aquaporins at gene expression and protein phosphory-
lation levels mediates the effects of light, circadian rhythms and water and salt stress 
on Kleaf. However, the signaling mechanisms acting upstream are as yet unknown.

The water relations of leaves are at the crossroad of key plant physiological 
functions. The stomata present at the leaf surface mediate most of the gas exchange 
between the plant and atmosphere. Their regulated aperture allows a crucial tradeoff 
between carbon dioxide (CO2) absorption and water loss by transpiration. Under 
high evaporative demand or low soil water availability, transpiration can markedly 
challenge the leaf water status, thereby impacting overall plant growth and 
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productivity. In particular, photosynthetic carbon fixation requires a proper leaf 
hydration and can be dramatically reduced under drought. Expansive growth of 
leaves, which ultimately determines the ability of the plant to capture light, is also 
highly sensitive to the leaf water status.

The water transport capacity of inner leaf tissues (leaf hydraulic conductance, 
Kleaf) is a key player of leaf water relations. It allows a proper water import from the 
stem and optimized redistribution within the lamina. Kleaf can vary by up to 65-fold 
between plant species (Prado and Maurel 2013; Sack and Holbrook 2006). 
Differences in leaf anatomy and, in particular, in hydraulic design of their vascula-
ture contribute to these large interspecific differences. However, nonvascular, living 
tissues can also determine key features of leaf hydraulics. For instance, Kleaf within 
a given plant species can show marked differences during development or under 
contrasting physiological conditions due to the expression and regulation of aqua-
porins (Prado and Maurel 2013; Sack and Holbrook 2006).

This present chapter discusses how aquaporins function in leaf tissues and allow a 
dynamic adjustment of leaf hydraulics in response to endogenous or environmental 
stimuli. Complementary information can be found in recent reviews (Chaumont and 
Tyerman 2014; Heinen et al. 2009; Maurel et al. 2015; Prado and Maurel 2013). The role 
of leaf aquaporins in CO2 transport and carbon fixation will be presented in Chap. 10.

1  �Principles of Leaf Hydraulics

1.1  �Water Transport Pathways

After uptake by the root and transport through the stem xylem vessels, water (xylem 
sap) is delivered to the leaf through its vasculature. In brief, petiole xylem leads to 
the midrib that branches into progressively smaller veins embedded in the leaf 
mesophyll. Water then exits the vessels to cross the living cells forming the lamina, 
prior to vaporization in interstitial air spaces or substomatal chambers and diffusion 
through stomatal apertures. In this representation, liquid water transport is succes-
sively mediated through vascular and extravascular pathways, which thereby func-
tion in series. The respective hydraulic resistances of the two pathways are usually 
of the same order of magnitude (Sack and Holbrook 2006). While most intense 
water flows are observed under transpiring conditions during the day and under high 
evaporative demand, water is also delivered from vascular tissues to the leaf lamina 
at night or when expansive growth dominates. Conversely, a fraction of leaf water 
can be exported through phloem translocation.

Plant leaf vasculature shows a highly organized hierarchy of vein orders and 
species-specific branching or reticulation patterns. The significance of leaf venation 
with respect to hydraulics has been discussed previously (Sack and Scoffoni 2013). 
In all cases, vein distribution and density seem to be optimized for distributing 
water evenly across the leaf. The extravascular pathway first includes several cell 
types in the vascular bundle (xylem parenchyma cells, bundle sheath cells). Bundle 
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sheath extensions provide, in addition, a direct delivery of water to the epidermis, 
whereas mesophyll cells mediate water transport from the veins to the substomatal 
chambers. Thus, leaf water transport can occur along multiple and composite paths. 
Nevertheless, bundle sheath cells, which are wrapped around the veins, appear as an 
obligatory passage for all these paths.

At the subcellular level, the paths used for liquid water transport, from cell to cell 
(transcellular and symplastic paths) or through the cell walls (apoplastic path), are 
similar to those operating in other organs and, as in the root, are still disputed. Low 
cell packing and the presence of air spaces in the mesophyll suggested that the apo-
plastic path may predominate in this tissue. In contrast, transcellular water transport 
may be crucial in vascular bundles, due to a tighter organization and differentiation 
of apoplastic barriers (Ache et al. 2010).

1.2  �Leaf Hydraulic Measurements

Kleaf links, at the organ level, the flow of liquid water across inner leaf tissues to the 
driving force, i.e., the difference in water potential between the petiole and substo-
matal chambers. Three main methods have been developed for measuring Kleaf: the 
evaporative flux method, the high-pressure flow method, and the vacuum pump 
method. A critical comparison of these techniques has been published elsewhere 
(Prado and Maurel 2013; Sack et al. 2002). Although each method has specific pit-
falls, their careful manipulation can yield very similar Kleaf values.

2  �The Leaf Aquaporin Equipment

2.1  �Expression Patterns

In agreement with the high isoform multiplicity of plant aquaporins, transcriptomic 
and proteomic studies have revealed the complex aquaporin equipment of plant 
leaves (Alexandersson et al. 2005; Hachez et al. 2008; Monneuse et al. 2011). In 
maize leaves, for instance, transcripts for 12 out 13 PIP isoforms were present, with 
the two most abundant ones (ZmPIP1;1, ZmPIP2;1) accounting for 60 % of PIP 
transcripts. While some PIPs, such as tobacco NtAQP1, show strong expression in 
the spongy mesophyll parenchyma (Otto and Kaldenhoff 2000), a preferential 
expression of aquaporins was observed in the vascular bundles of most plant species 
investigated (Frangne et al. 2001; Hachez et al. 2008; Kirch et al. 2000; Prado et al. 
2013). Aquaporins can also be found in phloem companion cells and epidermal and 
guard cells (Hachez et al. 2008).

Genome-wide co-expression analyses in developing maize leaves have revealed 
strong links between aquaporins and nutrient homeostasis and transport (Yue et al. 
2012). Thus, the various expression patterns of aquaporins in leaves are indicative 
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of isoform-specific roles of aquaporins in transcellular water transport or cell osmo-
regulation (Hachez et al. 2008; Heinen et al. 2009). Aquaporins can transport physi-
ologically relevant molecules other than water, such as CO2, ammonia (NH3), and 
hydrogen peroxide (H2O2). An upregulation of PIP1;3 expression by H2O2 has been 
observed in Arabidopsis leaves (Hooijmaijers et al. 2012).

2.2  �Overall Contribution of Aquaporins to Kleaf

Whereas axial transport of water in xylem vessels does not involve living cell struc-
tures, aquaporins possibly account for a large part of downstream extravascular 
pathways. Aquaporin gene silencing using microRNA constructs in transgenic 
Arabidopsis has revealed the overall contribution of aquaporins to ~35 % and ~50 % 
of hydraulic conductivity of whole rosettes (Kros) or individual leaves (Kleaf), respec-
tively (Sade et al. 2014). Surprisingly, earlier experiments using antisense inhibition 
of PIP1 or PIP2 genes had failed to reveal a role for these aquaporins in leaf water 
transport in control conditions, whereas a marked impact of aquaporin inhibition on 
Kleaf was observed under water stress (Martre et al. 2002). Aquaporin research in 
plants and animals critically lacks specific chemical blockers. Although they are 
potentially toxic, mercury and azide block plant aquaporins through distinct modes 
of action. Consistent with the genetic studies above, their use indicated a contribu-
tion by 25–50 % of aquaporins to Kleaf in sunflower, grapevine, various deciduous 
trees, or Arabidopsis (Aasamaa and Sober 2005; Nardini and Salleo 2005; Postaire 
et al. 2010; Pou et al. 2013).

2.3  �Tissue-Specific Functions of Leaf Aquaporins

Several recent studies have investigated which cell layers are hydraulically limit-
ing during extravascular transport, the underlying idea being that these cells should 
be a preferential site for aquaporin expression and regulation. One first approach 
was to search for correlations between Kleaf and the water permeability of tissue-
specific protoplasts. Arabidopsis leaves subjected to exogenous ABA or changes 
in irradiance revealed parallel changes in Kleaf and osmotic water permeability of 
bundle sheath protoplasts (Prado et  al. 2013; Shatil-Cohen et  al. 2011). Xylem 
parenchyma protoplasts also showed a consistent response to irradiance, whereas 
water permeability in isolated mesophyll protoplasts was not correlated to Kleaf 
under various ABA or light treatments. These data support the idea that vascular 
bundles, rather than the mesophyll, represent a hydraulically limiting structure in 
the extravascular pathway. Recent genetic approaches have brought more direct 
evidence for tissue-specific function of leaf aquaporins. Single PIP knockout 
mutants of Arabidopsis have revealed that, in this species, three aquaporin 
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isoforms (AtPIP1;2, AtPIP2;1, AtPIP2;6) can individually contribute to ~20 % of 
Kros (Postaire et al. 2010; Prado et al. 2013). Their common expression in the veins 
was interpreted to mean that the living cells of these tissues can be hydraulically 
limiting. Another strategy was to express microRNAs in bundle sheath cells using 
a SCR promoter (Sade et al. 2014). Although a marked decreased in Kleaf (−65 %) 
was induced in the transgenic plants, it was associated with a concomitant inhibi-
tion of bundle sheath and mesophyll protoplast water permeability. Thus, it could 
not be concluded which tissue water permeability was the rate-limiting step. 
Another strategy was to genetically complement aquaporin-deficient plants by 
using aquaporin constructs under the control of vein- or bundle sheath-specific 
promoters. The partial or full recovery of Kleaf or Kros in these plants provides sup-
portive evidence for the importance of PIP functions in veins (Prado et al. 2013; 
Sade et al. 2015).

These findings do not exclude, however, a minor contribution of the mesophyll 
to whole leaf water transport. Aquaporin may also contribute to osmoregulation of 
mesophyll cells, in relation to their high metabolic activity (Morillon and Chrispeels 
2001; Prado and Maurel 2013).

3  �Key Physiological Roles of Leaf Aquaporins

3.1  �Transpiration

The function of aquaporins during plant transpiration represents a key question in 
plant water relations. Overall, Kleaf and stomatal conductance show a tight coupling 
by diverse and most often unknown mechanisms. For instance, the regulation of 
aquaporins by light and circadian mechanisms may favor a constant adjustment of 
Kleaf to the transpiration demand. Consistent with this, low air humidity enhanced 
the Kleaf of Arabidopsis, by up to threefold and in <1  h (Levin et  al. 2007). 
Interestingly, Pou et  al. (2013) observed a strong correlation across control and 
water stress conditions between the expression level of a TIP2 homolog and stoma-
tal conductance in grapevine. It is not clear whether this tonoplast aquaporin truly 
contributes to transcellular water transport during transpiration or whether it plays 
an osmoregulatory role in cells challenged by a high rate of water transport through 
the leaf. A paradoxical observation was made in mesophyll protoplasts of 
Arabidopsis, where water permeability was strongly but negatively correlated to the 
plant transpiration regime: thus, protoplast water permeability was maximal at 
reduced transpiration (Morillon and Chrispeels 2001).

A high evaporative demand can also lead to coordinated hydraulic responses 
throughout the whole plant body. Transpiration was shown to enhance the expres-
sion and function of aquaporins in rice and poplar roots, by signaling mecha-
nisms that remain to be discovered (Laur and Hacke 2013; Sakurai-Ishikawa 
et al. 2011).
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3.2  �Leaf Growth

Expansive growth is primarily driven by cell turgor and thereby highly sensitive to the 
cell and tissue water status (Pantin et al. 2011) (see also chapter “Plant Aquaporins and 
Cell Elongation”). The idea that expansive growth of the leaf can be limited by water 
transfer from vascular to peripheral tissues was initially raised by the detection of local 
growth-induced water potential gradients (Tang and Boyer 2002). This idea is now well 
formalized, using hydraulic modeling of whole plants under varying water availability 
in the soil or the atmosphere (Caldeira et al. 2014). At the molecular and cellular levels, 
it is supported by the finding that, in barley and maize, the leaf growth zone shows 
enhanced expression of specific leaf aquaporins isoforms together with a high cell 
hydraulic conductivity (Hachez et al. 2008; Volkov et al. 2007). We note that the expres-
sion and function of aquaporins in roots can also impact leaf expansive growth (Caldeira 
et al. 2014; Ehlert et al. 2009), through effects on leaf xylem water potential.

3.3  �Leaf Movements

Plants show diurnal leaf movements for optimizing exposure to incident light. In 
Samanea saman, these movements are mediated through circadian regulation of 
PIP expression and osmotic water permeability in leaf motor cells (Moshelion et al. 
2002). Tobacco plants expressing an antisense copy of NtAQP1 revealed a role for 
this aquaporin in the differential elongation of the upper and lower sides of the peti-
ole thereby contributing to leaf unfolding (Siefritz et al. 2004). In Rhododendron 
leaves, extracellular freezing under subfreezing temperature results in leaf water 
redistribution and thermonasty (curling). This response was shown to be associated 
to downregulation of PIP2 genes (Chen et al. 2013).

3.4  �Leaf Water Uptake and Secretion

Whereas roots usually account for most if not all of water uptake, leaf water uptake 
can be crucial in certain plant species for response to extreme environmental condi-
tions. In epiphytes, for instance, leaf trichomes allow capturing air moisture under 
drought conditions (Ohrui et al. 2007), whereas in conifers, absorption of melting 
snow favors embolism refilling after winter (Laur and Hacke 2014a). These pro-
cesses are associated with enhanced expression of aquaporins at the sites of water 
absorption. In halophytes such as the tropical mangrove tree Avicennia officinalis, 
excess salt can be secreted by specialized salt glands forming in the leaf epidermis. 
Salt-induced expression of aquaporins in these glands together with mercury inhibi-
tion experiments have suggested that these aquaporins may contribute to both secre-
tion and water reabsorption (Tan et al. 2013; Tyerman 2013).
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4  �Regulation of Leaf Hydraulics

4.1  �Light and Circadian Rhythms

The daily variations of light regime represent the most common regulators of Kleaf 
studied across plant species. In most cases, diurnal rhythms of leaf hydraulics were 
studied on a 24-h time window (Cochard et al. 2007; Lo Gullo et al. 2005), and Kleaf 
was the highest at high irradiance, consistent with a peak in evaporative demand and 
transpiration at midday. A few studies showed that leaf hydraulic conductivity was 
also regulated by the circadian clock. In particular, experiments with sunflower plants 
under constant darkness revealed that, at least in this species, Kleaf is under control of 
the circadian clock and peaks at the subjective midday (Nardini et al. 2005).

The mode of leaf aquaporin regulation by irradiance may vary depending on spe-
cies. In walnut, for instance, light-dependent variations in Kleaf were tightly associ-
ated with parallel changes in transcript abundance of several PIP1 and PIP2 genes 
(Baaziz et al. 2012; Cochard et al. 2007). In maize, most PIP genes showed diurnal 
regulation with a peak in expression during the first hours of the light period (Hachez 
et al. 2008). The aquaporin mRNA levels of Samanea saman leaves were regulated 
diurnally in phase with leaflet movements, and SsAQP2 transcription was under 
circadian control (Moshelion et al. 2002). NtAQP1 abundance was also under circa-
dian regulation in tobacco leaves (Siefritz et al. 2004). In contrast, phosphorylation 
of a single aquaporin, AtPIP2;1, was shown to mediate light-dependent regulation 
of Kros in Arabidopsis (Prado et  al. 2013). Quantitative proteomics revealed that 
phosphorylation at two adjacent C-terminal sites (Ser280, Ser283) was enhanced, 
together with Kros, in response to a dark treatment. Transformation of a pip2;1 
mutant with AtPIP2;1 forms carrying phosphomimetic mutations of these residues 
was sufficient to restore the responsiveness of Kros to light whereas AtPIP2;1 forms 
carrying phosphorylation-deficient mutations did not.

4.2  �Water and Salt Stress

Soil water deficit (drought) results in a decrease in Kleaf in many species including 
Arabidopsis (Shatil-Cohen et al. 2011) and poplar (Populus trichocarpa) (Laur and 
Hacke 2014b). Under severe conditions, this decrease is mediated through both xylem 
embolism in leaf veins (see chapter “Role of Aquaporins in the Maintenance of Xylem 
Hydraulic Capacity”) and downregulation of the aquaporin pathway. These two 
actions may result in a drop in leaf water potential thereby promoting stomatal closure 
(Pantin et al. 2013). Regulation of Kleaf in Arabidopsis under drought is mediated by 
ABA (Pantin et al. 2013; Shatil-Cohen et al. 2011), and a possible role of aquaporin 
dephosphorylation has been invoked (Kline et al. 2010; Prado et al. 2013).

Genetic and aquaporin expression analyses have shown that leaf aquaporins of 
both the PIP and TIP subfamilies support the recovery of droughted plants upon 
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rewatering (Laur and Hacke 2014b; Martre et al. 2002). In particular, aquaporins 
expressed in the xylem parenchyma may contribute to embolism refilling and 
smooth delivery of water to the whole leaf blade.

4.3  �Other Signals

Leaves are exposed to numerous types of biotic aggressions, by herbivories or 
microbial pathogens. The associated hydraulic responses have been barely investi-
gated and will deserve more attention in the future. For instance, partial defoliation 
of poplar seedlings resulted in a five to tenfold increase in expression of a specific 
PIP isoform, which paralleled an increase in transpiration and lamina hydraulic 
conductivity (Liu et al. 2014).

5  �Conclusions

The hydraulics of leaves has been rather difficult to comprehend, both biophysically 
and physiologically, due to entangled contributions of the vasculature and living 
structures (aquaporins), the former showing a complex reticulate organization. The 
vascular system of leaves mediates crucial hydraulic changes during development 
and, through localized embolisms, in leaf response to extreme drought or low tem-
peratures. Aquaporins play complementary roles and appear to be at work in mul-
tiple physiological conditions. In particular, their capacity to mediate diurnal and 
spatially restricted adjustments of leaf water transport may be a key factor of plant 
performance and productivity.

Despite recent progress, we are still far from a clear understanding of leaf 
hydraulics. Mathematical models have addressed the impact of venation pattern 
(including vein hierarchy and conductivities) on leaf hydraulics in relation to leaf 
construction costs (McKown et al. 2010). Models that go beyond a classical Ohm’s 
law analogy are also under development (Rockwell et al. 2014). However, we still 
lack a leaf hydraulic model that would include a comprehensive description of 
aquaporin function and regulation.

Although much remains to be learned about aquaporin functions in leaves, two 
directions should deserve a specific attention in future research. One is water trans-
port in tree leaves, due to its high agronomical and ecological importance. Molecular 
studies are emerging, and the recent development of genetic tools in poplar (Secchi 
and Zwieniecki 2013) opens interesting perspectives to understand the role of aqua-
porins in tree leaf response to extreme drought episodes. Focus should also be put 
onto the signaling mechanisms that mediate the regulation of aquaporins by endog-
enous or environmental signals. In particular, the coupling of leaf aquaporins to 
stomatal functions (see chapter “Roles of Aquaporins in Stomata”) and their dual 
role in water and CO2 transport (see chapter “Plant Aquaporins and CO2”) represent 
central questions for future studies.
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Roles of Aquaporins in Stomata
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Abstract  Stomata can be regarded as tightly regulated hydraulically driven valves 
that control the fluxes of water vapor and carbon dioxide between the plant and the 
atmosphere. In this chapter, we will focus on the mechanisms and regulation of the 
movement of fully developed stomata, which requires rapid and controlled fluxes of 
ions and water. Guard cells are symplastically isolated from their neighboring cells, 
implying that the regulation of transmembrane water movement is central to the 
control of their aperture/closure mechanism. Such hydraulic regulation of stomatal 
movement can be modulated by the activity of aquaporins, acting as water and small 
uncharged solute facilitators. Despite the existence of a wide range of transcrip-
tomic and proteomic data showing that multiple plasma membrane aquaporins are 
expressed in these structures, there is currently only a limited number of experimen-
tal data supporting a functional involvement of these water channels in stomatal 
movements. The present review will highlight the main reverse genetics data linking 
the modulation of aquaporin activity to the control of the aperture of stomata.

1  �Introduction

Stomata are microscopic pores in the epidermis of the aerial parts of virtually all 
extant land plants. They are bordered by two specialized cells, known as guard cells, 
which control the aperture of the pore (called an ostiole) following endogenous and 
environmental signals. Understanding the mechanistic aspects of stomatal movements 
has raised the interest of plant biologists for as early as the eighteenth century. First 
statements of observations of variable apertures of the breathing holes can indeed be 
traced back to the German botanist Johannes Hedwig at the end of the eighteenth 
century (Hedwig 1793). In 1812, Moldenhauer noticed three major signals affecting 
stomatal movement: light, humidity, and time of the day (Moldenhauer 1812). A few 
decades later, von Mohl put forward the hypothesis that guard cells open the stomatal 
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pore thanks to an increase in their turgor pressure and close it by collapsing down 
(Von Mohl 1856). The concept of turgor-dependent aperture mechanism is therefore 
nearly as old as the discovery of stomata themselves. However, the molecular mecha-
nisms responsible for such turgor regulation were still totally ignored.

The major role of stomata is to act as a physical checking point for gas exchange, 
balancing the undesirable loss of water vapor via evapotranspiration with the essen-
tial CO2 uptake, indispensable for photosynthesis. These structures are therefore 
key players affecting plant development and biomass production. In this respect, the 
impact of stomata at the global scale is considerable on both plant-mediated water 
and carbon fluxes. Indeed, the closely coupled controls of stomata on CO2 and water 
vapor diffusion processes impact the global distribution of these compounds in the 
atmosphere (Hetherington and Woodward 2003). Plants optimize CO2/H2O fluxes 
to suit prevailing environmental conditions by (i) regulating the number of develop-
ing stomata in the epidermis and (ii) fine-tuning the stomatal movement. The pro-
cess and genes underlying stomatal development have been intensively investigated 
for the last decade (reviewed in Dong and Bergmann 2010; Bergmann and Sack 
2007; Casson and Hetherington 2010; Dow et al. 2014). Stomatal opening occurs 
via the activation of plasma membrane and tonoplast transporters, resulting in sol-
ute accumulation in guard cells and consequently to water movement into the cells, 
which increases their turgor. A swelling guard cell changes shape due to the physi-
cal properties of its cell walls. This process leads to the opening of the pore. In 
contrast, an osmotically driven turgor decrease restores the initial closed state. 
Stomatal aperture and closure are affected by both endogenous and exogenous cues 
like perceived light intensity, leaf CO2 concentration, vapor pressure deficit, tem-
perature, and water status of the plant (Kim et  al. 2010; Daszkowska-Golec and 
Szarejko 2013; Andrès et al. 2014). Under constant environmental conditions, the 
circadian clock was shown to regulate stomatal movements and to influence the 
sensitivity of the guard cells to extracellular signals (for review, see Webb 2003).

In this chapter, we will focus on the mechanisms regulating the movement of 
fully developed stomatal complexes that are central players in plant water relations 
and carbon assimilation. Experimental data highlighting the role of aquaporins in 
mediating this process will be pinpointed.

2  �The Stomatal Complex: Morphological Characteristics

Two major morphological types of stomata exist. Stomatal complexes of grasses 
exhibit typical dumbbell-shaped guard cells surrounded by two subsidiary cells 
(Fig. 1a), while kidney-shaped guard cells are found in other species (Fig. 1b). The 
thin and linear dumbbell-shaped stomata of grasses, with or without subsidiary 
cells, are considered to be more evolutionary advanced compared to their kidney-
shaped relatives (Hetherington and Woodward 2003). Their design translates 
smaller changes in guard cell volume to larger apertures with probably little energy 
waste (Raschke 1979; Hetherington and Woodward 2003). The efficient and fast 
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stomatal response to fluctuating environmental conditions in grasses is believed to 
enhance their water use efficiency compared to non-grass species (Franks and 
Farquhar 2007; Grantz and Assmann 1991; Hetherington and Woodward 2003).

3  �The Opening/Closure Mechanism

3.1  �The Basic Mechanism

Like most plant movements, stomatal opening and closure mechanisms are based 
on hydraulic forces (Roelfsema and Hedrich 2005), and such gating mechanism 
shows a complete reversibility. During stomatal opening, the activation of plasma 
membrane and tonoplast transporters results in solute accumulation in the guard 
cell, building up an osmotic gradient. To reestablish the perturbed osmotic equilib-
rium, water follows the solutes into the guard cells which increases their turgor 
pressure. Since mature guard cells lack plasmodesmatal connections with their 
neighboring cells (Erwee et al. 1985; Willmer and Sexton 1979), signaling mole-
cules (including H2O2 that permeates aquaporins), ions (K+, Cl−), and water most 
likely reach the guard cell via the surrounding apoplast. As fine-tuned transmem-
brane water movement is a requisite of such aperture mechanism, water movement 
might be regulated by channels present in the guard cell membranes (see below).

a b

Fig. 1  Morphology of stomata in model mono- or dicotyledonous species as revealed by propid-
ium iodide (PI) staining of leaf epidermal cells. (a) Zea mays stomata complex composed of two 
dumbbell-shaped guard cells (GC) flanked by two subsidiary cells (SB). (b) Arabidopsis thaliana 
stomata composed of two kidney-shaped guard cells (GC). Note that nuclei were stained in GC due 
to intense PI labeling. In both mono- and dicotyledonous species, stomata are separated from each 
other in the leaf epidermis by at least one pavement cell (PC). Scale bars: 10 μm
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3.2  �Guard Cell Hydromechanics: Water Potential, Turgor 
Pressure, Cell Wall, Cytoskeleton, and the Mechanical 
Advantage

During stomatal opening, solute accumulation (n) increases the prevailing osmotic 
pressure (π) in the guard cells, which is defined by the equation π = nRT/V, where 
R, T, and V are the gas constant, the absolute temperature, and the cell volume, 
respectively. As a consequence, the guard cell water potential (Ψ) decreases as 
described by the equation Ψ = P – π with P being the turgor pressure (reviewed in 
Roelfsema and Hedrich 2005; Buckley 2005). Water enters the guard cells to re-
equilibrate the water potential difference ΔΨ with the apoplast. The water inflow 
causes a rise in guard cell turgor pressure, which induces their swelling, limited by 
the cell wall elasticity and the increasing backpressure of the adjacent cells. The 
volume change has been shown to be as much as 40–50 % and goes hand in hand 
with a cell surface increase (Franks et al. 2001; Raschke and Dickerson 1973; Shope 
et al. 2003). To accommodate such large changes in surface area, the plasma mem-
brane, whose elasticity is limited to 3–5 % (Wolfe and Steponkus 1983; Morris and 
Homann 2001), is internalized and remobilized as the cells shrink and swell (Shope 
et al. 2003; Shope and Mott 2006).

Stomatal aperture (a−
s) is positively related to the turgor pressure of guard cells 

(Pg), but negatively related to the pressure of adjacent subsidiary or epidermal cells 
(Pe) (reviewed in Buckley 2005; Roelfsema and Hedrich 2005). Raschke noticed the 
collapsing of subsidiary cells during transient pore opening in Zea mays leaves, 
when dipping the leaf in a mannitol solution (Raschke 1970). The decreasing water 
potential released the backpressure on the guard cells exerted by the subsidiary cells 
and facilitated stomatal opening.

3.3  �Aquaporins Are Involved in the Control of Water Flows 
During Stomatal Movements

The regulation of stomata aperture is fast (guard cells can adjust their volume by up 
to 40 % in a few tens of minutes, Franks et al. 2001) and totally reversible. It relies 
on the controlled shrinking/swelling of guard cells as a consequence of osmotically 
driven water movement. Such variations in cell volume depend, among other things, 
on finely tuned efflux/influx of water into guard cells based on a facilitated diffusion 
mechanism. Given the fact that guard cells are symplastically isolated from their 
neighboring cells, water movement in or out of the guard cells can only occur via 
the transmembrane path. By ensuring a higher water permeability to biological 
membranes, it is tempting to speculate that aquaporins may play a role in rapid 
changes of turgor/osmotic potentials implicated in stomatal movements. In addition 
to facilitating water diffusion across the plasma membrane and tonoplast, several 
plant aquaporins have been involved in the diffusion of small uncharged solutes, 
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including H2O2, or CO2, solutes playing an important role in stomatal regulation (for 
reviews, see Bienert and Chaumont 2011; Heinen et  al. 2009a; Chaumont and 
Tyerman 2014). This includes aquaporins belonging to the plasma membrane intrin-
sic proteins (PIPs).

4  �Regulation of Stomatal Movement

Guard cells respond within a few minutes to a broad range of signals so that the 
plant can rapidly adapt to changing environmental conditions or react to threatening 
stresses (Franks et al. 2001). Multiple endogenous and external factors such as the 
circadian rhythm, light, CO2 concentration, stress hormones and secondary mes-
sengers (ABA, Ca2+, H2O2), drought, and pathogens attacks affect and/or regulate 
stomatal movement that involves controlled ion and water effluxes. The reader 
should however keep in mind that the stomatal response is a result of complex cross 
talks and interactions between different signaling pathways. The detailed mecha-
nisms of stomatal regulation are beyond the scope of this review, but we chose to 
briefly emphasize the effects of the circadian clock, CO2 concentration, and abscisic 
acid (ABA) signaling on stomatal movements.

4.1  �Circadian Regulation

Under constant conditions, the circadian clock regulates stomatal movements and 
increases guard cell sensitivity to endogenous or environmental stimuli (reviewed in 
Webb 2003). In general, well-watered C3 and C4 plants open their stomata during 
the day and close them at night following the circadian clock. The movements antic-
ipate light–dark transitions and persist under continuous light or darkness. It is 
worth noting that the expression pattern of plant PIP aquaporins follows the same 
diurnal pattern, which could help to finely tune the cell membrane water permeabil-
ity in stomata (Heinen et al. 2014).

4.2  �CO2 Signaling

In the short term, stomata close in response to elevated CO2 concentrations. Such 
closure probably involves, among other things, a transient modification of the cell 
water permeability of guard cells allowing a fast efflux from the cell. The kinase 
protein HIGH LEAF TEMPERATURE1 (HT1) is the first identified molecular reg-
ulator in the CO2 pathway that negatively regulates CO2-induced stomatal closing 
(Hashimoto et al. 2006) through phosphorylation and inhibition of the OST1 pro-
tein kinase (Tian et al. 2015), which is required for further CO2 signal transduction 
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in plants (Merilo et al. 2013; Xue et al. 2011). RHC1, a MATE-type transporter 
protein, acts as a bicarbonate sensor (Tian et al. 2015) and inhibits HT1 thereby 
preventing the inhibition of OST1 at elevated CO2 levels.

4.3  �ABA Signaling

ABA is a key hormone regulating plant water status and stomatal movement. The 
cellular and molecular mechanisms underlying ABA-induced stomatal closure have 
been extensively studied (Popko et al. 2010; Wilkinson and Davies 1997; Assmann 
2003; Hubbard et al. 2010; Lim et al. 2015). Many secondary messengers intervene 
in the ABA signaling network, such as G proteins, cytosolic pH, intracellular Ca2+, 
nitric oxide (NO), reactive oxygen species (ROS), and lipid-derived signaling inter-
mediates (phosphoinositides). For an extensive review on the role of ABA in stoma-
tal response to (a)biotic stress, the reader can usefully refer to Lim et al. 2015.

Under stress conditions, the ABA concentration in leaves increases rapidly 
(Cutler et al. 2010; Hubbard et al. 2010). ABA functions there as a chemical mes-
senger inducing stomatal closure through (in)activation of water and ion channels 
by protein kinases and phosphatases (Cutler et  al. 2010; Hubbard et  al. 2010; 
Gowing et al. 1993; Pei et al. 2000; Schroeder and Hagiwara 1989; Grondin et al. 
2015; Lee et al. 2009). The common belief that abscisic acid (ABA) is a xylem-
transported hormone that is synthesized in the roots, while acting in the shoot to 
close stomata in response to a decrease in plant water status, has been challenged 
by several studies showing that foliage-derived ABA is the predominant source of 
ABA during drought stress (Christmann et al. 2005, 2007; McAdam et al. 2016). A 
model in which the leaf senses the root dehydration by the drop in hydraulic pres-
sure and consequently synthesizes ABA on-site was proposed (Christmann et al. 
2005; Christmann et al. 2007). ABA might also be involved in the stomatal response 
to changes in relative air humidity (Hartung et al. 1988). After a drop in air humid-
ity, stomata initially open shortly as a consequence of a general turgor loss and a 
decreased mechanical advantage of the epidermal pavement cells. This short-term 
(5–15 min) response, also called the wrong-way response, is followed by stomatal 
closure under prolonged low air humidity to avoid excessive water loss (reviewed 
in (Buckley 2005). Altogether, ABA accelerates the plasma membrane depolariza-
tion and induces a massive ion and water efflux leading to stomatal closure. Plant 
mutants affected in ABA synthesis and transduction pathway do not close their 
stomata in response to drought stress and show a wilty phenotype, which could be 
rescued by application of exogenous ABA (Xie et  al. 2006) (reviewed in Belin 
et al. 2010).

ABA-triggered stomatal closure was recently shown to require an increase in 
guard cell permeability to water (Grondin et al. 2015). As will be discussed below, 
this could occur through phosphorylation-mediated activation of PIP aquaporins in 
the plasma membrane via a specific kinase protein. Among other phosphorylation 
events, OST1-dependent phosphorylation of PIP2;1 at Ser-121 indeed activates that 
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water channel. By activating the water channels via such specific phosphorylation 
events, this model postulates that this posttranslational modification would facilitate 
greater water efflux from guard cells in response to ABA signaling (Grondin et al. 
2015). This could occur via a conformational change impacting the gating of the pore 
or via an impact on the trafficking or stability of the protein (see chapters “Plant 
Aquaporin Trafficking” and “Plant Aquaporin Posttranslational Regulation”). Finally, 
this could also affect the ability of the PIP2 to interact with other PIP isoforms and 
thereby regulates its activity (see chapter “Heteromerization of Plant Aquaporins”).

5  �Many Aquaporins Are Expressed in Stomata

Many studies, including guard cell-specific transcriptomic and proteomic approaches, 
have shown that multiple PIP aquaporins were expressed in guard cells of various plant 
species (Kaldenhoff et al. 1995; Sarda et al. 1997; Sun et al. 2001; Huang et al. 2002; 
Leonhardt et al. 2004; Cui et al. 2008; Fraysse et al. 2005; Wei et al. 2007; Hachez 
et al. 2008; Uehlein et al. 2003, 2008; Flexas et al. 2006; Heinen et al. 2014).

One of the earliest evidence of aquaporin expression in stomata was reported by 
Kaldenhoff and co-workers, using both GUS fusion and immunodetection to show 
that AtPIP1;2 was expressed in guard cells of Arabidopsis thaliana, although not 
restricted to this particular cell type (Kaldenhoff et al. 1995). Sarda et al. (1997) 
reported the mRNA accumulation of two tonoplast aquaporin genes, SunTIP7 and 
SunTIP20, in sunflower guard cells. Whereas SunTIP20 expression did not seem 
related to stomatal movements, the authors observed a SunTIP7 mRNA accumula-
tion increase at the end of the day suggesting a role in the process of stomatal clo-
sure by helping water to exit the vacuole of guard cells. Another TIP aquaporin 
expression was detected by in situ hybridization in guard cells of seedlings and 
mature organs of Picea abies (Oliviusson et al. 2001). The expression of the plasma 
membrane aquaporin SoPIP1;1 was detected in the guard cells of spinach using 
immunogold labeling (Fraysse et al. 2005). This isoform was also found in phloem 
and mesophyll cells but showed an interesting localization encircling the guard 
cells. On the other hand, this study further showed that a PIP isoform could be spe-
cifically not expressed in guard cells, like SoPIP1;2. A similar case was observed for 
AtPIP2;7 whose expression was also specifically null in stomata (Hachez et  al. 
2014). The expression in guard cells has also been reported for broad bean (Vicia 
faba) VfPIP1 (Cui et al. 2008).

For cereals, HvPIP1;6 was found to be expressed in barley guard cells using 
in situ PCR (Wei et al. 2007). In maize, Hachez et al. (2008) described the expres-
sion of ZmPIP1;2 and ZmPIP2;1/2;2  in stomatal complexes using immunocyto-
chemistry. A transcriptomic study of PIP gene expression in maize laser-microdissected 
stomatal complexes (guard cells and subsidiary cells) showed that almost every PIP 
was expressed, except ZmPIP2;7 (Heinen et al. 2014). However, the expression of 
seven of them accounts for more than 98 % of the total PIP transcripts. This study 
was conducted on whole leaf tissue, on peeled epidermis, and on isolated stomata 
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during night and day, thus allowing to detect isoforms specifically expressed in sto-
matal complexes. For instance, ZmPIP1;1 was strongly expressed in the leaf mature 
zone but less in stomata. Most PIP genes followed the same expression pattern, with 
a basal level at night in both whole leaf tissue and isolated stomata. Interestingly, 
ZmPIP1;6 was the only isoform found to be specifically expressed in stomata, only 
during the day. Along with ZmPIP1;5, ZmPIP1;6 was characterized as a water chan-
nel when co-expressed with a PIP2 in Xenopus oocytes and also as a CO2 diffusion 
facilitator across membranes when expressed alone in yeast cells (Heinen et  al. 
2014). These two isoforms could either play a role in water fluxes in guard cells or 
help CO2 assimilation through stomata as suggested for NtAQP1 (Uehlein et  al. 
2003, 2008; Flexas et al. 2006). They could also be key players in CO2 sensing in 
interaction with carbonic anhydrases, as recently demonstrated for the CO2-
permeable aquaporin AtPIP2;1 (see below) (Wang et al. 2016).

6  �Reverse Genetics as a Tool to Probe Aquaporin Role 
in Stomatal Gating Mechanisms

While expression data may give some hints about the importance of aquaporins in 
stomata regulation, there is only limited evidence using non-transgenic approaches 
of the functional involvement of aquaporins in stomatal movement, reverse genet-
ics being the best way to prove such a role. When the expression of a single aqua-
porin isoform is deregulated, either by overexpression, silencing, or knockout, 
plants usually use compensation mechanisms to adapt their physiology. Such adap-
tation may involve an altered density of stomata formed in the leaf epidermis 
(Aharon et al. 2003; Ding et al. 2004; Li et al. 2015) or altered regulation and/or 
physical properties of the stomatal apparatus (Bi et al. 2015; Heinen et al. 2009; 
Cui et al. 2008).

Contrasting examples from the literature, mostly about PIP aquaporins, will be 
discussed thereafter, highlighting the key findings linking the modulation of aqua-
porin expression through reverse genetics approaches to stomatal density, morphol-
ogy, and gating mechanism (summarized in Table 1). For instance, tobacco plants 
overexpressing the Arabidopsis AtPIP1;2 grew better than the wild-type (WT) 
plants under favorable conditions (Aharon et al. 2003). A higher transpiration was 
observed due to a higher stomatal density at both sides of the leaves, indicating that 
plants took advantage of the heterologous aquaporin expression to use more water, 
but had to adapt morphologically. This modification of stomatal density did not 
confer any advantage under drought stress as transgenic plants wilted faster than 
WT (Aharon et al. 2003). A positive correlation between stomatal conductance (gs) 
and NtAQP1 expression was demonstrated in tobacco using both overexpressing 
and silenced lines, although no morphological changes were observed (Uehlein 
et  al. 2003, 2008; Flexas et  al. 2006). Mesophyll conductance was enhanced by 
overexpressing the ice plant aquaporin McMIPB in tobacco, leading to a higher 
photosynthetic rate under well-watered conditions, but gs did not differ between 
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Table 1  Effects of deregulation of plant aquaporin expression

Author Species
Aquaporin 
subfamily Transgene

Type of 
deregulation Effect

Martre 
et al. 
(2002)

Arabidopsis 
thaliana

PIP1 and 
PIP2

RNAi against 
PIP1 and PIP2 
(antisense)

Silencing Lower leaf water 
potential after 
re-watering, but 
no difference in 
stomatal 
conductance

Cui et al. 
(2008)

Arabidopsis 
thaliana

PIP1 VfPIP1 
(heterologous)

Overexpression Decreased 
transpiration, 
stomata close 
faster after dark 
or ABA 
treatment

Sade et al. 
(2014)

Arabidopsis 
thaliana

PIP1 NtAQP1 
(heterologous)

Overexpression Increased 
stomatal 
conductance, 
mesophyll 
conductance, and 
photosynthesis

Expression 
restricted to 
photosynthetic 
tissue

Increased 
stomatal 
conductance, 
mesophyll 
conductance, and 
photosynthesis

Expression 
restricted to 
stomata

Stomatal 
conductance, 
mesophyll 
conductance, and 
photosynthesis 
not different 
from WT

Sade et al. 
(2014)

Arabidopsis 
thaliana

PIP1 and 
PIP2

RNAi against 
PIP1 
(amiRNA)

Silencing Decreased 
stomatal 
conductance, 
mesophyll 
conductance and 
photosynthesis 
for the most 
affected line

Li et al. 
(2015)

Arabidopsis 
thaliana

PIP2 AcPIP2 
(heterologous)

Overexpression Decreased 
stomata density

Grondin 
et al. 
(2015)

Arabidopsis 
thaliana

PIP2 AtPIP2;1 
(homologous)

Knockout Stomatal closure 
and guard cell 
protoplast 
permeability lack 
of response to 
ABA

(continued)
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Table 1  (continued)

Author Species
Aquaporin 
subfamily Transgene

Type of 
deregulation Effect

Wang et al. 
(2016)

Arabidopsis 
thaliana

PIP2 AtPIP2;1 
(homologous)

Knockout No effect on 
stomatal closure 
in response to 
ABA

Aharon 
et al. 
(2003)

Nicotiana 
tabacum

PIP1 AtPIP1;2 
(heterologous)

Overexpression Increased 
transpiration and 
photosynthetic 
efficiency, higher 
stomatal density

Uehlein 
et al. 
(2003)

Nicotiana 
tabacum

PIP1 NtAQP1 
(homologous)

Overexpression Increased 
stomatal 
conductance and 
net 
photosynthesis, 
especially at high 
CO2 
concentration

RNAi against 
NtAQP1

Silencing Decreased 
stomatal 
conductance and 
net 
photosynthesis, 
effect disappear 
at high CO2 
concentration

Ding et al. 
(2004)

Nicotiana 
tabacum

PIP1 AqpL1 
(heterologous)

Overexpression Greater stomatal 
density in young 
tissues, stomata 
more open at 
light

Flexas 
et al. 
(2006)

Nicotiana 
tabacum

PIP1 NtAQP1 
(homologous)

Overexpression Increased 
stomatal 
conductance, 
mesophyll 
conductance, and 
photosynthesis

Silencing Decreased 
stomatal 
conductance, 
mesophyll 
conductance, and 
photosynthesis

Kawase 
et al. 
(2013)

Nicotiana 
tabacum

PIP1 McMIPB 
(heterologous)

Overexpression Increased 
photosynthesis 
rate and 
mesophyll 
conductance, no 
change in 
stomatal 
conductance
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transgenic and WT plants (Kawase et al. 2013). Interestingly, immunolocalization 
of the McMIPB protein in WT plants revealed its absence in stomata, contrary to 
overexpressing plants where McMIPB presented a strong signal in chloroplasts in 
both mesophyll and guard cells. Ding et al. (2004) reported a higher stomatal den-
sity in younger leaves of tobacco plants overexpressing a Lilium PIP1 (AqpL1) and 
that stomata opened slightly faster with light than WT by studying the stomatal 
aperture on collodion printings of leaf surface. It was also proved that stomata of 
transgenic Arabidopsis isolated epidermis expressing the broad bean VfPIP1 closed 
significantly faster than those of control plants when subjected to ABA or dark treat-
ment (Cui et al. 2008). On the other hand, density and size of stomatal apparatus in 
rice plants overexpressing the barley HvPIP2;1 were reduced while gs, CO2 internal 
conductance and CO2 assimilation were higher than in WT plants (Hanba et  al. 
2004). This could be explained by the fact that HvPIP2;1 was characterized as a 
CO2 transporter (Mori et al. 2014). Stomatal density was also reduced in Arabidopsis 
plants overexpressing AcPIP2 from Atriplex canescens while the growth rate was 
enhanced (Li et al. 2015). The overexpression of VvPIP2;4 in grapevine induced an 
increase in gs under normal conditions (Perrone et al. 2012). As VvPIP2;4 is not 
present in guard cells in WT plants, the authors proposed a direct effect of this iso-
form in guard cell turgor pressure. Constitutive overexpression of aquaporins can 
result in a wide range of phenotypes, depending on the selected isoform and pro-
moter strength. It shows that modulating aquaporin expression clearly impacts the 
plant physiology, even though endogenous aquaporin expression pattern might also 
change upon heterologous expression of specific isoform and should be carefully 
investigated, but does not provide clear evidence of direct implication in one 

Table 1  (continued)

Author Species
Aquaporin 
subfamily Transgene

Type of 
deregulation Effect

Secchi and 
Zwieniecki 
(2013)

Populus 
tremula x 
alba

PIP1 RNAi against 
PIP1 
(antisense)

Silencing Decreased 
mesophyll 
conductance

Bi et al. 
(2015)

Populus × 
canescens

PIP1 and 
PIP2

RNAi against 
PIP1 or PIP2 
(antisense)

Silencing Increased 
stomatal 
conductance and 
photosynthesis, 
increased 
stomata size

Hanba 
et al. 
(2004)

Oryza sativa PIP2 HvPIP2;1 
(heterologous)

Overexpression Increased 
stomatal and 
mesophyll 
conductance, 
decreased 
stomata size and 
density

Perrone 
et al. 
(2012)

Vitis vinifera PIP2 VvPIP2;4 
(homologous)

Overexpression Increased 
mesophyll 
conductance
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physiological process. For that matter, silencing approaches or milder tissue-specific 
expression were also used to study aquaporins’ implication in stomata-related traits.

Silencing both PIP1 and PIP2 aquaporin genes in poplar lines resulted in wider 
and longer guard cells compared to WT and in a higher proportion of open stomata 
per leaf area (Bi et al. 2015). Furthermore, in contrast with the usually positive cor-
relation between aquaporin expression and gs, trees with reduced PIP expression 
had a greater gs and transpiration rate compared to WT, but had growth defects 
despite showing a better CO2 net assimilation. Using a proteomic approach, the 
authors discovered that PIP down-expression induced an upregulation of proteins 
involved in synthesis and signaling of ABA, trafficking or in cell wall synthesis, 
indicating a drought stress response that explains the reduced growth. This is how-
ever not in accordance with results found by Secchi and Zwieniecki (2013) also 
using poplar PIP1 RNAi lines in which no morphological or gs differences were 
observed, although mesophyll conductance to CO2 was greatly reduced. Sade et al. 
(2014) used a very interesting tissue-specific approach to determine the contribution 
of NtAQP1 heterologous expression on several gas-exchange parameters in 
Arabidopsis plants. The authors observed an increase in gs in normal conditions 
when targeting the expression of NtAQP1 to photosynthetic tissues, but surprisingly 
not in the plants in which the expression was restricted to stomata, that behave like 
WT in both normal and salt stress conditions. Moreover, no difference in photosyn-
thetic rate or gs were observed between constitutive and mesophyll-specific expres-
sion of NtAQP1 while the expression was much less important in the latter case but 
still sufficient to induce a similar increase in mesophyll CO2 conductance (Sade 
et al. 2014). According to this study, NtAQP1 overexpression in photosynthetic tis-
sues had an indirect role on stomata opening by raising mesophyll conductance and 
photosynthetic rate without the need for higher expression of aquaporins in the 
guard cells. The use of artificial micro-RNAs to reduce PIP1 gene expression in 
Arabidopsis led to the generation of lines deregulated in PIP1 but also PIP2 expres-
sion (Sade et al. 2014). Both lines showed a decrease in gs, whereas only the most 
affected line in PIP1 expression exhibited a significant decrease of mesophyll con-
ductance compared to WT. This was not the case for Arabidopsis plants silenced for 
both PIP1 and PIP2 genes which showed no significant difference in gs in normal 
conditions, during soil drying or after soil re-watering (Martre et al. 2002).

The first functional evidence of direct implication of aquaporins in stomatal 
movements was provided by a recent study using Arabidopsis pip2;1 knockout 
plants (Grondin et al. 2015). The authors showed that the stomata in isolated epider-
mal peals of knockout plants responded correctly to light but showed a reduced 
response to ABA, which should have induced a rapid stomatal closure, as seen for 
the WT plants. The permeability of guard cell protoplasts was measured and showed 
that ABA triggered a twofold increase in Pf for WT plants, which was abrogated in 
the pip2;1 mutants. The authors concluded that AtPIP2;1, was necessary for 
ABA-dependent closure and dispensable for CO2- or light-induced stomatal move-
ments. Based on these observations, a model whereby the stomatal closing response 
to ABA involves an increase in guard cell water permeability mediated by AtPIP2;1 
was proposed (Grondin et  al. 2015). However, the authors also highlighted the 
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putative role of AtPIP2;1 in ROS signaling in response to ABA as this isoform is 
able to facilitate H2O2 diffusion across membrane, which is one important messen-
ger in ABA signaling (Dynowski et al. 2008; Bienert et al. 2014).

These results were however contradicted by a recent study (Wang et al. 2016). In 
this study, genotype-blind stomatal movement imaging analyses of individually 
mapped stomata of leaf epidermal layers showed that stomata from pip2;1 single 
mutant lines (including the mutant line used in the Grondin’s study) retained intact 
responses to ABA and closed to similar levels as the wild type 1 h after ABA treat-
ment. These authors reported that pip2;1 mutation alone was insufficient to impair 
the ABA-induced stomatal closing pathway. Such contradictory results could be 
explained by different experimental growing conditions or measurements method-
ology (Wang et al. 2016) but raise question regarding the pivotal role of AtPIP2;1 
alone in mediating ABA-induced stomatal closing.

A direct interaction between AtPIP2;1 and the carbonic anhydrase βCA4, impli-
cated in stomatal movements in response to CO2 changes was also described (Wang 
et al. 2016). This interaction allowed a greater rise in CO2 permeability of Xenopus 
oocytes compared to each interactor injected separately, proving that AtPIP2;1 is a 
functional CO2 channel and could act synergistically with other proteins to increase 
the CO2 permeability in plant tissues.

7  �Concluding Remarks: Cell-Type-Specific Transgenic 
Approaches Are Needed to Investigate the Role of Specific 
Aquaporin Genes in Stomata

Modulating endogenous aquaporin expression levels most often leads to similar 
observations, although similar phenotypes can have different origins. This is espe-
cially true when working with plants as different as A. thaliana, O. sativa, or 
P. trichocarpa and with aquaporin isoforms facilitating the passage of a wide range 
of small uncharged molecules. Aquaporins can play a role as water channels or as 
CO2 or H2O2 facilitators, making the interpretation of physiological observations 
tricky. As water, H2O2, and CO2 fluxes are strongly impacting leaf physiology, it is 
difficult to distinguish between an impact on photosynthesis efficiency and an 
impact on transpiration.

Recent advances in Crispr-CAS9 technology offer the possibility to knock out 
specific aquaporin genes in virtually any plant species via genome editing and could 
be an interesting way to probe the role of specific aquaporin isoforms in plant physi-
ology. It is however worth noting that using T-DNA or genome editing approaches 
will affect gene expression in the whole plant, thereby complicating the interpretation 
of their role in specific processes. Given the various phenotypes observed when 
investigating the role of specific aquaporin isoforms in stomata physiology, cell-
specific approaches might be required. In the future, it would be interesting to spe-
cifically silence/overexpress PIP aquaporins in mature guard cells and to measure 
the impact of such silencing/overexpression on stomatal gating mechanisms. This 
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will require the identification of guard cell (and/or subsidiary cell)-specific promot-
ers. Such promoters are already available for some plants such as maize, rice, or 
Arabidopsis (Liu et al. 2009; Yang et al. 2008).
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Plant Aquaporins and Abiotic Stress

Nir Sade and Menachem Moshelion

Abstract  The global shortage of fresh water is one of our most severe ecological 
and agronomical problems, leading to dry and saline lands that reduce plant growth 
and crop yield and have a major effect on plant physiology and water management.
Aquaporins (AQPs) are thought to be the main transporters of water as well as small 
and uncharged solutes through plant cell membranes. Thus, AQPs appear to play a role 
in regulating dynamic changes of root, stem and leaf hydraulic conductivity and whole 
plant water usage, especially in response to environmental changes, opening the door 
to using AQP expression to regulate plant water-use efficiency. We highlight the role 
of vascular AQPs in regulating leaf hydraulic conductivity and raise questions regard-
ing their role in determining growth rate, fruit yield production and harvest index.
The following chapter will discuss the cellular tissue and whole-plant role of AQPs 
in regulation of plant water balance in response to environmental challenges.

1  �Introduction

Over the course of their evolution and as part of their adjustment to terrestrial 
environmental conditions, vascular plants have evolved complex roots and hydrau-
lic systems to absorb water and minerals from the soil and transport them to the 
leaves, in order to support biochemical reactions, such as photosynthesis. However, 
most of the water absorbed by plant roots is transpired via stomata due to the order 
of magnitude differences between the water potential of the leaf and that of the 
atmosphere. Thus, soil water availability is one of the major abiotic factors limiting 
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the growth and development of terrestrial plants in most areas of the world. Many 
types of abiotic stress have fast-acting and substantial effects on the plant’s water 
management behavior, resulting in reduced plant hydraulic and gas conductance 
(Christmann et al. 2013; Maurel et al. 2015). Aquaporins (AQPs) play a major role 
in many of the molecular-physiological mechanisms that control plant-water rela-
tions, particularly under stressful conditions. The following chapter will discuss the 
cellular tissue and whole-plant role of AQPs in regulation of plant water balance in 
response to environmental challenges.

1.1  �Regulation of Plant Hydraulic Conductance

Water flow along the soil-plant-atmosphere continuum (SPAC) is driven by hydro-
static negative pressure. Generally, plant hydraulic conductance has two aspects: 
axial conductance and radial conductance. Axial conductance (from the roots to the 
leaves) is mainly determined by vascular anatomy (i.e., tracheid diameter, cell wall 
composition, pit structure, and the presence of embolisms) and does not involve 
membrane selectivity mechanisms. Radial conductance controls the rate at which 
water enters the roots (known as root hydraulic conductivity, LPr; reviewed by 
Maurel et al. 2010) and the radial water outflux through the leaf, i.e., from xylem 
vessels toward the evaporation sites on the mesophyll cell walls (known as leaf 
hydraulic conductance, Kleaf) reviewed by (Sack and Holbrook 2006). In addition, 
parenchymatic cells, old (nonfunctional) xylem vessels, and apoplastic spaces along 
the length of the stem vascular system may serve as reservoirs of water, supporting 
the transpiration stream through the radial transfer of water to it.

Rapid and dynamic valve-like behavior has been observed for both Kleaf (Cochard 
et al. 2007; Levin et al. 2007) and LPr (Maggio and Joly 1995; Carvajal et al. 1996; 
Clarkson et al. 2000; Tournaire-Roux et al. 2003; Gorska et al. 2008; Bramley et al. 
2010). Radial conductance responds rapidly to ambient signals. For example, reduc-
ing Arabidopsis root water potential to −0.8 MPa leads to a rapid reduction in leaf 
turgor [the signal transfer rate was higher than 40 cm/min; (Christmann et al. 2013)]. 
Another study revealed that the opposite direction signal (shoot to root) was also very 
rapid. In that study, grapevine shoot injury reduced root hydraulic conductance within 
a few minutes (Vandeleur et al. 2014). Other ambient signals (e.g., light, temperature) 
and internal signals such as the stress phytohormone abscisic acid (ABA) have also 
been shown to regulate plant hydraulic conductance (Sack and Holbrook 2006; 
Shatil-Cohen et al. 2011; Aroca et al. 2012; Pantin et al. 2013; Sade et al. 2015b).

It has been suggested that the leaf bundle sheath (BS) and root endodermis (as well 
as other parenchymal cells surrounding the xylem) may act as hydraulic control centers 
in the regulation of Kleaf and LPr, respectively (Sack and Holbrook 2006; Shatil-Cohen 
et al. 2011; Shatil-Cohen and Moshelion 2012; Prado et al. 2013; Sade et al. 2014c) (see 
also chapters “Aquaporins and Root Water Uptake” and “Aquaporins and Leaf Water 
Relations”). It was recently shown that Kleaf is dynamically controlled by the permeabil-
ity of the membranes of BS cells to water, with the osmotic permeability coefficient (Pf) 
likely reflecting the regulated activity of AQPs in BS cells (Shatil-Cohen et al. 2011). 

N. Sade and M. Moshelion

http://dx.doi.org/10.1007/978-3-319-49395-4_6
http://dx.doi.org/10.1007/978-3-319-49395-4_7
http://dx.doi.org/10.1007/978-3-319-49395-4_7


187

The endodermis is a layer of root inner cortex cells that tightly encases the stele of vas-
cular plants. Its hydrophobic Casparian strip (Steudle and Peterson 1998), which sepa-
rates the stele from passive apoplastic diffusion (Moon et al. 1986; Alassimone et al. 
2010), has a major effect on the radial transport of water and ions. Thus, the endodermis 
(together with other xylem-surrounding cells) represents the most critical boundary 
along the apoplastic route, markedly limiting plant radial water uptake (Alassimone 
et al. 2010). Many of these studies and others (Tournaire-Roux et al. 2003; Maurel et al. 
2008; Maurel et al. 2009) have suggested that AQPs play a major role in hydraulic regu-
lation by determining the membrane’s resistance to the flow of water. In addition, it has 
been suggested that AQPs may play a role in the detection of osmotic and turgor pres-
sure gradients (Hill et al. 2004). Therefore, AQPs are considered key players in the 
hydraulic sensing-responding mechanism that determines early and late whole-plant 
hydraulic responses to changes in ambient conditions.

1.2  �Early and Late Responses Controlling Plant Hydraulic 
Conductance

The rapid reduction in the hydraulic and gas conductance of leaves of plants exposed 
to abiotic stress conditions around the root (Sack and Holbrook 2006) is related to 
root-produced ABA, which is thought to be transported to the shoot thereby acting 
as the long-term signal. However, there is new evidence of a hydraulic ABA long-
term signal that controls the hydraulic response of leaves in response to stress. The 
first increase in ABA concentration (~50-fold) following exposure to soil drought 
stress is seen in the xylem sap (ABAxyl) in the shoot. This is followed by an increase 
in the concentration of ABA in the guard cells, while ABA levels in the roots 
increase only several hours later (Christmann et al. 2007). Moreover, root ABA did 
not affect stomatal closure when the stomata of WT scion (tomato and Arabidopsis) 
closed in response to soil signals although those scions were grafted onto ABA-
deficient roots and exposed to low water potential or when the stomata of wetted 
Arabidopsis leaves remained open even though the roots of those plants were dry 
(Holbrook and Zwieniecki 1999; Christmann et al. 2007). In addition, it was sug-
gested that the reduction in the expression of AQPs in leaf vascular BS or their 
inactivation in response to a xylem-fed ABA treatment might control the decrease 
in Kleaf (Shatil-Cohen et al. 2011). Additionally, artificial overexpression of a stress-
induced AQP gene from tobacco (NtAQP1) in the BS cells reduced the effect of 
ABA on Kleaf (Sade et al. 2015b). Interestingly, both guard cells and roots exhibited 
a hydraulic response opposite to that observed in the vascular BS.  Finally, and 
despite the fact that the expression levels of many AQPs are reduced under stress 
(Alexandersson et al. 2005; Boursiac et al. 2005), there have been several reports of 
increased expression of some root AQPs in response to ABA (Jang et  al. 2004; 
Mahdieh and Mostajeran 2009; Parent et al. 2009). These reports and others [e.g., 
(Hose et  al. 2000)] demonstrate that when ABA concentrations are increased or 
there is some mild abiotic stress, there is a transient increase in root hydraulic con-
ductance [LPr; (Singh and Sale 2000; Siemens and Zwiazek 2003, 2004; Aroca et al. 
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2006; Li et al. 2014)]. Thus, the new hydraulic ABA model suggests a differential 
and dynamic hydraulic regulation system that balances the whole-plant water status 
by minimizing water loss and maximizing water uptake (Fig. 1).

This differential sensitivity of different tissues in response to the same signal is 
most likely associated with different transcriptional, translational, and posttransla-
tional modifications of AQPs, which are unique to each tissue and would be expected 
based on the hydraulic ABA model. The following sections will discuss the avail-
able knowledge and the putative role of tonoplast intrinsic proteins (TIPs), nodulin 
26-like intrinsic proteins (NIPs), and plasma membrane intrinsic proteins (PIPs) in 
plant stress responses. The current understanding of small and basic intrinsic pro-
teins (SIPs), GlpF-like intrinsic proteins (GIPs), hybrid intrinsic proteins (HIPs), 
and X intrinsic proteins (XIPs) is very limited, particularly with regard to stress, and 
so those AQPs will not be discussed here.

2  �The Role of Tonoplast Intrinsic Proteins (TIPs) 
in Regulating Plant Stress Behavior

The cellular water-deficit threshold can be defined as the point at which the cyto-
plasmic water volume cannot continue to support optimal biochemical reactions in 
the cell. Many types of environmental stress (e.g., drought, salinity, heat, and high 
vapor pressure deficit (VPD) induce an outflux of water from plant cells, which can 
result in a significant drop in cell turgor and lead, ultimately, to cell plasmolysis. 
Therefore, the cytosol, which accounts for 5–10 % of the plant cell volume, may be 
very sensitive to water deficits. Changes in cytosolic volume can theoretically be 
avoided if mobilization of water from or into the vacuole is non-limiting at the cost 
of reductions in the cell volume (plasmolysis) and water potential.

Fig. 1  The whole-plant, stress-induced sequence response model describing the increase in ABA 
concentration [ABA] and the reduction in the hydraulic conductance of the plant under increasingly 
stressful conditions. A reduction in soil water content increases the plant’s stress level, with a dif-
ferential increase in [ABA] and differential changes in the organs’ hydraulics. Initially, there is a 
reduction in the leaf hydraulic conductance, which is followed by an increase in the Pf of the guard 
cells, which leads to stomatal closure. At this point, root hydraulic conductance is still high; it will 
be reduced only later and in response to more severe stress
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Isohydric water balance behavior involves the maintenance of a constant leaf 
water potential at midday, which is similar under well-irrigated and drought condi-
tions. In contrast, plants exhibiting anisohydric behavior have markedly decreased 
water potentials following the evaporative demand experienced during the day. This 
permits lower leaf water potentials in the presence of drought stress (Tardieu and 
Simonneau 1998). Recently, it was hypothesized that TIP activity can regulate plant 
leaf water status and contribute to the difference between isohydric and anisohydric 
behavior under stress conditions. The constitutive expression of SlTIP2;2 in tomato 
plants led to greater transpiration and yield under optimal and mild-to-moderate 
drought conditions, at the cost of lower plant water content, as compared to that 
observed among the control plants. Interestingly, the transgenic tomatoes had higher 
yield parameters (including harvest index) when they received relatively small vol-
umes of water (under 50 % irrigation levels), as long as the frequency of irrigation 
was high (Sade et al. 2009). The fact that overexpression of TIP in isohydric plants 
led to an increase of the mesophyll cells Pf (which may extend the capacity of the 
vacuole for osmotic buffering of the cytoplasm under stress conditions) and caused 
those plants to behave in an anisohydric manner led us to hypothesize that high 
levels of TIP activity may be part of the cellular mechanism regulating cellular and, 
therefore, whole-plant water balance (Sade et al. 2009). This risk-taking behavior 
benefits the plant under conditions of mild-to-moderate abiotic stress (drought and 
salinity). Interestingly, an anisohydric grapevine cultivar exhibited a high correla-
tion between TIP2 AQP expression and stomatal conductance (Pou et al. 2013). A 
similar effect was observed when PgTIP1 from Panax ginseng was expressed in 
Arabidopsis plants (Peng et al. 2007). Those plants acquired the ability to germinate 
and grow in the presence of high NaCl concentrations (150 mM). The overexpres-
sion of a stress-inducible soybean TIP2 isoform in Arabidopsis seedlings resulted in 
increased transpiration and lower water potential, in agreement with the findings of 
previous studies (Peng et al. 2007; Sade et al. 2009). However, this phenomenon led 
to hypersensitivity to abiotic stress (Wang et al. 2011). In contrast, overexpression 
of a stress-inducible TIP1;2 from Thellungiella salsuginea in Arabidopsis conferred 
both drought and salt tolerance, but did so by limiting water loss and thus protecting 
the deleterious effect caused by the severe stress (Wang et al. 2014). In a different 
study, heterologous expression of the wheat TaTIP2 compromised the abiotic stress 
tolerance of Arabidopsis (Xu et  al. 2013). Recently, expression of the stress-
inducible tomato SlTIP2;2 in Arabidopsis under the control of its native promoter 
confirmed its ability to confer salt tolerance (Xin et al. 2014). SlTIP2;2 expression 
significantly affected the Na and K fluxes from the root meristematic zones and 
resulted in remarkable changes in the morphology of the pith ray cells in the inflo-
rescence stems of transgenic Arabidopsis (Xin et al. 2014). Another recent study in 
sweet orange revealed strong upregulation of leaf TIPs in response to drought and 
salt stress, concurrent with downregulation of root TIPs (Martins et  al. 2015). 
Interestingly, this pattern was not observed for PIPs. Altogether these results are in 
agreement with the idea that TIPs may play a role in adjusting water content of 
mesophyll cell cytoplasm under stressful conditions (Sade et al. 2009).

The posttranslation regulation of TIPs plays an important role in determining organ 
water status. A previous study showed that under stress conditions, TIPs are exported 
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from the membrane via a vesicle trafficking mechanism (Vera-Estrella 2004) (see also 
chapter “Plant Aquaporin Trafficking”). This implies that, under stressful conditions, 
the permeability of the tonoplast to water should be reduced (Maurel et  al. 1993; 
Ohshima et al. 2001; Sutka et al. 2005). In addition, in salt-treated Arabidopsis roots, 
AtTIP1;1, but not the AtTIP2;1 homolog, is re-localized to vacuolar bulbs (Boursiac 
et  al. 2005). The complexity of this issue increases with the evidence that different 
stages of vacuole biogenesis and different types of vacuolar compartments can be pres-
ent in a single cell type and changes can be triggered by environmental conditions (Paris 
et al. 1996; Marty 1999). This trafficking regulation mechanism not only controls plant 
cell water homeostasis via the regulation of the tonoplast water permeability but also 
suggests a protein mass balance mechanism. Accordingly, the balance between the 
accumulation of TIPs in the tonoplast and the velocity of the trafficking of TIP out of the 
membrane (in response to a stress signal) will determine the amount of time it takes the 
tonoplast to reduce its water permeability. Exporting abundant TIP via an endogenous 
trafficking system will take more time and might result in anisohydric-like behavior.

2.1  �Root TIPs Under Abiotic Stress

In the roots, TIPs have a variable pattern of expression, with low abundance iso-
forms as well as isoforms that are highly abundant (Boursiac et al. 2005). The tissue 
localization of TIPs in roots is also variable. For example, in maize, high levels of 
ZmTIP1;1 expression have been found in perivascular root and shoot tissues 
(Barrieu et al. 1998). Interestingly, an early effect of salt treatment is a reduction in 
TIP transcript levels that is not accompanied by a reduction in the abundance of TIP 
proteins, although the root hydraulic conductivity does decrease drastically 
(Boursiac et al. 2005). A similar trend was observed in roots of radish seedlings 
treated with salt and ABA (Suga et al. 2002). In agreement with this, a recent study 
of the relationship between root hydraulic conductivity under conditions of environ-
mental stress and the abundance of TIP protein showed that the abundance of TIP is 
not a major determinant of LPr (Di Pietro et al. 2013). On the other hand, exposure 
of Arabidopsis shoots to various stress conditions resulted in a significant increase 
in TIP2;3 in the roots of those plants, suggesting a role for TIPs in shoot-to-root 
stress signaling (Levin et al. 2009). Genetic evidence supporting a major role for 
TIPs in root water transport is currently lacking, and further research is needed to 
address the role of TIPs in root water transport under stressful conditions.

2.2  �TIPs and Reactive Oxygen Species (ROS)

In response to environmental and developmental stimuli, reactive oxygen species 
(ROS; e.g., H2O2) are some of the most important secondary messengers that regu-
late downstream signaling events and, ultimately, the fate of cells (Steinhorst and 
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Kudla 2013). H2O2 is also involved in mediating cell-to-cell transfer of signals to 
distal parts of the plants (Steinhorst and Kudla 2013), as well as an important signal-
ing molecule during stress (Neill et al. 2002). In recent years, several AQPs iso-
forms have been found to transport ROS like H2O2 (Bienert and Chaumont 2014). 
The first direct evidence of TIPs H2O2 transport came when the expression of the 
Arabidopsis AtTIP1;1 and AtTIP1;2 in yeast led to markedly reduced growth and 
cell survival on medium containing H2O2. This effect was shown to correlate with 
higher levels of H2O2 inside the yeast cells (Bienert et al. 2007).

AtTIP1;1, which is highly permeable to H2O2 (Bienert et al. 2007), is also a 
very efficient water channel, suggesting that AQPs may possess the same capacity 
and selectivity toward water and H2O2. The involvement of other AQPs in mediat-
ing H2O2 transport has also been suggested. For example, the seed-specific TIP3 
was shown to transport both H2O2 and water and to affect the longevity of 
Arabidopsis seeds (Mao and Sun 2015). Another example is the overexpression 
of a TIP (TsTIP1;2) from T. salsuginea that enhances tolerance to multiple 
stresses, including drought, salinity, and oxidative stress (Wang et al. 2014). The 
ability of TsTIP1;2 to transport H2O2 was also confirmed in the yeast model. 
Therefore, overexpression of TsTIP1;2 may enhanced the accumulation of 
stressed-induced H2O2 into the vacuoles, resulting in the reduction of cytosolic 
ROS and alleviation of the injury caused by stress treatment (Wang et al. 2014). 
The involvement of TIPs in mediating the role of H2O2 in stress tolerance needs 
further research.

2.3  �TIPs Affect the Viability of Pollen and Seed Longevity 
Under Stressful Conditions

AQPs supply water and nutrients to pollen and, therefore, are important for repro-
duction and seed development. Arabidopsis pollen grains contain one large vegeta-
tive cell and two smaller sperm cells. Two TIPs (AtTIP1;3 and AtTIP5;1) are highly 
expressed in the pollen cells. The tonoplast localization of AtTIP5;1 was confirmed 
to be specific to sperm cells. Another TIP isoform, AtTIP1;3, was found to be pres-
ent in the tonoplast of vegetative cells. Interestingly, the double knockout mutant of 
AtTIP1;3 and AtTIP5;1 displayed an abnormal rate of barren siliques under condi-
tions of limited water or nutrient supply. These results strongly imply that TIPs are 
present in two distinct cells, such as vegetative and sperm cells, and interact func-
tionally to maintain pollen viability under adverse environmental conditions 
(Wudick et al. 2014).

TIPs have also been shown to be involved in seed germination and longevity 
(Mao and Sun 2015). In embryos of maturing seeds, two TIPs (TIP3;1 and TIP3;2) 
are uniquely expressed in the tonoplast and plasma membrane (Gattolin et al. 2011). 
The tip3;1/tip3;2 double knockout exhibited altered seed longevity (Mao and Sun 
2015). This phenomenon was shown to be regulated by the ABA signaling abscisic 
acid-insensitive 3 (ABI3) gene.
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2.4  �TIPs and Biotic Stress

Interestingly, bioinformatic analysis also found that TIP AQPs are upregulated in 
response to biotic stress (Sade et al. 2009). For example, tomato plants that express 
SlTIP2;2 exhibit resistance to the fungus Botrytis cinerea BO5.10 (Sade et al. 2012) 
and to TYLCV infection (Sade et al. 2014a). Moreover, the TIP1;1 transcript level 
was recently reported to be higher in a tomato line that exhibits resistance to tomato 
yellow leaf curl virus (TYLCV) than in a susceptible line (Eybishtz et al. 2009). 
Recently, it was suggested that TIP might affect plant water balance indirectly via 
improved sugar metabolism and/or hormone homeostasis (i.e., ABA/salicylic acid) 
(Sade et al. 2014a). In agreement with this finding, the SlTIP2;2 tomato TIP was 
recently shown to interact with a UDP-galactose transporter in  vivo (Xin et  al. 
2014). In addition, a role for salicylic acid (a well-known biotic stress plant hor-
mone) in stimulating the regulation of PIPs was proposed by (Boursiac et al. 2008). 
It is also worthwhile noting that TIPs have been shown to facilitate the transport of 
urea in heterologous systems [i.e., yeast and Xenopus laevis oocytes; (Liu et  al. 
2003; Gu et al. 2012)]. Interestingly, urea pathways (both urea transporter transcript 
levels and urea levels) are upregulated in TYLCV-resistant tomato upon infection 
(Sade et  al. 2015a). This upregulation was not observed in TYLCV-susceptible 
tomatoes and was correlated with TIP upregulation. It is possible that the upregula-
tion of TIPs might activate a polyamine urea-dependent resistance pathway (Hussain 
et  al. 2011). This pathway seems to be lacking in susceptible tomato plants and 
appears to be unique to resistance plants (Sade et al. 2015a, b). Interestingly, an 
analysis of AQP expression in the presence of biotic stress (i.e., Candidatus 
Liberibacter asiaticus infection) in sweet orange revealed strong upregulation of 
most of the TIPs at a late stage of infection, while little or no change in PIPs was 
observed (Martins et al. 2015). To date, the nature of the involvement of AQPs in 
resistance to biotic stress is not well understood, and there are many questions 
regarding its direct and indirect mechanisms of actions. This seems to be an interest-
ing and promising field for future research.

3  �Nodulin 26-Like Intrinsic Proteins (NIPs ) and Stress

The NIP subfamily represents a group of multifunctional membrane intrinsic pro-
teins that are named for their sequence similarity to the archetype of the family, 
soybean nodulin 26 (see chapters “The Nodulin 26 Intrinsic Protein Subfamily” 
and “Plant Aquaporins and Metalloids”). Functionally, the NIP family constitutes 
a unique group of major intrinsic proteins with little or no water permeability that 
are permeable to a wide but defined range of small solutes (Dean et  al. 1999; 
Niemietz and Tyerman 2000; Weig and Jakob 2000; Ma et al. 2006; Takano et al. 
2006). Compared to the more widely expressed TIP and PIP genes, NIP genes are 
generally expressed at low levels (Alexandersson et al. 2005). In addition, they 
are often expressed only in roots, suggesting that NIP transport activities may be 
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prevalent in a more defined set of cells in the plant. NIPs are subject to posttrans-
lational phosphorylation that increases their permeability. Abiotic stresses such 
as salinity and drought have been shown to increase phosphorylation (Guenther 
2003). There are very few reports suggesting NIP involvement in abiotic stress 
tolerance. The role of NIPs in plant abiotic stress tolerance has not been widely 
studied, and further research is needed to determine whether NIPs contribute in 
this area. However, the high permeability of NIPs to several small molecules 
(e.g., arsenite, boric acid, silicon) that are potential toxins or nutrients suggests 
that NIPs may play a unique role in the regulation of plant responses to non-
optimal levels of these molecules.

3.1  �NIPs and Arsenite Accumulation Stress

Arsenite [As(III)] is highly toxic to many organisms, including plants. As(III) is 
taken up by the cell, probably via transporters. As(III) transporters have been iso-
lated in several plants and shown to be a part of the NIP family (Bienert and Jahn 
2010) (see chapter “Plant Aquaporins and Metalloids”). For example, in Arabidopsis, 
six of the nine members of the NIP subfamily (NIP1;1, NIP1;2,NIP3;1, NIP5;1, 
NIP6;1, and NIP7;1) are permeable to arsenite (Bienert et al. 2008; Isayenkov and 
Maathuis 2008; Kamiya et  al. 2009). OsNIP2;1, an NIP responsible for As(III) 
transport in rice, has also been described (Zhao et al. 2010), and an Osnip2;1 mutant 
line exhibited tolerance to arsenite stress (Zhao et al. 2010). AtNIP1;1, which has 
been localized to the root plasma membrane, facilitates the transport of As(III) in 
plants, and the nip1;1 mutant lines exhibit strong resistance to As(III) toxicity 
(Kamiya et al. 2009). Very recently, Arabidopsis NIP3;1 was identified as playing 
an important role in both the uptake and the root-to-shoot distribution of arsenic 
under arsenite stress conditions (Xu et  al. 2015). The nip3;1 loss-of-function 
mutants displayed considerable improvements in As(III) tolerance, in terms of 
aboveground growth, and accumulated less arsenic in their shoots than wild-type 
plants, whereas the nip3;1 nip1;1 double mutant showed strong As(III) tolerance 
and exhibited improved growth of both roots and shoots under As(III) stress condi-
tions, as compared with WT plants (Xu et al. 2015).

3.2  �NIPs and Boric Acid Deficiency and Toxicity Stress

Boron (B) is an essential micronutrient for plants. B is often present at low concen-
trations in the environment; thus B deficiency (as well as toxicity; see below) occurs 
widely and is a major constraint for cereal and brassica crops (see chapter “Plant 
Aquaporins and Metalloids”). Reproductive growth is especially sensitive to B defi-
ciency, and substantial crop losses can occur in situations in which no clear vegeta-
tive signs of deficiency are observed. In recent years, a role for NIPs in membrane 
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permeability to B has been suggested (Takano et al. 2006; Tanaka et al. 2008). Both 
Arabidopsis NIP5;1 (a root-localized NIP) and NIP6;1 (a leaf-localized NIP) have 
been shown to be permeable to B and were significantly upregulated in Arabidopsis 
treated with low levels of B (Takano et al. 2006). When grown under low B condi-
tions, AtNIP6;1 knockout lines exhibited reduced leaf expansion and decreased 
concentrations of B in their young leaves. Loss-of-function mutants of NIP5;1 
exhibited severe shoot and root growth retardation and low B contents when grown 
under low B conditions (Takano et  al. 2006). Moreover, enhanced expression of 
NIP5;1 resulted in improved Arabidopsis root elongation under limited B condi-
tions (Kato et al. 2009). Recently, the rice OsNIP3;1 (an AtNIP5;1 homolog) was 
shown to transport B and to be upregulated under conditions of B deficiency. The 
growth of OsNIP3;1 RNAi plants was impaired under limited B conditions, and the 
distribution of B among their shoot tissues was altered (Hanaoka et al. 2014).

B toxicity can also be a significant limitation to cereal crop production in a num-
ber of regions of the world. Tolerance of levels of B that are generally toxic was 
confirmed in barley through heterologous expression in a yeast system and reduced 
expression of the rice homolog of HvNIP2;1 (OsNIP2;1) (Schnurbusch et al. 2010). 
Taken together, NIP manipulation can lead to improved crop performance under 
conditions of B deficiency and/or toxicity tolerance and carries potential for the 
regulation of the expression of a mineral nutrient channel gene to improve growth 
under limited nutrient or toxic conditions.

3.3  �NIPs and Silicon Deficiency Stress

It has been suggested that silicon (Si) might support plant resistance to diseases, 
pests, and lodging through Si depositions in the apoplast and induced resistance, 
improve the light interception ability of plants, and minimize transpiration losses 
(Epstein 1994; Ma et al. 2004). Lsil protein (a member of an NIP subfamily) has 
been identified in cereals including rice, barley, maize, and wheat (Ma 2010). Lsil 
and its homologs are Si transporters, responsible for the transport of Si from the 
external solution to root cells (see chapter “Plant Aquaporins and Metalloids”).

In rice, an Lsil (NIP2;1) mutant was shown to exhibit reduced uptake of Si and 
to be susceptible to biotic stress (Ma et al. 2006). Moreover, the grain yield of these 
mutant plants was 90 % less than the WT (Ma et al. 2006). Although it is not clear 
whether this reduction in yield is directly related to Si deficiency, the accumulation 
of Si in rice via NIPs might be related to the maintenance of the vigor of plants 
exposed to biotic and abiotic stress. However, constitutive expression (35S pro-
moter) of wheat Lsil in Arabidopsis caused deleterious symptoms (Montpetit et al. 
2012), raising some questions regarding the role of Si in stress resistance of dicots. 
This might be due to the ectopic expression and/or the wrong protein localization 
as cell specificity and membrane polarity are important for the channel function 
(see chapters “Plant Aquaporin Trafficking” and “Plant Aquaporins and 
Metalloids”). In contrast, specific expression in Arabidopsis roots (under a 
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root-specific promoter) resulted in plants that grew normally and did not exhibit 
any visible symptoms (Montpetit et al. 2012). These results demonstrate that TaLsi1 
expression must be confined to root cells for healthy plant development. At this 
point, further research is needed to address the physiological importance of Si 
uptake via NIPs and its relationship with stress responses.

4  �Plasma Membrane Intrinsic Proteins (PIPs) and Stress

Traditionally, PIPs have been divided into two groups, PIP1 and PIP2, based on 
their sequence similarities (Johanson et  al. 2001). Under abiotic stress, 
Arabidopsis PIP transcripts are generally downregulated or inactivated by vari-
ous posttranslational mechanisms (Alexandersson et  al. 2005; Boursiac et  al. 
2008; Hachez et al. 2014), with the exception of PIP1;4 and PIP2;5, which are 
upregulated (Alexandersson et al. 2005). Indeed, the genes for these two pro-
teins have stress response factors in their promoter region (Alexandersson et al. 
2010). In addition, in other plant species (e.g., maize, wheat, poplar, tobacco, 
soybean), some PIPs are upregulated under stressful conditions (Zhu et al. 2005; 
Mahdieh et  al. 2008; Ayadi et  al. 2011; Bae et  al. 2011; Zhou et  al. 2014). 
Moreover, different genotypes of rice (e.g., upland vs. lowland) exhibit different 
PIP expression patterns in response to ABA treatment and osmotic stress (Lian 
et al. 2006). These and other studies have demonstrated that PIPs are responsive 
to environmental stress. Nevertheless, their complex pattern of expression in 
different tissues and different parts of the plant (Prado et al. 2013) and the pos-
sibility of functional redundancy complicate our understanding of the role(s) of 
these proteins in the whole-plant stress response. An additional aspect of PIP 
complexity is the ability of these proteins to increase or decrease plant stress 
tolerance depending on the organism, isoform, promoter, and tissue in question 
(see Table 1).

4.1  �The Role of PIPs in Whole-Plant Water Budget Regulation

It has also been suggested that PIPs may control isohydric/anisohydric behavior and 
root hydraulics under drought stress and recovery from that stress (Vandeleur et al. 
2009). In grapevine, the tighter control of stomatal conductance in the more isohy-
dric cultivar grenache as compared with the cultivar chardonnay (anisohydric) 
under drought conditions was also reflected in root hydraulic behavior over the 
course of the day. The lower LPr of cv. grenache as compared to cv. chardonnay 
under drought stress is associated with a lower rate of transpiration. “Chardonnay” 
seems to compensate with increased expression of VvPIP1;1, which correlates with 
increased cortical cell water permeability. Interestingly, cv. grenache does not dis-
play this behavior (Vandeleur et al. 2009).
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Table 1  Representative studies addressing the effects of overexpression or silencing of PIPs on 
the stress responses of genetically modified plants. Transgenic plants reported to exhibit increased 
or decreased stress tolerance are labeled in green and yellow, respectively

AQP 
isoform Expression level

Stress 
response

Genetically 
modified 
plant

Tissue 
studied Source

NtAQP1 Overexpression Salt tolerant Arabidopsis Shoot Sade et al. (2010)
NtAQP1 Salt tolerant Tomato Shoot 

and root
Sade et al. (2010)

TdPIP1;1 Drought and 
salt tolerant

Tobacco Shoot 
and root

Ayadi et al. (2011)

TdPIP2;1 Drought and 
salt tolerant

Tobacco Shoot 
and root

Ayadi et al. (2011)

TaAQP8 Salt tolerant Tobacco Shoot 
and root

Hu et al. (2012)

AtPIP2;5 Cold 
tolerant

Arabidopsis Shoot 
and root

Lee et al. (2012)

BnPIP1 Drought 
tolerant

Tobacco Shoot Yu et al. (2005)

OsPIP1;1 Salt tolerant Rice Shoot 
and root

Liu et al. (2013)

OsPIP1 Drought 
tolerant

Rice Shoot Lian et al. (2004)

OsPIP1;1 Drought and 
salt tolerant

Arabidopsis Shoot 
and root

Guo et al. (2006)

OsPIP2;2 Drought and 
salt tolerant

Arabidopsis Shoot 
and root

Guo et al. (2006)

MaPIP1;1 Drought and 
salt tolerant

Arabidopsis Shoot 
and root

Xu et al. (2014)

GmPIP1;6 Salt tolerant Soybean Shoot 
and root

Zhou et al. (2014)

AtPIP1;2 Drought 
sensitive

Tobacco Shoot Aharon et al. (2003)

AtPIP1;4 Drought 
sensitive

Tobacco, 
Arabidopsis

Shoot Jang et al. (2007)

AtPIP2;5 Drought 
sensitive

Tobacco, 
Arabidopsis

Shoot Jang et al. (2007)

HvPIP2;1 Salt 
sensitive

Rice Shoot 
and root

Katsuhara et al. 
(2003)

GaPIP1 Drought 
sensitive

Arabidopsis Shoot 
and root

Li et al. (2015)

NtAQP1 Downregulation Drought 
sensitive

Tobacco Shoot 
and root

Siefritz et al. (2002)

AtPIPs Drought 
sensitive

Arabidopsis Shoot 
and root

Martre et al. (2002)

BnPIP1 Drought 
sensitive

Tobacco Shoot Yu et al. (2005)

PoptrPIP1s Drought 
sensitive

Poplar Shoot Secchi and 
Zwieniecki (2014)
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Different roles have been suggested for AQPs in the regulation of plant hydraulic 
conductance (both roots and shoots, see above). Several studies have suggested the 
existence of tissue-specific mechanisms involving PIPs [(Sade et  al. 2010; Shatil-
Cohen et al. 2011; Shatil-Cohen and Moshelion 2012; Di Pietro et al. 2013; Prado et al. 
2013; Grondin et al. 2015); see also the part on the regulation of plant hydraulic con-
ductance)]. High levels of PIP expression have been observed in the BS cells and xylem 
parenchyma of several species (Kirch et al. 2000; Otto and Kaldenhoff 2000; Oliviusson 
et al. 2001; Hachez et al. 2008). This site of expression may be crucial for the radial 
cell-to-cell movement of water as it exits the xylem vessels (Prado et al. 2013) and for 
the osmotically driven loading of water into xylem vessels during embolism refilling 
(Sakr et al. 2003; Secchi and Zwieniecki 2010), suggesting a role for PIPs in the main-
tenance of vascular tissue function under drought stress (Montalvo-Hernandez et al. 
2008). A good example is AtPIP2;1, which was shown to have a major role in the 
movement of water out of the xylem vessels and an independent role in the stomata as 
an ABA-dependent regulator of stomatal closure (Prado et  al. 2013; Grondin et  al. 
2015) (see also chapter “Roles of Aquaporins in Stomata”). Similarly, NtAQP1 was 
shown to be involved in maintaining the root hydraulics of tobacco and tomato under 
stressful conditions (Siefritz et al. 2002; Sade et al. 2010) and independently affecting 
leaf photosynthesis (Flexas et al. 2006; Sade et al. 2010, 2014b). In addition, specific 
expression of NtAQP1 in root endodermis and leaf BS contributed to gas exchange 
under salt stress, whereas expression of this protein in stomata did not had any affect 
(Sade et al. 2014b). All of these studies emphasized the necessity of combining tissue-
specific transcriptomic, proteomic, and posttranslational regulation data for AQPs 
under stressful conditions and correlating that data with physiological responses.

PIPs take a major role in the regulation of root hydraulics in general and in par-
ticular in response to various environmental stimuli (reviewed by Aroca et al. 2012 
and papers within). This role was shown to be strongly affected by both transcrip-
tional and posttranslational regulation (Boursiac et al. 2005; Di Pietro et al. 2013) 
and to vary significantly between plants and isoforms. Indeed, looking at different 
studies, it is hard to find a common response of root PIP expression and PIP protein 
abundance under drought conditions [reviewed in (Aroca et al. 2012)]. These find-
ings may also imply that different PIPs play different roles in different parts of the 
root under stressful conditions. Indeed, PIP1s and PIP2s have different patterns of 
expression in Arabidopsis roots (Maurel et al. 2015) and also respond differently to 
different forces [i.e., osmotic and hydrostatic; (Javot 2003; Postaire et al. 2010)]. 
This state of affairs further emphasizes the necessity for tissue-specific data regard-
ing AQP expression and function.

5  �A Hydraulic Analogy Model

Keeping the leaf relative, water content above a certain threshold is a fundamental 
necessity for plant survival. Terrestrial plants use different strategies for managing 
their water budgets to keep them above their own critical threshold, under varying 
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environmental conditions. In this chapter, we have summarized the involvement of 
AQPs in the regulation of plant water status and their role in determining the water 
flux balance within and between key tissues along the SPAC. We have emphasized 
the role of TIPs in cellular water homeostasis as regulated by the vacuole and the 
role of PIPs in the regulation of plant radial hydraulic conductance. We have also 
emphasized the fact that water status is very dynamic in the face of fluctuations in 
soil water availability and atmospheric demand for water, both for specific tissues 
and between different tissues along the SPAC.

In conclusion, we would like to suggest a hydraulic circuit analogy model that 
emphasizes the role of plant AQPs at the key hydraulic junctions, which regulate 
whole-plant water balance under changing ambient conditions. This hydraulic anal-
ogy is suggested as an alternative to the popular electrical circuit analogy for the 
movement of water through the SPAC, which includes resistors, a current, and a 
driving electrical potential (e.g., Steudle 2000; Sack and Holbrook 2006). In the 
electrical circuit analogy, the potential difference between the soil and atmosphere 
is analogous to the driving electrical potential in an electrical circuit, and the water 
flux is analogous to the electron flux based on a steady-state assumption. The basic 
definition of steady state is that inputs and outputs are equal and thus net balance is 
even and there is minimal fluctuation in the plant water status (relative water content 
and water potential). Using an electrical analogy, one can still incorporate this prob-
lem by using electric capacitors (Bramley et al. 2007). Nevertheless, the fact that 
water status at noon [when transpiration is at its peak; (e.g., Attia et al. 2015)] is 
lower than that seen during the morning and that under stress conditions even greater 
reductions in water status are observed suggests that the steady-state assumption is 
incorrect. The water status reduction is likely due to more water flowing out than in 
during the morning hours (and during stress vs. nonstress periods). Therefore, the 
regulation of the flow of water has to be supported with an additional water capaci-
tor to buffer the deficits and provide a supply of water to support the transpiration 
outflow. The vacuoles and the storage of water in stems may serve as a capacitor 
(Dainty 1976), which should be taken into consideration in the SPAC steady-state 
flow assumption.

Our alternative hydraulic analogy (presented in Fig. 2) is comprised of dynamic 
hydraulic resistances that vary nonlinearly with water potential and are controlled 
by PIPs. Moreover, the stem and vacuole water reservoirs retain and release water, 
thereby serving as capacitors buffering cytoplasmic water volume. The regulation 
of the osmotic water permeability of the tonoplast, via its TIPs, might play a role in 
the compensating mechanism of the cytoplasm volume in the presence of a turgor 
decrease.

Leaf water balance is determined by the relationship between the flow of water 
into the leaf and the flow of water out of the leaf. Water balance is based on the 
counterbalancing of stomatal gas conductance (gs), which controls the rate at which 
water vapor is lost from leaves during transpiration) E), and the outward flow of 
water through the leaf toward the evaporation sites on the mesophyll cell walls.

As depicted in Fig. 2a, under conditions of high soil water availability and rela-
tive low atmospheric water demand (e.g., early morning), the plant experiences low 
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hydraulic tension, which results in a positive water balance and full leaf turgor. In 
this situation, all key hydraulic tissues along the root-leaf-mesophyll (except for 
guard cells, due to inactivity of their AQPs; Grondin et al. 2015) exhibit high levels 
of hydraulic conductance due to the activity of PIPs and TIPs (depicted as open taps 
in Fig. 2a) (Cochard et al. 2007; Levin et al. 2007; Maggio and Joly 1995; Carvajal 
et al. 1996; Clarkson et al. 2000; Tournaire-Roux et al. 2003; Gorska et al. 2008; 
Bramley et al. 2010; Tournaire-Roux et al. 2003; Maurel et al. 2009; Shatil-Cohen 
et al. 2011; Shatil-Cohen and Moshelion 2012), including high mesophyll osmotic 
water permeability (Pf) (Morillon and Chrispeels 2001).

As depicted in Fig. 2b, as soil water availability decreases and the hydraulic ten-
sion on the whole plant increases, the plant water balance becomes negative and 
leaves lose turgor. At this point, Kleaf and gs are reduced due to increasing ABA levels 
that decrease the Pf of the BS cells and increase the Pf of the guard cells (see Fig. 1). 
Nevertheless, we do not know how exactly the hydraulic tension signal is translated 
into an ABA signal. One possibility is that the negative water potential generated 
within the leaf (due to the difference between leaf water demand and the vascular 
system supply) results in a rapid reduction in the mesophyll cell wall hydration level. 
This reduction in the water content of the microcapillary structure of the cell walls 
generates a negative water potential within the microcapillary structure of the cell 
walls (Nobel 2009). The close proximity of the mesophyll plasma membrane to the 
dehydrated cell wall might put the cytoplasm at risk of water loss. We propose that, 
in addition to stomatal closure, this risk is averted by (i) maintaining the low conduc-
tivity of the mesophyll plasma membrane (Pf) that separates these two compartments 
and (ii) the buffering effect of the vacuole, based on the water conductivity of the 
tonoplast, Pft. In parallel and in accordance with the cohesion-tension theory, the 
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Fig. 2  A hypothetical model for the role of AQPs in controlling the dynamic soil-plant-atmosphere 
water balance under (a) well irrigated and (b) drought condition. See text for explanations
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decreasing water potential of the cell wall pulls in water from the xylem. Nevertheless, 
at this stage, the relatively low Kleaf (Shatil-Cohen et  al. 2011; Shatil-Cohen and 
Moshelion 2012; Pantin et al. 2013) and relatively high LPr might prevent the forma-
tion of embolisms via activation of AQPs in the root (Secchi and Zwieniecki 2010, 
2014; see also chapter “Role of Aquaporins in the Maintenance of Xylem Hydraulic 
Capacity”). We further propose that higher Pf, Pft, and Kleaf levels due to prolonged 
activity of TIPs and PIPs might prolong transpiration (E) and be part of the molecular 
mechanism responsible for the difference between anisohydric and isohydric plants 
(image was modified from Sade and Moshelion (2014) doi:10.1093/treephys/tpu-
070with permission of the publisher).
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Root Hydraulic and Aquaporin Responses 
to N Availability
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Abstract  Nitrogen (N) uptake in most plants is positively correlated to water flow 
in and through roots. This allows transpiration to drive convection of mobile N 
sources in the soil to the root surface. Generally N starvation suppresses root hydrau-
lic conductivity (Lpr) while resupply stimulates. However, ammonium and nitrate 
can give different responses depending on the species, and this may be associated 
with the form of N that different species prefer to transport and assimilate. Responses 
in Lpr in the short to medium term are largely explained by aquaporin regulation at 
both the transcript and post-translational level. Local and systemic signalling is indi-
cated in the regulation of aquaporins. A direct role for NO3 sensing has been shown 
as well as a role of a high-affinity NO3

− transporter (NRT2.1), but the mode of action 
in post-translational modification is not known. Transcripts of the aquaporins are 
also altered by N treatments, yet the regulations of these transcripts and the function 
of the proteins in N transport remain unclear. Further research is required to uncover 
the signalling and regulation of aquaporins in relation to N transport since modifica-
tions to this process may improve N use efficiency.

1  �Introduction

Nitrogen (N) is essential for plant survival, being vital for cell chemistry and pro-
cesses, and is the macronutrient taken up in the greatest quantity (80 % of total ion 
uptake) with the greatest energy requirement for transport and assimilation 
(Marschner 1995). While 78 % of the atmosphere is nitrogen gas, it is unavailable 
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for direct use by most plants except those that enter into symbiosis with N2-fixing 
bacteria, where nitrogen gas (N2) is converted to inorganic ammonium (NH4

+). Once 
reduced, NH4

+ can be assimilated into organic (amino acids, organic molecules) and 
inorganic (nitrate NO3

−) forms by plants and soil microbes, respectively. These 
forms of N often present within the root rhizosphere have large effects on plant 
growth and development (Miller and Cramer 2004). In this chapter, the root hydrau-
lic responses to N concentration and form across many species are analysed and 
discussed in terms of the roles played by aquaporins in this process. The possible 
sensors involved in NO3

− detection and signal transduction to regulate aquaporins 
will be examined, and we will attempt to integrate the various signals and responses 
that have been shown to regulate N transport and aquaporins.

2  �Forms of N and the Water Connection

The two major forms of available N in the soil are NO3
− and NH4

+, the availability 
of which depends on soil structure and composition, microbial activity, temperature 
and water (Glass 2003; Warren 2009). Under conditions of poor aeration, low tem-
peratures and/or acidity, nitrifying bacteria become inactivated and the less mobile 
NH4

+ increases relative to that of the more mobile NO3
− (Marschner 1995; Laanbroek 

1990). In contrast, in well-aerated pH-neutral soils, activity of nitrifying bacteria 
ensures NO3

− is the predominant form of available N (Marschner 1995). Most plants 
have a preference for NO3

− despite the overall energy costs of NO3
− assimilation 

relative to that of NH4
+ being higher (5–12 %) taking into account pH regulation 

(Raven 1985). The water costs per mole of N assimilated are also higher for NO3
− 

by up to 12 % depending on where the NO3
− is reduced and how pH is regulated 

(Raven 1985). There is a strong interaction between N uptake and water content of 
the soil, since this can have diverse effects on N availability through its effect on the 
degree of aeration and in the dissolution and transport of available N to the root 
surface (discussed below) (Moyano et al. 2013; Gonzalez-Dugo et al. 2010).

2.1  �Soil N Availability and Mass Flow

N availability has interacting effects on many physiological and developmental pro-
cesses in plants including water relations, and there is cross talk in the regulation of 
N and water relations (Easlon and Bloom 2013). The link between N and water 
movement is also important in biogeochemical models that influence predictions 
from global climate models (Simunek and Hopmans 2009; Seneviratne et al. 2010). 
Optimisation of water and NO3

− uptake by root structure and architecture are also 
closely linked (Lynch 2013). In addition to supplying water for growth and nutrient 
movement in the xylem, water flow through plants has a role in nutrient acquisition 
and delivery from the soil.
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Mass flow in the soil has been long observed (Barber 1962) and is the process by 
which water flow to the root brings soluble and mobile molecules to the root sur-
face. In the absence of mass flow or for nutrients that are poorly mobile in soil (e.g. 
inorganic phosphate), uptake of nutrients by the root cells reduces the surface con-
centration and creates a localised diffusion gradient to the root so that the rate of 
uptake may be limited by the rate of diffusion to the root surface (or hyphae of 
mycorrhizae) (Nye 1977). Mass flow of water during transpiration can convey (via 
convection) dissolved and mobile nutrients to the surface of the root (Cramer et al. 
2008; Chapman et al. 2012) thus reducing or possibly reversing the concentration 
gradient and assisting the membrane transport systems by increasing the external 
concentration at the sites of uptake. The degree of “assistance” will depend on the 
flow rate to the root surface; concentration kinetics of the transport systems, i.e. 
high, low or dual affinity (HATS, LATS, dual); and the type of transport systems 
engaged (i.e. AMTs and AMFs for NH4

+ (Ludewig et al. 2007; Chiasson et al. 2014) 
or NRT2 or NPF (NRT1) for NO3

− (Tsay et al. 2007)), which in turn depends on the 
preference for different forms of N by the plant and the relative availability of these 
N forms in the soil solution. NH4

+ and NO3
− uptake kinetics are complicated since 

there are also inducible components, e.g. iHATS. Most of the components recog-
nised from physiological studies can be accounted for by specific transporters in 
Arabidopsis, e.g. AtNRT2.1, AtNRT2.2, AtNRT2.4 and AtNRT2.5 as HATs NO3

− 
transporters (Li et al. 2007; O’Brien et al. 2016) and AtNRT1.1 and AtNRT1.2 as 
LATS NO3

− transporters (Léran et  al. 2014). The NRT2s interact with a nitrate 
assimilation- related protein (AtNAR2.1) to be active (Kotur et al. 2012).

A whole plant model for the acquisition of NO3
− by mass flow has been proposed 

(Cramer et al. 2009b). By increasing total water flow through the plant when NO3
− 

is sensed, more NO3
− may be brought to the root surface. NO3

− reduction to NH4
+ is 

shifted from the root to the shoot as NO3
− acquisition rises and closes stomata as it 

is reduced, providing a feedback mechanism to slow water uptake when NO3
− levels 

are sufficient. NO3
− at concentrations above 2 mM in the xylem reduces stomatal 

conductance in maize in an ABA-dependent manner (Wilkinson et al. 2007). The 
Cramer et  al. (2009b) model necessitates a root NO3

− sensor and a hydraulic 
response triggered by NO3

−, but not by NH4
+.

2.2  �Transpiration and Stomatal Control

Transpiration is considered to be an essential driver of various forms of N uptake by 
roots by increasing both mass flow and diffusive fluxes of N to the root surface 
(Oyewole et al. 2014). Stomatal control of transpiration is regulated by N availabil-
ity (Matimati et al. 2014; Cramer et al. 2008), and NO3

− in the xylem in concert with 
ABA and xylem pH is a signal from roots that regulates stomatal conductance 
(Wilkinson et al. 2007). By inference from recent studies, stomatal regulation in 
response to NO3

− is likely to involve internal hydraulic conductivities in the leaf 
bundle sheath regulated by plasma membrane intrinsic proteins (PIP) aquaporins 
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(Shatil-Cohen et al. 2011) as well as particular PIPs in the guard cell membrane 
(Wang et al. 2016; Grondin et al. 2015). In turn it is likely that transpiration itself 
regulates root hydraulic conductivity via root aquaporins (Vandeleur et  al. 2014; 
Laur and Hacke 2013; Tardieu et al. 2015) thus providing a rather complex feedback 
regulation in concert with N availability. These factors add to the plethora of factors 
that must be integrated by the plant in regulating transpiration and nutrient uptake 
(Raven 2008).

3  �Linking N and Water Movement: Basic Root 
Characteristics and Environmental Effects

3.1  �Measurement of Root Hydraulic Properties

Root hydraulic properties can be measured using several methods, and these are 
important in the interpretation of the data obtained and the links with N transport. 
They apply to different root dimensions, tissue scales and rapidity of measurement 
at the level of single cells; root segments; whole roots in soil, intact or excised; and 
direction of flow. Each has advantages and disadvantages in interpretation of physi-
ological significance. The water carrying capacity of the roots is generally measured 
as the hydraulic conductance variously normalised to account for root size (Lo) or 
hydraulic conductivity (Lp) in the strict sense when normalised to root surface area 
or root length. In this chapter we will use the term root hydraulic conductivity (Lpr) 
rather loosely to indicate that conductance has been normalised to some component 
of root size.

Total flow of water through plants can be determined by observing the loss of 
water over time. This method is useful, since it avoids any wounding effects, but is 
unable to isolate root versus shoot responses or the effects of hydraulic conductance 
changes in different parts of the plant versus changes in water potential gradients 
unless these are measured (e.g. Franks et al. 2007). Isolating the effect of the roots 
can be done by excising the shoot and observing only the root system. This opens 
the xylem to the atmosphere and may interfere with signals from the shoot 
(Vandeleur et al. 2014). Simple observations are done by determining the rate and 
volume of sap exuded over time at atmospheric or applied suction to the root system 
(e.g. Hachez et al. 2012). Hydraulic conductivity and solute effects are determined 
from measurement of the osmotic concentration of the exuded sap and that of the 
nutrient solution supplied. Hydraulic conductivity can also be determined by 
observing the rate of solution flow through the root at varying applied pressures to 
the whole root system forcing water to flow in the direction of the shoot (e.g. Gorska 
et al. 2008a). Alternatively pressure variations can be applied to the excised root 
system (high-pressure flowmeter, HPFM (Tyree et  al. 1995)) or single root seg-
ments (root pressure probe, e.g. Lee et al. 2004b)), and from relaxation kinetics or 
steady-state volume flow, the hydraulic conductance can be determined. These do 
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not always give the same answer when compared and depending on driving force 
(osmotic or hydrostatic) (Bramley et al. 2007b). Some techniques can give conduc-
tances very rapidly after root system excision, for example, the transient method 
using the HPFM, and although water flow is in the reverse direction to normal tran-
spirational flow, the values obtained correlate well with measurements of flow in the 
normal direction (Tsuda and Tyree 2000). While many have used excised root sys-
tems or roots for measurement of hydraulic properties, it has been reported that 
shoot excision itself causes a decrease in hydraulic conductivity of grapevine, soy-
bean and maize (Vandeleur et al. 2014). In soybean the reduction after excision is 
large and rapid (half-time ≈ 5 min).

Root hydraulics can also be observed on a cellular basis using the cell pressure 
probe (Tomos and Leigh 1999). The hydraulic conductivity of individual plant cells 
can be determined from the elasticity of the cell wall and the half-time of water flow 
from pressure pulse relaxations after the cell volume is rapidly changed (Hüsken 
et al. 1978). This is useful to attempt to reconstruct the components of radial flow 
across the root and to determine potential cells that could govern whole root hydrau-
lic conductance (Bramley et al. 2009). It also allows a more direct link between root 
hydraulic conductance and the molecular components that determine cell mem-
brane water permeability, i.e. the aquaporins.

3.2  �Root Components That Influence Water Movement

Like N and other inorganic nutrients, water acquisition occurs via the root in nearly 
all plants. In the root, water is absorbed from the soil by flowing down its free 
energy gradient, the components of which in the plant can be modified through 
changing solute concentration and the rate of transpiration (Kramer and Boyer 
1995). The free energy gradient (water potential gradient) for water to flow to roots 
through the soil, radially across roots, and then up to the shoot via the xylem, is 
generated by hydrostatic pressure and osmotic gradients, osmotic gradients only 
being effective when across a semipermeable membrane. Osmotic gradients may 
dominate when there is no transpiration, while pressure gradients established in the 
soil-root-xylem via the cohesion tension mechanism dominate during transpiration 
(Steudle 2001; Sperry et al. 2002). Given the relatively large energy requirements 
for the uptake of NO3

− compared to other nutrients (Cannell and Thornley 2000; 
Poorter et al. 1991), it is not surprising that there may have been selection pressure 
to evolve mechanisms to assist the process through coupling with the energetically 
downhill flow of water in the soil-plant-atmosphere continuum.

Plants can modify the rate that water flows down the water potential gradient via 
the hydraulic conductivity in the flow pathways. In roots, water can enter the root 
through the apoplast and a parallel cell-to-cell pathway to reach the xylem (Steudle 
and Peterson 1998). In many systems, barriers interrupt the apoplastic water flow, 
forcing water to use the cell-to-cell pathway (Steudle 2001). The sgn3 mutant of 
Arabidopsis that has compromised development of the Casparian strip due to the 
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lack of deposition of lignin has increased Lpr but only shows signs of compromised 
nutrient transport for potassium (Pfister et al. 2014). Suberin is deposited later in 
development to surround the endodermal cells in Arabidopsis, and its deposition is 
dependent (reversibly) on nutrient and ionic stress (Barberon et al. 2016). This is 
mediated by ethylene (reduces suberisation) and ABA (increases suberisation), but 
of the nutrients examined by Barberon et al. (2016), NO3

− or NH4
+ were not included 

and should be examined in the future. Root ABA and ethylene are reported to be 
involved in N signalling (Kudoyarova et al. 2015; Ondzighi-Assoume et al. 2016; 
O’Brien et al. 2016), so it is possible that N nutrition could regulate suberisation of 
the endodermis and hence influence both water and N transport into the pericycle or 
the movement of a diffusible chemical signal from the pericycle out to the cortex 
and epidermis.

3.3  �Aquaporins

Membrane water permeability of roots is modulated by the activity of aquaporins, 
certainly in the plasma membrane of certain cell layers, but probably also in the 
tonoplast, such that, depending on species, more than 50 % of water flow through 
roots may occur via aquaporins as determined by inhibitor effects (Chaumont and 
Tyerman 2014; Maurel et al. 2015) (see also chapter “Aquaporins and Root Water 
Uptake”). Higher plants have many aquaporin isoforms that can be classified into 
five main types (see also chapter “Structural Basis of the Permeation Function of 
Plant Aquaporins”). The plasma membrane intrinsic proteins (PIPs) will be largely 
discussed in this chapter related to root water movement, but tonoplast intrinsic 
proteins (TIPS) and nodulin intrinsic proteins (NIPs, see also chapter “Plant 
Aquaporins and Metalloids”) are also relevant to interactions with N transport.

The PIPs are regulated on many levels (transcription, protein amount, protein 
location and by gating (Boursiac et al. 2008; Chaumont and Tyerman 2014; Maurel 
et al. 2015) (see also chapters “Structural Basis of the Permeation Function of Plant 
Aquaporins”, “Heteromerization of Plant Aquaporins”, “Plant Aquaporin Trafficking” 
and “Plant Aquaporin Posttranslational Regulation”), and this can account for con-
siderable variation in hydraulic conductivity, sometimes by an order of magnitude in 
roots depending on species (Vandeleur et al. 2014). In maize roots, aquaporin expres-
sion has been seen to change diurnally and circadially (Lopez et al. 2003; Caldeira 
et al. 2014), in different developmental stages (Hachez et al. 2006) and during water 
stress (Hachez et al. 2012). Aquaporin protein activity can be modified in several 
ways including protein-protein interactions (Fetter et al. 2004; Zelazny et al. 2007), 
pH gating (Hedfalk et al. 2006; Tornroth-Horsefield et al. 2006; Nyblom et al. 2009), 
blocking with certain metals (Niemietz and Tyerman 2002; Verdoucq et al. 2008), 
ubiquitination (Lee et al. 2009), amidation (Pietro et al. 2013), phosphorylation (Van 
Wilder et al. 2008; Grondin et al. 2015) and membrane trafficking (Chevalier and 
Chaumont 2015) (see also chapters “Structural Basis of the Permeation Function of 
Plant Aquaporins”, “Heteromerization of Plant Aquaporins”, “Plant Aquaporin 
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Trafficking” and “Plant Aquaporin Posttranslational Regulation”). Any one or a 
combination of these including different combinations of isoforms could be involved 
in regulating water flow through roots to influence N uptake.

Apart from water, certain aquaporins also facilitate passive transport of small 
solutes, including N-containing molecules. Some members of the Arabidopsis TIP 
family have been shown to be permeable to urea in yeast complementation assays, 
and their expression can increase during N starvation (Liu et  al. 2003). Other 
Arabidopsis TIP members, maize NIP and TIP, and a cucumber NIP, have been 
found to complement yeast for growth on urea (Klebl et al. 2003; Gu et al. 2012). 
ZmPIP1;5-b is induced with NO3

− application and has been suggested to be water 
and urea permeable when expressed in Xenopus oocytes for 5 days (Gaspar et al. 
2003). Wheat TaTIP2;1 and TaTIP2;2 have NH4

+ permeability in yeast or Xenopus 
(Jahn et al. 2004; Holm et al. 2005; Bertl and Kaldenhoff 2007), and AtTIP2;1 pro-
tein structure indicates a unique side pore through which protons can be extracted to 
deprotonate NH4

+ and allow NH3 to permeate (Kirscht et al. 2016). Currently no 
plant aquaporins have been found to be NO3

− permeable, but a NO3
− permeable 

mammalian aquaporin is known – AQP6 (Yasui et al. 1999; Hazama et al. 2002; Liu 
et al. 2005).

3.4  �Diurnal Variations

Root hydraulic conductivity can change diurnally with higher conductivity observed 
in the daytime, which has been correlated with expression patterns of PIP aquapo-
rins (Henzler et al. 1999). This has been shown for a number of species (Vandeleur 
et al. 2009; Almeida-Rodriguez et al. 2011; Hachez et al. 2008) and in some cases 
related to circadian oscillation in aquaporin activity or expression (Caldeira et al. 
2014; Takase et  al. 2011; Lopez et  al. 2003) and additionally via a transpiration 
signal from the shoots to the root (Sakurai-Ishikawa et al. 2011; Almeida-Rodriguez 
et al. 2011; Vandeleur et al. 2014). Though contrary to this, transition from shade to 
light for several tropical tree species over a long period caused a reduction in Lpr 
despite increased transpirational demand (Shimizu et al. 2005). This was correlated 
with a reduced inhibition by mercury indicating that root aquaporins had a dimin-
ished role after the transition to light and further growth.

It is not surprising that NO3
− or NH4

+ transport by roots also varies diurnally with 
higher rates observed in the day or light period (e.g. in soybean (Delhon et al. 1995) 
and citrus (Camanes et al. 2007)). In citrus the expression of a high-affinity NH4

+ 
transporter in the root is regulated by sugar, independently of a circadian control 
(Camanes et al. 2007). In Arabidopsis both NH4

+ and NO3
− uptake by roots appears 

to be regulated via sugar from photosynthesis. In addition to the NH4
+ transporters 

(AMT1.1, 1.2, 1.3), NRT1.1 (a NO3
− transceptor, now called NPF6.3 (O’Brien et al. 

2016)) and the high-affinity NO3
− transporter and transceptor AtNRT2.1 (see below) 

are both sugar (sucrose and glucose) inducible, and deletion of AtNRT2.1 results in 
the loss of the regulation of root NO3

− uptake by light and sugar (Lejay et al. 2003). 
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In rice NRT transcripts are also upregulated by light and sugar (Feng et al. 2011). 
Aquaporins can be upregulated by a protein kinase sugar sensor in seedlings (see 
below) (Wu et al. 2013) that could lead to entrainment of root water movement to N 
transport and shoot photosynthesis in the light. Recently a shoot-to-root mobile 
bZIP transcription factor activated by light (HY5) that interacts with sugar signal-
ling in Arabidopsis increased expression of AtNRT2.1 in roots (Chen et al. 2016). It 
is not known if this changes expression of any aquaporins.

3.5  �Temperature

Root hydraulic conductivity is also sensitive to temperature. Cucumber roots expe-
rience a decline in both root pressure and hydraulic conductivity in response to 
temperature reductions below 25 °C (Lee et al. 2004a). In temperature-resistant rice 
(Ahamed et al. 2012) and maize (Aroca et al. 2005), aquaporin activity is linked 
with maintenance of hydraulic conductivity and recovery. In cucumber roots 
exposed to lowered temperature, there was a larger reduction in the osmotic compo-
nent of water flow compared with the hydrostatic component. This was associated 
with an affect on root aquaporins (specific type not identified), while the reduction 
in root pressure was associated with reduced activity of the plasma membrane pro-
ton pump (Lee et al. 2004b). The kinetics of NH4

+ uptake across the plasma mem-
brane of rice roots also differs with temperature where the high-affinity transport 
system (HATS) is more strongly reduced by low temperature than that of the low-
affinity transport system (LATS) (Wang et al. 1993). The relative uptake of NH4

+ 
and NO3

− also changes at low temperature due to different temperature effects on 
NO3

− and NH4
+ transport in ryegrass (Clarkson and Warner 1979). The interaction 

between soil temperature, water movement and N transport is poorly understood 
(Pregitzer et al. 2000; Kreuzwieser and Gessler 2010), and this is important in the 
context of global warming and predictions of biogeochemical fluxes (Davidson 
et al. 2006).

3.6  �Anoxia and Hypoxia

Anoxia or hypoxia in the soil as a result of soil water logging also influences water 
flux through roots, leading to an immediate decrease in water flux and Lpr (Vandeleur 
et al. 2005), in a species-dependent way (Bramley et al. 2010), and this again can 
have ramifications for predications of fluxes at ecosystem scales (Shaw et al. 2013). 
Anoxia reduced the hydraulic conductivity of Arabidopsis roots, which coincided 
with cytosolic acidification (Tournaire-Roux et al. 2003). This acidification caused 
protonation of a histidine on loop D of PIP proteins, which led to a conformational 
change that reduced water movement. Anoxia greatly reduced the water flow of 
NO3

− fed tomato, cucumber (Gorska et al. 2008a), maize (Gorska et al. 2008b) and 
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sunflower indicating that aquaporins are important in hydraulic responses to N in 
some species. Increase in reactive oxygen species under hypoxia (van Dongen and 
Licausi 2015; Shabala et al. 2014) may also inhibit aquaporin activity (Wudick et al. 
2015). Several aquaporin transcripts are increased under anoxia/hypoxia (Bramley 
et al. 2007a) that may be linked to tolerance mechanisms related to gas transport 
(CO2 or O2) or signalling (Bramley and Tyerman 2010) or release of a fermentation 
product (Choi and Roberts 2007).

Despite being passive transporters, it is interesting to note how dependent aqua-
porin function is on cell energy status as indicated by one of the best inhibitors of 
aquaporins, azide (Postaire et al. 2010; Grondin et al. 2016), which inhibits mito-
chondrial respiration (Hodges and Elzam 1967). Since the uptake of NH4

+ and NO3
− 

are highly energy-dependent processes requiring a proton electrochemical gradient 
established by the H+-ATPase to drive their influx, it is not surprising that anoxia 
and soil water logging have profound effects on N uptake, e.g. wheat (Herzog et al. 
2016; Robertson et al. 2009), probably due to collapse of pH gradients (Felle 2005). 
There are however differences between species in N uptake under flooding and in 
the amount of NH4

+ versus NO3
− taken up (Kreuzwieser et al. 2002) partly related 

to NO3
− becoming less available relative to NH4

+ in water logged soils due to 
decreased nitrification (Laanbroek 1990). An acidification of root cell cytoplasm, 
that can result from anoxia (Felle 2005), could increase NO3

− efflux via the AtNAXT 
NO3

− transporter (Segonzac et al. 2007) exacerbating the reduced availability in the 
soil. NO3

− is particularly interesting in relation to the integration of water and N 
fluxes because of its stimulatory effect on root water movement (examined below) 
(Gloser et al. 2007) via aquaporins (Gorska et al. 2008b) and because of the amelio-
rative effects of NO3

− and nitrite on cytosolic pH regulation under anoxia (Libourel 
et al. 2006). Recently it was shown that the Arabidopsis NRT1.1 is required for acid 
tolerance, and when knocked out, the roots were unable to increase the pH of the 
external medium when acidic. This was linked to NO3

− uptake rather than NO3
− 

sensing (Fang et al. 2016).

3.7  �Energy and Nutrient Signalling

Energy and nutrient sensing in plant cells is also an area of potential overlap 
between NO3

− transport and assimilation and aquaporin activity, especially since 
PIP aquaporins seem to be energy dependent. The TOR (target of rapamycin) and 
SnRK1 (sucrose non-fermenting-1 (SNF1)-related kinase 1) signalling pathways 
interact to regulate metabolism and development in response to energy supply and 
nutrition (Robaglia et al. 2012). SnRK1 is a central energy sensor important for 
metabolic homeostasis in plants (Baena-Gonzalez et al. 2007; Baena-González and 
Sheen 2008) and is partly controlled via trehalose-6-phosphate sensing among 
other signals (Jossier et  al. 2009; Emanuelle et  al. 2016). It is activated under 
energy-deficient conditions, e.g. by hypoxia and carbon starvation (Cho et  al. 
2016; O’Hara et  al. 2013), and inhibits NO3

− reductase activity via 
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phosphorylation (Sugden et al. 1999). Out of the 1,021 genes transcripts reported 
to be upregulated by SnRK1.1 in Arabidopsis, only 16 are channels or transporters, 
and three of these are aquaporins (AtTIP2;1, AtTIP1;3 and AtPIP1;3) (Baena-
Gonzalez et al. 2007). AtTIP2;1 is of special interest because of its ability to facili-
tate the diffusion of NH4

+ directly or indirectly as NH3 (Holm et al. 2005; Kirscht 
et al. 2016) and its correlation to stomatal conductance (Pou et al. 2013). The TOR 
protein kinase on the other hand is a regulatory hub involved in nutrient sensing 
(Dobrenel et al. 2016). The TOR pathway is proposed to increase N assimilation 
under energy and nutrient-replete conditions (Dobrenel et  al. 2016; Lillo et  al. 
2014). Protein phosphatase 2A is a component of the TOR pathway via the regula-
tory subunit (Tap46). When Tap46 is overexpressed in Arabidopsis, this results in 
growth stimulation, increased NO3

− reductase activity and induction of transcrip-
tion of genes involved in N transport including AtNRT1.1 (AtNPF6.3) and 
AtNRT2.1 (Ahn et al. 2015). Both are components of the NO3

− transceptor signal-
ling cascade, which regulates the primary nitrate response in plant roots (O’Brien 
et al. 2016) with AtNRT2.1 proposed to have a role in influencing root aquaporin 
activity in response to NO3

− (see below) (Li et al. 2016).
Sugar, and hence energy supply, also regulates aquaporins in Arabidopsis via a 

sucrose-activated receptor kinase (SIRK1) in whole seedling plasma membrane, 
able to phosphorylate aquaporins and thereby positively affecting their activity (Wu 
et al. 2013). Several PIP aquaporins were shown to interact with SIRK1 including 
those that have been shown to be associated with Lpr (e.g. AtPIP2;1) (Wudick et al. 
2015; Sutka et al. 2011). Sugar signalling in plants is linked to C:N balance and 
root/shoot coordination with cross talk with hormone signalling (Wang and Ruan 
2016). Altogether these data suggest that aquaporins could be added as an important 
component of nutrient signalling pathways, but location in roots needs to be deter-
mined for SIRK1.

3.8  �Co-location of Water and N Uptake

For mass flow to have an effect on NO3
− transport to the root, it would be expected 

that the location of NO3
− influx along the axis of the root or in different root classes 

should correspond to the location of the maximum volume-flux density of water 
inflow (Gorska et al. 2008b). It is not a trivial exercise to determine where along the 
axis of roots or the type of roots where water inflow is maximal. Work with lupin 
and wheat has indicated contrasting locations for water flow based on the scaling of 
root hydraulic conductance with root length (Bramley et al. 2009). Wheat tends to 
have a greater concentration of water flow near the root tip and is more dependent 
on aquaporins than that for lupins (Bramley et al. 2009). Using neutron radiography 
to image deuterated water movement in and through roots in soil during transpira-
tion with a model to separate convection from diffusion, Zarebanadkouki et  al. 
(2014) concluded for lupin roots that radial flow into roots was maximal 12–16 cm 
from the root tip of lateral roots. For maize roots lateral roots show a greater uptake 
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of water relative to that of primary and seminal roots as determined by the same 
technique (Ahmed et al. 2016). It was concluded that lateral roots were the primary 
sites of water absorption and that primary and seminal roots functioned to axially 
transport water to the shoot. Since whole maize roots have been shown to have a 
positive response of water movement to NO3

− (Gorska et al. 2008b), it would be 
expected from the results of Ahmed et  al. (2016) that NO3

− uptake would occur 
mainly through lateral roots. NO3

− uptake kinetics measured for different root 
classes at two plant ages and in response to NO3

− deprivation showed large differ-
ences, with lateral roots giving the highest affinity (lowest Michaelis-Menten con-
stant, Km) and highest maximum rate of uptake, which depended on plant age (York 
et al. 2016). Interestingly linear uptake kinetics indicating LATS transport of NO3

− 
were not observed for laterals but occurred in all other root classes. Modelling of 
plant growth based on these kinetics and taking into account mass flow to the roots 
indicated that the maximum rate of influx was important in determining plant 
growth rather than the concentration kinetics (York et al. 2016).

Ion sensitive electrodes have been used to scan NH4
+ and NO3

− fluxes at finer 
scale along roots. In young maize roots, NO3

− influx reached a maximum at 3.5–
8.5 mm from the root tip and then remained more or less constant with distance to 
21–61 mm (limit of measurements) (Taylor and Bloom 1998). NH4

+ influx was high 
at the root tip and increased with distance but was about 1/3 that of NO3

−. It was 
concluded that NH4

+ was most actively taken up at the root tip reflecting the energy 
advantage over NO3

−. In fine wheat roots, highest net fluxes of NH4
+ and NO3

− 
occurred at 20–25 mm from the root tip (Zhong et al. 2014), which would corre-
spond to maximum hydraulic conductivity measured by Bramley et al. (2009). In 
rice, maximum net influx of NH4

+ and NO3
− occurred at 10–20 mm from the apex 

and then declined (Colmer and Bloom 1998). This was different from maize since 
maize did not show a decline with distance. It was concluded that sclerenchymatous 
fibres on the outer side of the cortex of older parts of the rice root could impede 
influx. However, later measurements of water flow across this region indicated that 
it was largely determined by apoplastic flow (Ranathunge et al. 2004). Examination 
of NO3

− uptake kinetics, expression of ZmNRT2.1 and H+-ATPase activity along 
maize primary roots using a compartmental system showed that the root tip (0–4 cm) 
had higher capacity to take up NO3

− due to higher maximum influx and more rapid 
induction of a high-affinity transport system (Sorgona et al. 2011). This did not cor-
relate with the expression of ZmNRT2.1, which was highest at 4–6 cm from the root 
tip. To date there are no studies that we are aware of that have attempted to define 
water and NO3

− or NH4
+ fluxes simultaneously with root position or root type, and 

this data is required to better understand the link between water and N uptake.
In Arabidopsis specific NRT2-HATS transporters are associated with root devel-

opment, plant age and specific cell types (Kiba and Krapp 2016). AtNRT2.4 and 
AtNRT2.5 are expressed in a polarised manner in epidermal cells (facing the exter-
nal medium) with a greater level of expression of AtNRT2.4 in young plants and 
AtNRT2.5 in mature plants (Lezhneva et al. 2014; Kiba et al. 2012). AtNRT2.4 is 
lowly expressed with high NO3

− and is only increased to levels equivalent to 
AtNRT2.1 without NO3

− in young plants (Kiba et  al. 2012). In mature plants 
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AtNRT2.1 has higher expression than both AtNRT2.4 and AtNRT2.5 after 1 day of N 
starvation but then declines with AtNRT2.5 and AtNRT2.4 expression increasing to 
dominate by 10 days (Lezhneva et al. 2014). Many experiments investigating the 
link between root water transport and NO3

− transport initially starve plants of N or 
have them grown in low NO3

− for various periods, then resupply with NO3
− to 

examine the response in water transport. In this case HATS NRT2s would be induced 
and may account for a portion of the NO3

− uptake when NO3
− is introduced to the 

roots. However, the concentrations of NO3
− used are generally well above the HATS 

concentration range and would require NRT1-LATs transporters or anion channels 
to carry the load of NO3

− uptake. In roots of Arabidopsis, these would be AtNRT1.1, 
AtNRT1.2 (AtNPF4.6) and AtNAXT1 (AtNPF2.7) (O’Brien et al. 2016) or possibly 
an anion channel (initially before cytoplasmic NO3

− increases) (Skerrett and 
Tyerman 1994). The location of the inducible LATS transporter AtNRT1.1 mRNA is 
in the epidermis near the root tip and in the cortex or endodermis in more mature 
regions (Huang et  al. 1996). Likewise the constitutively expressed AtNRT1:2 
(AtNP4.6) is located in root hairs and epidermis in mature regions of roots.

The location of AtNRT2.1 as a NO3
− sensor that regulates PIP activity in 

Arabidopsis (Li et al. 2016) makes sense since mass flow of water to the root would 
be expected to build NO3

− concentration in the apoplast of cortex cells due to endo-
dermal barriers blocking apoplastic movement. However, being a high-affinity 
transporter with saturation occurring around 0.5 mM NO3

−, one would expect that 
mass flow under conditions of NO3

− resupply (often several millimolar NO3
−) would 

require a LATS transport or dual-affinity transporter to do most of the influx, i.e. 
AtNRT1.1 and AtNRT1.2. The locations of these transporters (discussed above) 
would match with our present view of high water transport intensity, particularly in 
the endodermis and epidermis.

4  �N Form and Amount Affects Root Hydraulic Properties

4.1  �Growth and Development

Over the long term, N affects both root growth and development (Wilson 1988; 
Robinson 1994; Lopez-Bucio et  al. 2003; Guo et  al. 2007c; Desnos 2008). In 
Arabidopsis local patches of NO3

− promote lateral root outgrowth via NO3
−-

inducible MADS-box gene (ANR1) and coordinated by a systemic signal depen-
dent on the plant’s N status (Zhang and Forde 2000). N responses on root growth 
can affect different properties in different species. Górska et al. (2010) showed that 
cucumber, tomato, maize, Arabidopsis and Festuca arundinacea have increased 
relative root growth on 2 mM NO3

− compared to 0.2 mM, whereas Populus tricho-
carpa and Nephrolepis exaltata do not have a relative root growth response. Tomato, 
maize, Arabidopsis and Festuca arundinacea also have increased root/shoot ratios 
on low NO3

− nutrition, whereas cucumber, Populus trichocarpa and Nephrolepis 
exaltata do not.
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The form of N available to roots impacts growth and development as well. French 
bean grown in NO3

− as sole N source has larger roots and shoots than when grown 
on NH4

+ (Guo et al. 2002). These results were repeated with split root experiments 
where one half of the root was grown on NO3

− and the other NH4
+ (Guo et  al. 

2007b). This demonstrated a repression of growth of roots grown in NH4
+. In experi-

ments where half the roots were grown on N (NH4
+ or NO3

− ) and the other half 
starved of N, either form resulted in increased growth. Still NO3

−-grown roots had 
increased growth. In tomato, roots grown in NH4

+ have stagnated growth over 
3 weeks compared to plants grown in NO3

− (Pill and Lambeth 1977).
Stimulation of lateral root growth in response to NO3

− is regulated by multiple 
pathways related to initiation of the lateral root, early development and elongation 
of lateral root primordia (Forde 2014). There is an interaction between auxin and 
NO3

− signalling in this process. Aquaporins also play a role in lateral root out-
growth. Auxin-mediated repression of AtPIP2;1 accounts for reduced polarised 
water flow into overlying tissue for optimum extension (Peret et al. 2012), while the 
tonoplast located aquaporins AtTIP1;1, AtTIP1;2 and AtTIP2;1 are also involved in 
the development of lateral root primordia in a complex manner, each isoform having 
different spatio-temporal expression patterns (Reinhardt et  al. 2016). It is yet 
unknown if these aquaporins also play similar roles in lateral root outgrowth under 
NO3

− stimulation. AtTIP2;1 is particularly interesting given that it complemented 
the triple tip1;1/1;2/2;1 knockouts (Reinhardt et al. 2016) and that its expression 
can be linked to N and energy signalling (Baena-Gonzalez et al. 2007). However, 
neither AtTIP2;1 nor AtPIP2;1 comes up as regulated genes in local NO3

− stimula-
tion in wild-type Arabidopsis or the NO3

− signalling mutant of NRG2 (Xu et al. 
2016), while AtTIP1;1, 2;2 and 2;3 are subject to changes in expression under local 
NO3

− supply (Li et al. 2014; Ruffel et al. 2011).
Maize cultivars show large differences in the response to NO3

− of lateral root 
outgrowth both in terms of homogeneous and locally high NO3

− (Yu et al. 2016). In 
this study pericycle cell transcriptomes were examined for all root classes and com-
pared between locally high NO3

− and uniform low NO3
−. The transcript responses 

were root-class dependent with brace roots showing the greatest response of some 
2,740 NO3

−-regulated genes with unique cell-cycle control genes being strongly 
represented. Brace roots would be worthy of further physiological studies to exam-
ine the water: NO3

− link.

4.2  �Root Hydraulics

Root hydraulic properties are sensitive to N form and concentration and are depen-
dent on species and length of treatment. For many species, an increase in water flow 
and hydraulic conductivity are observed. For example, in wheat, plants grown on 
NO3

− 0.5–16 mM, de-topped root exudation rates are increased in a dose-dependent 
manner with increasing NO3

− (Barthes et  al. 1996). When starved of NO3
− for 

5 days, wheat plants showed a decrease in hydraulic conductivity and water flow 
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(Carvajal et al. 1996a). Resupplying NO3
− to N-starved wheat caused quick increase 

in flow and hydraulic conductivity, resulting in a return to control values by 24 h 
(Carvajal et al. 1996b). A rapid stimulation of Lpr by NO3

− is not always observed 
(Górska et al. 2010), for example, in the tree Eucalyptus grandis, no root response 
was observed, though in this species there was a longer-term increase in whole plant 
hydraulic conductance when gown on high N (Graciano et al. 2016).

It may be that the root cellular concentration of NO3
− plays an important role in 

these responses. Tomato and cucumber both increased water flow through roots in 
response to NO3

− (Gorska et al. 2008a). This was observed at the cellular level as 
well using a cell pressure probe to measure the half-time of water flow to applied 
pressure relaxations. The half-time fell when roots were exposed to NO3

−, indicat-
ing water flowed with smaller resistance in these cells. In the presence of tungstate, 
a NO3

− reductase inhibitor, tomato root responses at the cellular and whole root 
levels were unaffected, but the response of cucumber roots and cells was eliminated. 
It was shown that tomato roots maintained NO3

− uptake, but tungstate treatment 
inhibited uptake of NO3

− by cucumber roots. Using the cell pressure probe, inject-
ing NO3

− directly into cucumber root cells treated with NO3
− reductase recovered 

the cellular response. In maize, a delay is observed between NO3
− application and 

increase in hydraulic flow (Gorska et  al. 2008b). Tungstate application to maize 
roots results in a decreased NO3

− uptake rate over 4  h and also eliminates the 
hydraulic response to NO3

−. Tungstate application greatly inhibited PIP expression 
not seen in starved plants, indicating tungstate may disrupt many cellular pathways 
(Gorska et al. 2008b). In this case, diurnal patterns in maize root sap flow and osmo-
lality (Lopez et al. 2003) or de-topping effects may have confounded the hydraulic 
response to increased cellular NO3

− levels.
Observations over several species show that a species’ NO3

− uptake rate is linearly 
correlated with the magnitude of the hydraulic response (Górska et al. 2010). In these 
experiments, species with high NO3

− uptake rates had large increases in water flow 
after NO3

− application, while species with low NO3
− uptake rates lacked a hydraulic 

response to NO3
− (Górska et al. 2010). Cellular NO3

− levels may have been important 
in the hydraulic response to NO3

− in these plants. The link between NO3
− uptake rate 

and hydraulic response also supports the mass flow hypothesis for the basic hydraulic 
response described in Cramer et al. (2009a). Larger NO3

− uptake rates are quicker to 
deplete the root zone of NO3

− , and mass flow could be a mechanism to quickly resup-
ply NO3

− pools near the root surface when NO3
− is present (Gorska et al. 2008b).

4.3  �NO3
− Versus NH4

+ in Regulation of Root Hydraulics

The form of N supplied affects root hydraulic responses and is species dependent. 
In French bean, roots exposed to NO3

− (whole root or in split root) have increased 
water uptake compared to roots exposed to NH4

+. Water uptake in root systems split 
between NO3

− and zero N has more total uptake from the NO3
− fed roots, but when 

normalised by root volume, starved roots absorb more water per root volume. Under 
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NH4
+ or starvation, roots absorb more water and more water per unit root volume on 

the starvation side. Root volume and dry mass are larger when in NO3
− or NH4

+ 
compared to starvation and was more pronounced during the day than at night (Guo 
et al. 2002, 2007a, b).

Ammonium nutrition has mixed results in other species. Like French bean, maize 
NO3

− resupply led to an increase in water flow through the root in N starved plants, 
whereas urea and NH4

+ had slightly negative effects on water flow (Gorska et al. 
2008b). In tomato, application of either NO3

− , NH4
+ or NH4

+ + NO3
− increased the 

total exudate from de-topped plants, with NH4
+ having a slightly larger effect than 

NO3
− (Minshall 1964). Clover plants grown in 5 mM NO3

− had a slight increase in 
Lpr compared to 0.5 mM, but no increase was seen with NH4

+. Contrasting to this, 
ryegrass had a 300 % increase to either 5 mM NO3

− or NH4
+ compared to 0.5 mM 

(Belastegui-Macadam et al. 2007).
In rice, NO3

− and NH4
+ have mixed effects on plant hydraulics. In cultivar 

“Shanyou63” hybrid indica, root dry weights between NO3
− and NH4

+ fed plants are 
not different (Li et al. 2009; Yang et al. 2012), whereas root fresh weight is signifi-
cantly greater for NO3

− grown plants (Gao et al. 2010). When normalised to fresh 
weight, the water uptake was found to be significantly greater for NH4

+ grown plants 
in two out of three of the studies (Li et al. 2009; Yang et al. 2012) and that total root 
uptake of water (not normalised) was greatest for NH4

+ + NO3
− fed plants, interme-

diate for NO3
− and least with NH4

+ (Gao et al. 2010). All three of these studies show 
that for NO3

− fed plants, xylem water flow and total water uptake (normalised or 
not) decrease by greater amounts during water stress (PEG). These studies used the 
same rice cultivar and were treated with different N forms for up to 2 weeks poten-
tially masking the hydraulic effects behind growth changes. In mixed N (NH4

+ NO3
− 

) treatment, lowering N from 20 to 0.2 ppm led to a decrease in xylem sap flow and 
hydraulic conductivity over 3 days (Ishikawa-Sakurai et al. 2014). Upon resupply, 
xylem sap flow rate and hydraulic conductivity were raised. Interestingly, the initial 
response for starvation or resupply was opposite from the final response. The first 
6 h of starvation saw an increase in the hydraulic conductivity and xylem flow rate 
in N-starved plants. At 24 h, rates began to fall compared to plants in full N treat-
ment. Between 0 and 6 h, N-fed plants showed a slight increase in xylem sap flow 
but a decrease in Lpr. By the next light period, a large increase in both root xylem 
sap flow and Lpr were observed. This highlights that the magnitude of hydraulic 
response to N is time dependent and suggests that the direction of change may be 
time dependent as well probably linked to circadian and diurnal regulation.

Further study on rice comparing two cultivars that have different water relations 
responses to N supply during growth showed a strong increase in Lpr with increas-
ing N supply (as equal NH4

+ and NO3
− ) with larger responses observed for Yangdao6 

than Shanyou63 (Ren et al. 2015). This difference was reflected in the response of 
leaf water potential, which became more negative in Shanyou63 and was constant 
in Yangdao6 with increasing N. It was concluded that the increase in Lpr was due to 
a combination of reduced aerenchyma and lignin as well as increased PIP aquaporin 
expression in roots (see below). The greater response of Yangdao6 was linked to 
aquaporin expression and more reduced aerenchyma (Ren et al. 2015).
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4.4  �Transcriptional Responses of Aquaporins in Response to N

Aquaporins undoubtedly play a role in the N responses as indicated above. 
Transcriptional responses of aquaporins to changes in external N status, if they 
occur, tend to take days to become evident. Caution must be used, as transcription 
and protein amount are not always correlated (Hachez et  al. 2012). In tomato, 
increased hydraulic conductivity to N is seen quickly (Gorska et al. 2008a, 2010), 
but aquaporin gene responses were not seen before 48 h of treatment (Wang et al. 
2001). Exposing Arabidopsis to NO3

− from NH4
+ growth for 20 min only repressed 

AtNIP2;1 expression (see also chapter “Plant Aquaporins and Metalloids”) but left 
all other aquaporin levels the same (Wang et al. 2003). In Arabidopsis resupply of 
NO3

− to N-stressed plants strongly induced a TIP member, and several others 
weakly (Scheible et al. 2004). In maize, NO3

− addition was not reported to change 
PIP gene expression within 4  h, while tungstate treatment greatly inhibited the 
expression of most PIP genes (Gorska et al. 2008b). Eight hours after NO3

− addi-
tion, ZmPIP1-5b transcript level was strongly induced (Gaspar et  al. 2003). In 
French bean, NO3

−-induced PIP1 expression occurred around 4 days after addition, 
but no PIP1 gene induction was seen with NH4

+ (Guo et al. 2007a). In rice, switch-
ing from 10 ppm NH4

+ + NO3
− to 0.5 ppm led to a slight repression of OsPIP1;1, 

OsPIP2;3, OsTIP1;1 and OsTIP2;2 expression. Major reduction in expression was 
seen for OsPIP2;4 and OsPIP2;5 with induction for OsTIP2;1 and OsPIP2;6. 
During resupply, OsPIP2;4, OsPIP2;5 and OsTIP2;2 gene transcription was largely 
induced. Several other genes were slightly induced. This correlated with decreased 
hydraulic conductivity during starvation and increased during resupply (Ishikawa-
Sakurai et al. 2014).

5  �Post-translational Regulation of Aquaporins 
in Response to N

Aquaporin blockers result in reduced hydraulic conductivity under N treatments of 
wheat (Carvajal et  al. 1996b), barley (Ruggiero and Angelino 2007) and figleaf 
gourd (Rhee et al. 2011). An investigation of the link between Lpr and aquaporin 
protein abundance and post-translational responses in Arabidopsis revealed that 
AtPIP2 protein amount correlated with Lpr responses to various treatments (Pietro 
et al. 2013). A higher correlation was observed with the PIP phosphorylated pep-
tides. In contrast PIP1 and TIP abundance did not correlate with Lpr. N starvation 
tended to have the largest impact on PIP protein abundance. They also observed 
differences in deamination in PIP2 protein fragments, suggesting a role in post-
secondary modification of aquaporins during the response. Largely, however, these 
pathways, including pH-mediated gating, localization and phosphorylation, have 
remained unexplored in N regulation of plant hydraulics (Pietro et al. 2013). Other 
connections in this regard between NO3

− signalling and factors that regulate 
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aquaporins include elevation of ABA in certain cells (Ondzighi-Assoume et  al. 
2016) and transient increased cytosolic Ca2+ concentration (Riveras et al. 2015) in 
response to NO3

−. The Ca2+ response was abolished in mutants of NRT1.1 (NPF6.3). 
Both cytosolic Ca2+ and ABA are known to regulate aquaporins (Wan et al. 2004; 
Alleva et al. 2006).

Global protein phosphorylation patterns have been examined in N-starved 
Arabidopsis seedlings when resupplied with either NO3

− or NH4
+ compared with 

potassium chloride after 30 min (Engelsberger and Schulze 2012). Distinct phos-
phorylation patterns were observed for proteins that have signalling functions and 
transporters/channels. Phosphopeptides from aquaporins were identified, and 
these were rapidly dephosphorylated in response to KCl and NH4Cl, but KNO3 
produced a weaker effect, and there was a subsequent increase in phosphorylation 
over time.

Recently a significant advance was made in understanding the regulation by 
NO3

− of Lpr and aquaporins in Arabidopsis (Li et al. 2016). Examination of the Lpr 
of NO3

− transporter mutants including the transceptors NRT1.1 (NPF6.3) (dual 
HATS LATS) and NRT2.1 (iHATS) showed that only the NRT2.1 knockout had 
reduced Lpr. Though Lpr was lowered in the NRT2.1 mutant, it still responded to 
reduced NO3

− supply. Overall there was a better correlation between Lpr and shoot 
NO3

− concentration than root NO3
− across all mutants and WT. Although NRT1.1 

mutant was not considered further in the work, it did appear that the correlation 
between Lpr and shoot NO3

− was depressed in this mutant compared to 
WT.  Transcripts of both PIP1;1, PIP1;2, PIP2;1 and PIP2;3 correlated with 
changes in Lpr for NRT2.1 mutants under different NO3

− concentrations, and both 
PIP1 and PIP2 protein abundance were also correlated with Lpr. In WT, however, 
the regulation appeared to be mostly at the post-translational level. The conclusion 
from this study was that root aquaporins were regulated by a shoot-to-root signal 
communicating shoot NO3

− status as well as the function of NRT2.1 (Fig. 1). It 
would be worthwhile examining a split root protocol to distinguish between local 
and systemic signals to test this model, especially since NO3

− initially upregulates 
the level of the NRT2.1 transcript after starvation and split root experiments indicate 
that a shoot-to-root signal is involved in transmitting shoot N-demand to changes in 
NRT2.1 expression (Kudoyarova et al. 2015).

6  �Conclusions and Research Questions

While not uniform, plant hydraulics are modified depending on N form and amount. 
This involves changes in membrane water permeability mediated by PIP aquapo-
rins as well as root architectural modifications to facilitate N foraging in the soil. 
Cellular mechanisms of signalling of NO3

− and transduction to aquaporin activity 
to regulate Lpr are emerging and indicate that NO3

− concentration in cells is a sig-
nal rather than the assimilated products. Both local and systemic (shoot-to-root) 
signalling are involved, but the identity of the systemic signal is unknown. NRT2.1 
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appears to be an important component in the signalling of NO3
− to aquaporin 

responses resulting in transcriptional changes in aquaporin genes, but mainly post-
translational changes affecting aquaporin activity (Fig. 1). There are parallel regu-
lation paths via translocated sugar from the shoot on both NO3

− transporters and 
probably aquaporins. If mass flow of NO3

− to the root surface is the functional 
outcome of increased aquaporin activity, then major NO3

− transporters and aqua-
porins involved need to be co-located in the root. This co-location need not be in 
the same cell type but in the relevant root class (i.e. laterals) and similar position 
along the root axis. Single-cell transcriptomics combined with sensitive techniques 
to resolve fine spatial and kinetic responses in NO3

− and NH4
+ transport and water 

NRT2.1

P*

NRT1.1

?

[NO3-]

sugar

ABA

Ca2+

K2?

NO3-

?

K1?

?

PLC

NO3-

H2O
Co-location?

mass flow

TFs

?

? PIP

?

HY5

HY5 + sugar

S.D. Tyerman et al.



225

movement will potentially resolve the location issue and genes involved in signal-
ling. Research questions include:

•	 How is the cellular NO3
− signal perceived and transduced to give relatively rapid 

changes in kinase and phosphatases that target PIP aquaporins?
•	 Is there a direct effect of NO3

− and/or NH4
+ on PIP and TIP aquaporins? Given 

that an animal aquaporin can transport NO3
− and one TIP aquaporin (AtTIP2;1) 

has a structure to facilitate NH4
+ transport, it would be wise to consider that both 

NH4
+ and NO3

− may have direct effects to regulate water flow through some 
aquaporins that could be tested in heterologous expression systems. Responses 
via changes in cytosolic pH have also not been thoroughly explored.

•	 What is the systemic signal that regulates aquaporin response to shoot N? For 
example, do shoot-derived microRNAs such as miR172c (Wang et al. 2014) or 
shoot-derived transcription factors such as HY5 (Chen et al. 2016) have a role in 
root aquaporin expression?

•	 Is there a control via NO3
− signalling on the key PIP and TIP involved in lateral 

root growth in response to local NO3
− concentration?

Fig. 1  Regulation of root PIP aquaporins involves specific and probably parallel pathways of local 
and systemic signalling. Local: The presence of NRT2.1 is required for maintaining a high Lpr in 
Arabidopsis (Li et al. 2016), and while the signalling cascade to PIP aquaporins is unknown, it is 
likely to be via phosphorylation by an unidentified kinase(s) (denoted K2) (Engelsberger and 
Schulze 2012). NRT1.1 is also required for nitrate signalling and regulation of expression of 
NRT2.1 (Bouguyon et  al. 2015) (short-term upregulation and long-term downregulation) via a 
cytosolic Ca2+ signal involving phospholipase C (PLC), and various transcription factors are acti-
vated (TFs) (O’Brien et al. 2016; Riveras et al. 2015). Although Ca2+ is known to directly regulate 
PIP aquaporins via gating (Verdoucq et al. 2008), the presence of NRT1.1 was not required for Lpr 
responses to NO3

− in Arabidopsis (Li et al. 2016). Abscisic acid (ABA) is also elevated in certain 
cells (endodermis) of the root tip of Arabidopsis in response to NO3

− (Ondzighi-Assoume et al. 
2016). ABA has been shown to have a positive effect on root cell water permeability by an unknown 
but rapid mechanism (Wan et  al. 2004; Olaetxea et  al. 2015). Transcription and translation to 
increase protein abundance are indicated as dotted arrows to PIPs and NRTs. Systemic: Shoot 
NO3

− positively correlates with Lpr in Arabidopsis, and unknown shoot-to-root signal was sug-
gested (black arrow) (Li et al. 2016). Sugar has been shown to activate a kinase (K1? = SIRK1), 
which phosphorylates PIP aquaporins to activate them in Arabidopsis seedlings (Wu et al. 2013), 
and it is assumed that this occurs in roots in the diagram (red arrow, K1?). Sugar signals also regu-
late root nitrate uptake and NRT2.1 (Wang and Ruan 2016). A shoot-to-root mobile bZIP transcrip-
tion factor activated by light (HY5) that interacts with sugar signalling in Arabidopsis increases 
expression of AtNRT2.1 in roots (green arrow) (Chen et al. 2016). NO3

− is also a signal to control 
stomatal aperture (Wilkinson et al. 2007), which will impact on transpiration and thence mass flow 
to the root. Also an unidentified shoot-to-root signal (blue arrow) conveying transpiration or leaf 
water potential regulates Lpr in rice (Sakurai-Ishikawa et  al. 2011) and probably other plants 
(Vandeleur et al. 2014); this could be ABA in wheat (Kudoyarova et al. 2011). Not shown in the 
diagram is the probable signalling involving NH4

+, the role of certain aquaporins in lateral root 
initiation in response to NO3

− and outgrowth that is important for NO3
− foraging in soil, nor the 

relative expression patterns of NO3
− transporters in the root that may influence the efficiency of 

coupling of water flow with PIP-activated increase in Lpr. Other hormones involved in N signalling 
are also not included, and some of these, e.g. auxin, have also been demonstrated to have effects 
on aquaporin regulation (Peret et al. 2012)
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•	 Fine scale mapping is required of water flow along a root that could be used in 
conjunction with ion flux measurement and gene expression to correlate with 
NO3

− and NH4
+ fluxes. Even more interesting would be to map this with energy 

consumption during the process of N and water uptake.
•	 The role of the root rhizosphere including its physical, chemical and microbial 

characteristics needs to be investigated in relation to N and aquaporin signalling 
and the effective delivery of both water and solutes to the root surface.

References

Ahamed A, Murai-Hatano M, Ishikawa-Sakurai J, Hayashi H, Kawamura Y, Uemura M (2012) 
Cold stress-induced acclimation in rice is mediated by root-specific aquaporins. Plant Cell 
Physiol 53(8):1445–1456

Ahmed MA, Zarebanadkouki M, Kaestner A, Carminati A (2016) Measurements of water uptake 
of maize roots: the key function of lateral roots. Plant Soil 398(1–2):59–77. doi:10.1007/
s11104-015-2639-6

Ahn CS, Ahn HK, Pai HS (2015) Overexpression of the PP2A regulatory subunit Tap46 leads 
to enhanced plant growth through stimulation of the TOR signalling pathway. J  Exp Bot 
66(3):827–840. doi:10.1093/jxb/eru438

Alleva K, Niemietz CM, Maurel C, Parisi M, Tyerman SD, Amodeo G (2006) Plasma membrane 
of Beta vulgaris storage root shows high water channel activity regulated by cytoplasmic pH 
and a dual range of calcium concentrations. J Exp Bot 57(3):609–621. doi:10.1093/Jxb/Erj046

Almeida-Rodriguez AM, Hacke UG, Laur J  (2011) Influence of evaporative demand on aqua-
porin expression and root hydraulics of hybrid poplar. Plant Cell Environ 34(8):1318–1331. 
doi:10.1111/j.1365-3040.2011.02331.x

Aroca R, Amodeo G, Fernández-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

Baena-González E, Sheen J  (2008) Convergent energy and stress signaling. Trends Plant Sci 
13(9):474–482. doi:10.1016/j.tplants.2008.06.006

Baena-Gonzalez E, Rolland F, Thevelein JM, Sheen J  (2007) A central integrator of transcrip-
tion networks in plant stress and energy signalling. Nature 448(7156):938–U910. doi:10.1038/
nature06069

Barber SA (1962) A diffusion and mass-flow concept of soil nutrient availability. Soil Sci 93:39–49
Barberon M, Vermeer JEM, De Bellis D, Wang P, Naseer S, Andersen TG, Humbel BM, Nawrath 

C, Takano J, Salt DE, Geldner N (2016) Adaptation of root function by nutrient-induced plas-
ticity of endodermal differentiation. Cell 164:447–459

Barthes L, Deleens E, Bouseer A, Hoarau J, Prior J-L (1996) Xylem exudation is regulated to 
nitrate assimilation pathway in detopped maize seedlings: use of nitrate reductase and gluta-
mine synthetase inhibitors as tools. J Exp Bot 47(297):485–495

Belastegui-Macadam XM, Estavillo JM, Garcia-Mina JM, Gonzalez A, Bastias E, Gonzalez-
Murua C (2007) Clover and ryegrass are tolerant species to ammonium nutrition. J  Plant 
Physiol 164(12):1583–1594. doi:10.1016/j.jplph.2006.11.013

Bertl A, Kaldenhoff R (2007) Function of a separate NH3 pore in Aquaporin TIP2;2 from wheat. 
FEBS Lett 581:5413–5417

Bouguyon E, Brun F, Meynard D, Kubes M, Pervent M, Leran S, Lacombe B, Krouk G, Guiderdoni 
E, Zazimalova E, Hoyerova K, Nacry P, Gojon A (2015) Multiple mechanisms of nitrate sens-
ing by Arabidopsis nitrate transceptor NRT1.1. Nat Plants 1(3):8. doi:10.1038/nplants.2015.15

Boursiac Y, Boudet J, Postaire O, Luu DT, Tournaire-Roux C, Maurel C (2008) Stimulus-
induced downregulation of root water transport involves reactive oxygen species-activated 

S.D. Tyerman et al.

http://dx.doi.org/10.1007/s11104-015-2639-6
http://dx.doi.org/10.1007/s11104-015-2639-6
http://dx.doi.org/10.1093/jxb/eru438
http://dx.doi.org/10.1093/Jxb/Erj046
http://dx.doi.org/10.1111/j.1365-3040.2011.02331.x
http://dx.doi.org/10.1016/j.tplants.2008.06.006
http://dx.doi.org/10.1038/nature06069
http://dx.doi.org/10.1038/nature06069
http://dx.doi.org/10.1016/j.jplph.2006.11.013
http://dx.doi.org/10.1038/nplants.2015.15


227

cell signalling and plasma membrane intrinsic protein internalization. Plant J 56(2):207–218. 
doi:10.1111/J.1365-313x.2008.03594.X

Bramley H, Tyerman SD (2010) Root water transport under waterlogged conditions and the roles 
of aquaporins in transport of water and other solutes relevant to oxygen deficient conditions. 
In: Mancuso S, Shabala S (eds) Waterlogging signalling and tolerance in plants. Springer, 
Heidelberg, pp 151–180. doi:10.1007/978-3-642-10305-6

Bramley H, Turner DW, Tyerman SD, Turner NC (2007a) Water flow in the roots of crop spe-
cies: the influence of root structure, aquaporin activity, and waterlogging. In: Sparks DL (ed) 
Advances in agronomy, vol 96. Elsevier Academic Press, San Diego, pp 133–196. doi:10.1016/
s0065-2113(07)96002-2

Bramley H, Turner NC, Turner DW, Tyerman SD (2007b) Comparison between gradient-dependent 
hydraulic conductivities of roots using the root pressure probe: the role of pressure propaga-
tions and implications for the relative roles of parallel radial pathways. Plant Cell Environ 
30(7):861–874. doi:10.1111/J.1365-3040.2007.01678.X

Bramley H, Turner NC, Turner DW, Tyerman SD (2009) Roles of morphology, anatomy, and aqua-
porins in determining contrasting hydraulic behavior of roots. Plant Physiol 150(1):348–364. 
doi:10.1104/Pp.108.134098

Bramley H, Turner NC, Turner DW, Tyerman SD (2010) The contrasting influence of short-term 
hypoxia on the hydraulic properties of cells and roots of wheat and lupin. Funct Plant Biol 
37(3):183–193. doi:10.1071/Fp09172

Caldeira CF, Jeanguenin L, Chaumont F, Tardieu F (2014) Circadian rhythms of hydraulic conduc-
tance and growth are enhanced by drought and improve plant performance. Nat Commun:5. 
doi:10.1038/ncomms6365

Camanes G, Cerezo M, Primo-Millo E, Gojon A, Garcia-Agustin P (2007) Ammonium trans-
port and CitAMT1 expression are regulated by light and sucrose in Citrus plants. J Exp Bot 
58(11):2811–2825. doi:10.1093/jxb/erm135

Cannell MGR, Thornley JHM (2000) Modelling the components of plant respiration: some guid-
ing principles. Ann Bot 85(1):45–54. doi:10.1006/anbo.1999.0996

Carvajal M, Cooke DT, Clarkson DT (1996b) Plasma membrane fluidity and hydraulic conduc-
tance in wheat roots: interactions between root temperature and nitrate or phosphate depriva-
tion. Plant Cell Environ 19(9):1110–1114. doi:10.1111/j.1365-3040.1996.tb00219.x

Carvajal M, Cooke DT, Clarkson DT (1996a) Responses of wheat plants to nutrient deprivation 
may involve the regulation of water-channel function. Planta 199(3):372–381

Chapman N, Miller AJ, Lindsey K, Whalley WR (2012) Roots, water, and nutrient acquisition: 
let’s get physical. Trends Plant Sci 17(12):701–710

Chaumont F, Tyerman SD (2014) Aquaporins: highly regulated channels controlling plant water 
relations. Plant Physiol 164:1600–1618

Chen XB, Yao QF, Gao XH, Jiang CF, Harberd NP, Fu XD (2016) Shoot-to-root mobile transcrip-
tion factor HY5 coordinates plant carbon and nitrogen acquisition. Curr Biol 26(5):640–646. 
doi:10.1016/j.cub.2015.12.066

Chevalier AS, Chaumont F (2015) Trafficking of plant plasma membrane aquaporins: multiple 
regulation levels and complex sorting signals. Plant Cell Physiol 56(5):819–829. doi:10.1093/
pcp/pcu203

Chiasson DM, Loughlin PC, Mazurkiewicz D, Mohammadidehcheshmeh M, Fedorova EE, 
Okamoto M, McLean E, Glass ADM, Smith SE, Bisseling T, Tyerman SD, Day DA, Kaiser BN 
(2014) Soybean SAT1 (Symbiotic Ammonium Transporter 1) encodes a bHLH transcription 
factor involved in nodule growth and NH4

+ transport. Proc Natl Acad Sci U S A 111(13):4814–
4819. doi:10.1073/pnas.1312801111

Cho HY, Wen TN, Wang YT, Shih MC (2016) Quantitative phosphoproteomics of protein kinase 
SnRK1 regulated protein phosphorylation in Arabidopsis under submergence. J  Exp Bot 
67(9):2745–2760. doi:10.1093/jxb/erw107

Choi WG, Roberts DM (2007) Arabidopsis NIP2;1, a major intrinsic protein transporter of lac-
tic acid induced by anoxic stress. J  Biol Chem 282(33):24209–24218. doi:10.1074/jbc.
M700982200

﻿Root Hydraulic and Aquaporin Responses to N Availability

http://dx.doi.org/10.1111/J.1365-313x.2008.03594.X
http://dx.doi.org/10.1007/978-3-642-10305-6
http://dx.doi.org/10.1016/s0065-2113(07)96002-2
http://dx.doi.org/10.1016/s0065-2113(07)96002-2
http://dx.doi.org/10.1111/J.1365-3040.2007.01678.X
http://dx.doi.org/10.1104/Pp.108.134098
http://dx.doi.org/10.1071/Fp09172
http://dx.doi.org/10.1038/ncomms6365
http://dx.doi.org/10.1093/jxb/erm135
http://dx.doi.org/10.1006/anbo.1999.0996
http://dx.doi.org/10.1111/j.1365-3040.1996.tb00219.x
http://dx.doi.org/10.1016/j.cub.2015.12.066
http://dx.doi.org/10.1093/pcp/pcu203
http://dx.doi.org/10.1093/pcp/pcu203
http://dx.doi.org/10.1073/pnas.1312801111
http://dx.doi.org/10.1093/jxb/erw107
http://dx.doi.org/10.1074/jbc.M700982200
http://dx.doi.org/10.1074/jbc.M700982200


228

Clarkson DT, Warner AJ (1979) Relationships between root temperature and the transport of 
ammonium and nitrate ions by Italian and perennial ryegrass (Lolium-multiflorum and Lolium-
perenne). Plant Physiol 64(4):557–561. doi:10.1104/pp.64.4.557

Colmer TD, Bloom AJ (1998) A comparison of NH4+ and NO3- net fluxes along roots of rice and 
maize. Plant Cell Environ 21(2):240–246. doi:10.1046/j.1365-3040.1998.00261.x

Cramer MD, Hoffmann V, Verboom GA (2008) Nutrient availability moderates transpiration in 
Ehrharta calycina. New Phytol 179:1048–1057

Cramer MD, Hawkins H-J, Verboom GA (2009a) The importance of nutritional regulation of plant 
water flux. Oecologia 161(1):15–24. doi:10.1007/s00442-009-1364-3

Cramer MD, Hawkins H-J, Verboom GA (2009b) The importance of nutritional regulation of plant 
water flux. Oecologia 161:15–24

Davidson EA, Janssens IA, Luo YQ (2006) On the variability of respiration in terrestrial ecosystems: 
moving beyond Q(10). Glob Chang Biol 12(2):154–164. doi:10.1111/j.1365-2486.2005.01065.x

Delhon P, Gojon A, Tillard P, Passama L (1995) Diurnal regulation of NO3
− uptake in soybean 

plants.1. Changes in NO3
− influx, efflux, and N utilization in the plant during the day-night 

cycle. J Exp Bot 46(291):1585–1594. doi:10.1093/jxb/46.10.1585
Desnos T (2008) Root branching responses to phosphate and nitrate. Curr Opin Plant Biol 

11(1):82–87. doi:10.1016/j.pbi.2007.10.003
Dobrenel T, Caldana C, Hanson J, Robaglia C, Vincentz M, Veit B, Meyer C (2016) 

TOR signaling and nutrient sensing. Annu Rev Plant Biol 67:261–285. doi:10.1146/
annurev-arplant-043014-114648

Easlon HM, Bloom AJ (2013) The effects of rising atmospheric carbon dioxide on shoot-root 
nitrogen and water signaling. Front Plant Sci 4:8. doi:10.3389/fpls.2013.00304

Emanuelle S, Doblin MS, Stapleton DI, Bacic A, Gooley PR (2016) Molecular insights into 
the enigmatic metabolic regulator, SnRK1. Trends Plant Sci 21(4):341–353. doi:10.1016/j.
tplants.2015.11.001

Engelsberger WR, Schulze WX (2012) Nitrate and ammonium lead to distinct global dynamic 
phosphorylation patterns when resupplied to nitrogen-starved Arabidopsis seedlings. Plant 
J 69(6):978–995. doi:10.1111/j.1365-313X.2011.04848.x

Fang XZ, Tian WH, Liu XX, Lin XY, Jin CW, Zheng SJ (2016) Alleviation of proton toxicity 
by nitrate uptake specifically depends on nitrate transporter 1.1  in Arabidopsis. New Phytol 
211(1):149–158. doi:10.1111/nph.13892

Felle HH (2005) pH regulation in anoxic plants. Ann Bot 96(4):519–532. doi:10.1093/aob/mci207
Feng HM, Yan M, Fan XR, Li BZ, Shen QR, Miller AJ, Xu GH (2011) Spatial expression and 

regulation of rice high-affinity nitrate transporters by nitrogen and carbon status. J Exp Bot 
62(7):2319–2332. doi:10.1093/jxb/erq403

Fetter K, Van Wilder V, Moshelion M, Chaumont F (2004) Interactions between plasma membrane 
aquaporins modulate their water channel activity. Plant Cell 16(1):215–228

Forde BG (2014) Nitrogen signalling pathways shaping root system architecture: an update. Curr 
Opin Plant Biol 21:30–36. doi:10.1016/j.pbi.2014.06.004

Franks PJ, Drake PL, Froend RH (2007) Anisohydric but isohydrodynamic: seasonally constant plant 
water potential gradient explained by a stomatal control mechanism incorporating variable plant 
hydraulic conductance. Plant Cell Environ 30(1):19–30. doi:10.1111/J.1365-3040.01600.X

Gao Y, Li Y, Yang X, Li H, Shen Q, Guo S (2010) Ammonium nutrition increases water absorp-
tion in rice seedlings (Oryza sativa L.) under water stress. Plant Soil 331(1–2):193–201. 
doi:10.1007/s11104-009-0245-1

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

Glass ADM (2003) Nitrogen use efficiency of crop plants: physiological constraints upon nitrogen 
absorption. Crit Rev Plant Sci 22(5):453–470. doi:10.1080/07352680390243512

Gloser V, Zwieniecki MA, Orians CM, Holbrook NM (2007) Dynamic changes in root hydraulic 
properties in response to nitrate availability. J Exp Bot 58(10):2409–2415

Gonzalez-Dugo V, Durand JL, Gastal F (2010) Water deficit and nitrogen nutrition of crops. A 
review. Agron Sustain Dev 30(3):529–544. doi:10.1051/agro/2009059

S.D. Tyerman et al.

http://dx.doi.org/10.1104/pp.64.4.557
http://dx.doi.org/10.1046/j.1365-3040.1998.00261.x
http://dx.doi.org/10.1007/s00442-009-1364-3
http://dx.doi.org/10.1111/j.1365-2486.2005.01065.x
http://dx.doi.org/10.1093/jxb/46.10.1585
http://dx.doi.org/10.1016/j.pbi.2007.10.003
http://dx.doi.org/10.1146/annurev-arplant-043014-114648
http://dx.doi.org/10.1146/annurev-arplant-043014-114648
http://dx.doi.org/10.3389/fpls.2013.00304
http://dx.doi.org/10.1016/j.tplants.2015.11.001
http://dx.doi.org/10.1016/j.tplants.2015.11.001
http://dx.doi.org/10.1111/j.1365-313X.2011.04848.x
http://dx.doi.org/10.1111/nph.13892
http://dx.doi.org/10.1093/aob/mci207
http://dx.doi.org/10.1093/jxb/erq403
http://dx.doi.org/10.1016/j.pbi.2014.06.004
http://dx.doi.org/10.1111/J.1365-3040.01600.X
http://dx.doi.org/10.1007/s11104-009-0245-1
http://dx.doi.org/10.1080/07352680390243512
http://dx.doi.org/10.1051/agro/2009059


229

Gorska A, Ye Q, Holbrook NM, Zwieniecki MA (2008a) Nitrate control of root hydraulic properties 
in plants: translating local information to whole plant response. Plant Physiol 148:1159–1167

Gorska A, Zwieniecka A, Michele Holbrook N, Zwieniecki MA (2008b) Nitrate induction 
of root hydraulic conductivity in maize is not correlated with aquaporin expression. Planta 
228:989–998

Górska A, Lazor JW, Zwieniecka AK, Benway C, Zwieniecki MA (2010) The capacity for nitrate 
regulation of root hydraulic properties correlates with species’ nitrate uptake rates. Plant Soil 
337:447–455

Graciano C, Faustino LI, Zwieniecki MA (2016) Hydraulic properties of Eucalyptus grandis in 
response to nitrate and phosphate deficiency and sudden changes in their availability. J Plant 
Nutr Soil Sci 179(2):303–309. doi:10.1002/jpln.201500207

Grondin A, Rodrigues O, Verdoucq L, Merlot S, Leonhardt N, Maurel C (2015) Aquaporins con-
tribute to ABA-triggered stomatal closure through OST1-mediated phosphorylation. Plant Cell 
27:1945–1954

Grondin A, Mauleon R, Vadez V, Henry A (2016) Root aquaporins contribute to whole plant 
water fluxes under drought stress in rice (Oryza sativa L.). Plant Cell Environ 39(2):347–365. 
doi:10.1111/pce.12616

Gu R, Chen X, Zhou Y, Yuan L (2012) Isolation and characterization of three maize aquaporin genes, 
ZmNIP2;1, ZmNIP2;1 and ZmTIP4;4 involved in urea transport. BMB Rep 45(2):96–101

Guo S, Bruck H, Sattelmacher B (2002) Effects of supplied nitrogen form on growth and water 
uptake of French bean (Phaseolus vulgaris L.) plants – nitrogen form and water uptake. Plant 
Soil 239(2):267–275. doi:10.1023/a:1015014417018

Guo S, Kaldenhoff R, Uehlein N, Sattelmacher B, Brueck H (2007a) Relationship between water 
and nitrogen uptake in nitrate- and ammonium-supplied Phaseolus vulgaris L. plants. J Plant 
Nutr Soil Sci 170:73–80. doi:10.1002/jpln.200625073

Guo S, Shen Q, Brueck H (2007b) Effects of local nitrogen supply on water uptake of bean plants in 
a split root system. J Integr Plant Biol 49(4):472–480. doi:10.1111/j.1744-7909.2007.00436.x

Guo S, Zhou Y, Shen Q, Zhang F (2007c) Effect of ammonium and nitrate nutrition on some 
physiological processes in higher plants - Growth, photosynthesis, photorespiration, and water 
relations. Plant Biol 9(1):21–29. doi:10.1055/s-2006-924541

Hachez C, Moshelion M, Zelazny E, Cavez D, Chaumont F (2006) Localization and quantification 
of plasma membrane aquaporin expression in maize primary root: a clue to understanding their 
role as cellular plumbers. Plant Mol Biol 62(1–2):305–323. doi:10.1007/S11103-006-9022-1

Hachez C, Heinen RB, Draye X, Chaumont Fc, ois (2008) The expression pattern of plasma mem-
brane aquaporins in maize leaf highlights their role in hydraulic regulation. Plant Mol Biol 
68:337–353

Hachez C, Veselov D, Ye Q, Reinhardt H, Knipfer T, Fricke W, Chaumont Fc, ois (2012) Short-
term control of maize cell and root water permeability through plasma membrane aquaporin 
isoforms. Plant Cell Environ 35:185–198

Hazama A, Kozono D, Guggino WB, Agre P, Yasui M (2002) Ion permeation of AQP6 water chan-
nel protein. J Biol Chem 277(32):29224–29230

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

Henzler T, Waterhouse RN, Smyth AJ, Carvajal M, Cooke DT, Schaffner AR, Steudle E, DT C 
(1999) Diurnal variations in hydraulic conductivity and root pressure can be correlated with the 
expression of putative aquaporins in the roots of Lotus japonicus. Planta 210:50–60

Herzog M, Striker GG, Colmer TD, Pedersen O (2016) Mechanisms of waterlogging toler-
ance in wheat – a review of root and shoot physiology. Plant Cell Environ 39(5):1068–1086. 
doi:10.1111/pce.12676

Hodges TK, Elzam OE (1967) Effect of azide and oligomycin on transport of calcium ions in corn 
mitochondria. Nature 215:970–972. doi:10.1038/215970a0

Holm LM, Jahn TP, Moller ALB, Schjoerring JK, Ferri D, Klaerke DA, Zeuthen T (2005) NH3 and 
NH4+ permeability in aquaporin-expressing Xenopus oocytes. Pflugers Arch 450(6):415–428. 
doi:10.1007/s00424-005-1399-1

﻿Root Hydraulic and Aquaporin Responses to N Availability

http://dx.doi.org/10.1002/jpln.201500207
http://dx.doi.org/10.1111/pce.12616
http://dx.doi.org/10.1023/a:1015014417018
http://dx.doi.org/10.1002/jpln.200625073
http://dx.doi.org/10.1111/j.1744-7909.2007.00436.x
http://dx.doi.org/10.1055/s-2006-924541
http://dx.doi.org/10.1007/S11103-006-9022-1
http://dx.doi.org/10.1111/pce.12676
http://dx.doi.org/10.1038/215970a0
http://dx.doi.org/10.1007/s00424-005-1399-1


230

Huang NC, Chiang CS, Crawford NM, Tsay YF (1996) CHL1 encodes a component of the low-
affinity nitrate uptake system in Arabidopsis and shows cell type-specific expression in roots. 
Plant Cell 8(12):2183–2191

Hüsken D, Steudle E, Zimmermann U (1978) Pressure probe technique for measuring water rela-
tions of cells in higher plants. Plant Physiol 61:158–163

Ishikawa-Sakurai J, Hayashi H, Murai-Hatano M (2014) Nitrogen availability affects hydraulic 
conductivity of rice roots, possibly through changes in aquaporin gene expression. Plant Soil 
379:289–300. doi:10.1007/s11104-014-2070-4

Jahn TP, Moller ALB, Zeuthen T, LM H, Klaerke DA, Mohsin B, Kühlbrandt W, Schjoerring 
JK (2004) Aquaporin homologues in plants and mammals transport ammonia. FEBS Lett 
574:13–36

Jossier M, Bouly JP, Meimoun P, Arjmand A, Lessard P, Hawley S, Grahame Hardie D, Thomas 
M (2009) SnRK1 (SNF1-related kinase 1) has a central role in sugar and ABA signalling in 
Arabidopsis thaliana. Plant J 59(2):316–328. doi:10.1111/j.1365-313X.2009.03871.x

Kiba T, Krapp A (2016) Plant nitrogen acquisition under low availability: regulation of uptake and 
root architecture. Plant Cell Physiol. doi:10.1093/pcp/pcw052

Kiba T, Feria-Bourrellier AB, Lafouge F, Lezhneva L, Boutet-Mercey S, Orsel M, Brehaut V, Miller 
A, Daniel-Vedele F, Sakakibara H, Krapp A (2012) The arabidopsis nitrate transporter NRT2.4 
plays a double role in roots and shoots of nitrogen-straved plants. Plant Cell 24(1):245–258. 
doi:10.1105/tpc.111.092221

Kirscht A, Kaptan SS, Bienert GP, Chaumont F, Nissen P, de Groot BL, Kjellbom P, Gourdon P, 
Johanson U (2016) Crystal structure of an ammonia-permeable aquaporin. PLoS Biol 14(3):19. 
doi:10.1371/journal.pbio.1002411

Klebl F, Wolf M, Sauer N (2003) A defect in the yeast plasma membrane urea transporter Dur3p 
is complemented by CpNIP1, a Nod26-like protein from zucchini (Cucurbita pepo L.), and by 
Arabidopsis thaliana δ-TIP or γ-TIP. FEBS Lett 547:69–74

Kotur Z, Mackenzie N, Ramesh S, Tyerman SD, Kaiser BN, Glass ADM (2012) Nitrate trans-
port capacity of the Arabidopsis thaliana NRT2 family members and their interactions with 
AtNAR2.1. New Phytol 194(3):724–731. doi:10.1111/j.1469-8137.2012.04094.x

Kramer PJ, Boyer JS (1995) Water relations of plants and soils. Academic, San Diego
Kreuzwieser J, Gessler A (2010) Global climate change and tree nutrition: influence of water avail-

ability. Tree Physiol 30(9):1221–1234. doi:10.1093/treephys/tpq055
Kreuzwieser J, Furniss S, Rennenberg H (2002) Impact of waterlogging on the N-metabolism 

of flood tolerant and non-tolerant tree species. Plant Cell Environ 25(8):1039–1049. 
doi:10.1046/j.1365-3040.2002.00886.x

Kudoyarova G, Veselova S, Hartung W, Farhutdinov R, Veselov D, Sharipova G (2011) Involvement 
of root ABA and hydraulic conductivity in the control of water relations in wheat plants exposed 
to increased evaporative demand. Planta 233(1):87–94. doi:10.1007/S00425-010-1286-7

Kudoyarova GR, Dodd IC, Veselov DS, Rothwell SA, Veselov SY (2015) Common and spe-
cific responses to availability of mineral nutrients and water. J  Exp Bot 66(8):2133–2144. 
doi:10.1093/jxb/erv017

Laanbroek HJ (1990) Bacterial cycling of minerals that affect plant-growth in waterlogged soils – 
a review. Aquat Bot 38(1):109–125. doi:10.1016/0304-3770(90)90101-p

Laur J, Hacke UG (2013) Transpirational demand affects aquaporin expression in poplar roots. 
J Exp Bot 64(8):2283–2293. doi:10.1093/jxb/ert096

Lee SH, Singh AP, Chung GC (2004a) Rapid accumulation of hydrogen peroxide in cucumber 
roots due to exposure to low temperature appears to mediate decreases in water transport. J Exp 
Bot 55(403):1733–1741

Lee SH, Singh AP, Chung GC, Ahn SJ, Noh EK, Steudle E (2004b) Exposure of roots of cucum-
ber (Cucumis sativus) to low temperature severely reduces root pressure, hydraulic conductiv-
ity and active transport of nutrients. Physiol Plant 120(3):413–420. doi:10.1111/j.0031-9317. 
2004.00248.x

Lee HK, Cho SK, Son O, Xu Z, Hwang I, Kim WT (2009) Drought stress-induced Rma1H1, a 
RING membrane-anchor E3 ubiquitin ligase homolog, regulates aquaporin levels via ubiquiti-
nation in transgenic Arabidopsis plants. Plant Cell 21:622–641

S.D. Tyerman et al.

http://dx.doi.org/10.1007/s11104-014-2070-4
http://dx.doi.org/10.1111/j.1365-313X.2009.03871.x
http://dx.doi.org/10.1093/pcp/pcw052
http://dx.doi.org/10.1105/tpc.111.092221
http://dx.doi.org/10.1371/journal.pbio.1002411
http://dx.doi.org/10.1111/j.1469-8137.2012.04094.x
http://dx.doi.org/10.1093/treephys/tpq055
http://dx.doi.org/10.1046/j.1365-3040.2002.00886.x
http://dx.doi.org/10.1007/S00425-010-1286-7
http://dx.doi.org/10.1093/jxb/erv017
http://dx.doi.org/10.1016/0304-3770(90)90101-p
http://dx.doi.org/10.1093/jxb/ert096
http://dx.doi.org/10.1111/j.0031-9317.2004.00248.x
http://dx.doi.org/10.1111/j.0031-9317.2004.00248.x


231

Lejay L, Gansel X, Cerezo M, Tillard P, Muller C, Krapp A, von Wiren N, Daniel-Vedele F, Gojon 
A (2003) Regulation of root ion transporters by photosynthesis: functional importance and 
relation with hexokinase. Plant Cell 15(9):2218–2232. doi:10.1105/tpc.013516

Léran S, Varala K, Boyer JC, Chiurazzi M, Crawford N, Daniel-Vedele F, David L, Dickstein R, 
Fernandez E, Forde B, Gassmann W, Geiger D, Gojon A, Gong JM, Halkier BA, Harris JM, 
Hedrich R, Limami AM, Rentsch D, Seo M, Tsay YF, Zhang M, Coruzzi G, Lacombe B (2014) 
A unified nomenclature of nitrate transporter 1/peptide transporter family members in plants. 
Trends Pant Sci 19(1):5–9

Lezhneva L, Kiba T, Feria-Bourrellier AB, Lafouge F, Boutet-Mercey S, Zoufan P, Sakakibara 
H, Daniel-Vedele F, Krapp A (2014) The Arabidopsis nitrate transporter NRT2.5 plays a role 
in nitrate acquisition and remobilization in nitrogen-starved plants. Plant J  80(2):230–241. 
doi:10.1111/tpj.12626

Li WB, Wang Y, Okamoto M, Crawford NM, Siddiqi MY, Glass ADM (2007) Dissection of the 
AtNRT2.1: AtNRT2.2 inducible high-affinity nitrate transporter gene cluster. Plant Physiol 
143(1):425–433. doi:10.1104/pp.106.091223

Li Y, Gao Y, Ding L, Shen Q, Guo S (2009) Ammonium enhances the tolerance of rice seedlings 
(Oryza sativa L.) to drought condition. Agric Water Manag 96(12):1746–1750. doi:10.1016/j.
agwat.2009.07.008

Li Y, Krouk G, Coruzzi GM, Ruffel S (2014) Finding a nitrogen niche: a systems integration of 
local and systemic nitrogen signalling in plants. J Exp Bot 65(19):5601–5610. doi:10.1093/
jxb/eru263

Li G, Tillard P, Gojon A, Maurel C (2016) Dual regulation of root hydraulic conductivity and 
plasma membrane aquaporins by plant nitrate accumulation and high-affinity nitrate trans-
porter NRT2.1. Plant Cell Physiol 57(4):733–742. doi:10.1093/pcp/pcw022

Libourel IGL, van Bodegom PM, Fricker MD, Ratcliffe RG (2006) Nitrite reduces cytoplasmic 
acidosis under anoxia. Plant Physiol 142(4):1710–1717. doi:10.1104/pp.106.088898

Lillo C, Kataya ARA, Heidari B, Creighton MT, Nemie-Feyissa D, Ginbot Z, Jonassen EM (2014) 
Protein phosphatases PP2A, PP4 and PP6: mediators and regulators in development and 
responses to environmental cues. Plant Cell Environ 37(12):2631–2648. doi:10.1111/pce.12364

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

Liu K, Kozono D, Kato Y, Agre P, Hazama A, Yasui M (2005) Conversion of aquaporin 6 from an 
anion channel to a water-selective channel by a single amino acid substitution. Proc Natl Acad 
Sci 102:2192–2197

Lopez M, Bousser AS, Sissoeff I, Gaspar M, Lachaise B, Hoarau J, Mahe A (2003) Diurnal regu-
lation of water transport and aquaporin gene expression in maize roots: Contribution of PIP2 
proteins. Plant Cell Physiol 44(12):1384–1395

Lopez-Bucio J, Cruz-Ramirez A, Herrera-Estrella L (2003) The role of nutrient availability in regu-
lating root architecture. Curr Opin Plant Biol 6(3):280–287. doi:10.1016/s1369-5266(03)00035-9

Ludewig U, Neuhduser B, Dynowski M (2007) Molecular mechanisms of ammonium transport 
and accumulation in plants. FEBS Lett 581(12):2301–2308. doi:10.1016/j.febslet.2007.03.034

Lynch JP (2013) Steep, cheap and deep: an ideotype to optimize water and N acquisition by maize 
root systems. Ann Bot 112(2):347–357. doi:10.1093/aob/mcs293

Marschner H (1995) Mineral nutrition of higher plants, 2nd edn. Academic, 889 pp Academic 
Press 24–28. Oval Road, London NW1 7DX

Matimati I, Verboom GA, Cramer MD (2014) Nitrogen regulation of transpiration controls mass-
flow acquisition of nutrients. J Exp Bot 65(1):159–168. doi:10.1093/jxb/ert367

Maurel C, Boursiac Y, Luu DT, Santoni V, Shahzad Z, Verdoucq L (2015) Aquaporins in plants. 
Physiol Rev 95(4):1321–1358. doi:10.1152/physrev.00008.2015

Pietro M, Vialaret J, Li G, Hem S, Prado K, Rossignol M, Maurel C, Santoni V (2013) Coordinated 
post-translational responses of aquaporins to abiotic and nutritional stimuli in Arabidopsis 
roots. Mol Cell Proteomics 12(12):M113.028241–M028113.028241

Miller AJ, Cramer MD (2004) Root nitrogen acquisition and assimilation. Plant Soil 274:1–36
Minshall WH (1964) Effect of nitrogen-containing nutrients on the exudation from detopped 

tomato plants. Nature 202(4935):925–926

﻿Root Hydraulic and Aquaporin Responses to N Availability

http://dx.doi.org/10.1105/tpc.013516
http://dx.doi.org/10.1111/tpj.12626
http://dx.doi.org/10.1104/pp.106.091223
http://dx.doi.org/10.1016/j.agwat.2009.07.008
http://dx.doi.org/10.1016/j.agwat.2009.07.008
http://dx.doi.org/10.1093/jxb/eru263
http://dx.doi.org/10.1093/jxb/eru263
http://dx.doi.org/10.1093/pcp/pcw022
http://dx.doi.org/10.1104/pp.106.088898
http://dx.doi.org/10.1111/pce.12364
http://dx.doi.org/10.1016/s1369-5266(03)00035-9
http://dx.doi.org/10.1016/j.febslet.2007.03.034
http://dx.doi.org/10.1093/aob/mcs293
http://dx.doi.org/10.1093/jxb/ert367
http://dx.doi.org/10.1152/physrev.00008.2015


232

Moyano FE, Manzoni S, Chenu C (2013) Responses of soil heterotrophic respiration to mois-
ture availability: an exploration of processes and models. Soil Biol Biochem 59:72–85. 
doi:10.1016/j.soilbio.2013.01.002

Niemietz CM, Tyerman SD (2002) New potent inhibitors of aquaporins: silver and gold com-
pounds inhibit aquaporins of plant and human origin. FEBS Lett 531(3):443–447

Nyblom M, Frick A, Wang Y, Ekvall M, Hallgren K, Hedfalk K, Neutze R, Tajkhorshid E, Törnroth-
Horsefield S (2009) Structural and functional analysis of SoPIP2;1 mutants adds insight into 
plant aquaporin gating. J Mol Biol 387:653–668

Nye PH (1977) The rate-limiting step in plant nutrient absorption from soil. Soil Sci 123(5):292–297
O’Brien JA, Vega A, Bouguyon E, Krouk G, Gojon A, Coruzzi G, Gutierrez RA (2016) 

Nitrate transport, sensing, and responses in plants. Mol Plant 9(6):837–856. doi:10.1016/j.
molp.2016.05.004

O’Hara LE, Paul MJ, Wingler A (2013) How do sugars regulate plant growth and development? 
New insight into the role of trehalose-6-phosphate. Mol Plant 6(2):261–274. doi:10.1093/mp/
sss120

Olaetxea M, Mora V, Bacaicoa E, Garnica M, Fuentes M, Casanova E, Zamarreno AM, Iriarte 
JC, Etayo D, Ederra I, Gonzalo R, Baigorri R, Garcia-Mina JM (2015) Abscisic acid regula-
tion of root hydraulic conductivity and aquaporin gene expression is crucial to the plant shoot 
growth enhancement caused by rhizosphere humic acids. Plant Physiol 169(4):2587–2596. 
doi:10.1104/pp.15.00596

Ondzighi-Assoume CA, Chakraborty S, Harris JM (2016) Environmental nitrate stimulates 
abscisic acid accumulation in arabidopsis root tips by releasing it from inactive stores. Plant 
Cell 28(3):729–745. doi:10.1105/tpc.15.00946

Oyewole OA, Inselsbacher E, Nasholm T (2014) Direct estimation of mass flow and diffusion 
of nitrogen compounds in solution and soil. New Phytol 201(3):1056–1064. doi:10.1111/
nph.12553

Peret B, Li GW, Zhao J, Band LR, Voss U, Postaire O, Luu DT, Da Ines O, Casimiro I, Lucas M, 
Wells DM, Lazzerini L, Nacry P, King JR, Jensen OE, Schaffner AR, Maurel C, Bennett MJ 
(2012) Auxin regulates aquaporin function to facilitate lateral root emergence. Nat Cell Biol 
14(10):991. doi:10.1038/ncb2573

Pfister A, Barberon M, Alassimone J, Kalmbach L, Lee Y, Vermeer JEM, Yamazaki M, Li G, 
Maurel C, Takano J, Kamiya T, Salt DE, Roppolo D, Geldner N (2014) A receptor-like kinase 
mutant with absent endodermal diffusion barrier displays selective nutrient homeostasis 
defects. eLIFE 3(e03115):1–20. doi:10.7554/eLife.03115

Pill WG, Lambeth VN (1977) Effects of NH4
+ and NO3

− nutrition with and without pH adjustment 
on tomato growth, ion composition, and water relations. J Am Soc Hortic Sci 102(1):78–81

Poorter H, Vanderwerf A, Atkin OK, Lambers H (1991) Respiratory energy-requirements of 
roots vary with the potential growth-rate of a plant-species. Physiol Plant 83(3):469–475. 
doi:10.1034/j.1399-3054.1991.830321.x

Postaire O, Tournaire-Roux C, Grondin A, Boursiac Y, Morillon R, Schaffner AR, Maurel C (2010) 
A PIP1 aquaporin contributes to hydrostatic pressure-induced water transport in both the root 
and rosette of arabidopsis. Plant Physiol 152(3):1418–1430. doi:10.1104/pp.109.145326

Pou A, Medrano H, Flexas J, Tyerman SD (2013) A putative role for TIP and PIP aquaporins in 
dynamics of leaf hydraulic and stomatal conductances in grapevine under water stress and re-
watering. Plant Cell Environ 36(4):828–843. doi:10.1111/pce.12019

Pregitzer KS, King JA, Burton AJ, Brown SE (2000) Responses of tree fine roots to temperature. 
New Phytol 147(1):105–115. doi:10.1046/j.1469-8137.2000.00689.x

Ranathunge K, Kotula L, Steudle E, Lafitte R (2004) Water permeability and reflection coefficient 
of the outer part of young rice roots are differently affected by closure of water channels (aqua-
porins) or blockage of apoplastic pores. J Exp Bot 55(396):433–447. doi:10.1093/jxb/erh041

Raven JA (1985) Regulation of pH and generation of osmolarity in vascular plants – a cost-benefit 
analysis in relation to efficiency of use of energy, nitrogen and water. New Phytol 101(1):25–
77. doi:10.1111/j.1469-8137.1985.tb02816.x

Raven JA (2008) Transpiration: how many functions? New Phytol 179(4):905–907

S.D. Tyerman et al.

http://dx.doi.org/10.1016/j.soilbio.2013.01.002
http://dx.doi.org/10.1016/j.molp.2016.05.004
http://dx.doi.org/10.1016/j.molp.2016.05.004
http://dx.doi.org/10.1093/mp/sss120
http://dx.doi.org/10.1093/mp/sss120
http://dx.doi.org/10.1104/pp.15.00596
http://dx.doi.org/10.1105/tpc.15.00946
http://dx.doi.org/10.1111/nph.12553
http://dx.doi.org/10.1111/nph.12553
http://dx.doi.org/10.1038/ncb2573
http://dx.doi.org/10.7554/eLife.03115
http://dx.doi.org/10.1034/j.1399-3054.1991.830321.x
http://dx.doi.org/10.1104/pp.109.145326
http://dx.doi.org/10.1111/pce.12019
http://dx.doi.org/10.1046/j.1469-8137.2000.00689.x
http://dx.doi.org/10.1093/jxb/erh041
http://dx.doi.org/10.1111/j.1469-8137.1985.tb02816.x


233

Reinhardt H, Hachez C, Bienert MD, Beebo A, Swarup K, Voss U, Bouhidel K, Frigerio L, 
Schjoerring JK, Bennett MJ, Chaumont F (2016) Tonoplast aquaporins facilitate lateral root 
emergence. Plant Physiol 170(3):1640–1654. doi:10.1104/pp.15.01635

Ren BB, Wang M, Chen YP, Sun GM, Li Y, Shen QR, Guo SW (2015) Water absorption is 
affected by the nitrogen supply to rice plants. Plant Soil 396(1–2):397–410. doi:10.1007/
s11104-015-2603-5

Rhee JY, Chung GC, Katsuhara M, Ahn S-J (2011) Effect of nutrient deficiencies on the water 
transport properties in figleaf gourd plants. Hortic Environ Biotechnol 52(6):629–634. 
doi:10.1007/s13580-011-0046-3

Riveras E, Alvarez JM, Vidal EA, Oses C, Vega A, Gutierrez RA (2015) The calcium ion is a 
second messenger in the nitrate signaling pathway of arabidopsis. Plant Physiol 169(2):1397–
1404. doi:10.1104/pp.15.00961

Robaglia C, Thomas M, Meyer C (2012) Sensing nutrient and energy status by SnRK1 and TOR 
kinases. Curr Opin Plant Biol 15(3):301–307. doi:10.1016/j.pbi.2012.01.012

Robertson D, Zhang HP, Palta JA, Colmer T, Turner NC (2009) Waterlogging affects the growth, 
development of tillers, and yield of wheat through a severe, but transient, N deficiency. Crop 
Pasture Sci 60(6):578–586. doi:10.1071/cp08440

Robinson D (1994) The responses of plants to nonuniform supplies of nutrients. New Phytol 
127(4):635–674. doi:10.1111/j.1469-8137.1994.tb02969.x

Ruffel S, Krouk G, Ristova D, Shasha D, Birnbaum KD, Coruzzi GM (2011) Nitrogen economics 
of root foraging: transitive closure of the nitrate-cytokinin relay and distinct systemic signal-
ing for N supply vs. demand. Proc Natl Acad Sci U S A 108(45):18524–18529. doi:10.1073/
pnas.1108684108

Ruggiero C, Angelino G (2007) Changes of root hydraulic conductivity and root/shoot ratio of 
durum wheat and barley in relation to nitrogen availability and mercury exposure. Ital J Agron 
2(3):281–290

Sakurai-Ishikawa J, Murai-Hatano M, Hayashi H, Ahamed A, Fukushi K, Matsumoto T, Kitagawa 
Y (2011) Transpiration from shoots triggers diurnal changes in root aquaporin expression. 
Plant Cell Environ 34(7):1150–1163. doi:10.1111/J.1365-3040.2011.02313.X

Scheible W-R, Morcuende R, Czechowski T, Fritz C, Osuna D, Palacios-Rojas N, Schindelasch D, 
Thimm O, Udvardi MK, Stitt M (2004) Genome-wide reprogramming of primary and second-
ary metabolism, protein synthesis, cellular growth processes, and the regulatory infrastructure 
of Arabidopsis in response to nitrogen. Plant Physiol 136:2483–2499

Segonzac C, Boyer JC, Ipotesi E, Szponarski W, Tillard P, Touraine B, Sommerer N, Rossignol M, 
Gibrat R (2007) Nitrate efflux at the root plasma membrane: Identification of an Arabidopsis 
excretion transporter. Plant Cell 19:3760–3777

Seneviratne SI, Corti T, Davin EL, Hirschi M, Jaeger EB, Lehner I, Orlowsky B, Teuling AJ (2010) 
Investigating soil moisture-climate interactions in a changing climate: a review. Earth-Sci Rev 
99(3–4):125–161. doi:10.1016/j.earscirev.2010.02.004

Shabala S, Shabala L, Barcelo J, Poschenrieder C (2014) Membrane transporters mediating root 
signalling and adaptive responses to oxygen deprivation and soil flooding. Plant Cell Environ 
37(10):2216–2233. doi:10.1111/pce.12339

Shatil-Cohen A, Attia Z, Moshelion M (2011) Bundle-sheath cell regulation of xylem-mesophyll 
water transport via aquaporins under drought stress: a target of xylem-borne ABA? Plant 
J 67(1):72–80. doi:10.1111/j.1365-313X.2011.04576.x

Shaw RE, Meyer WS, McNeill A, Tyerman SD (2013) Waterlogging in Australian agricultural 
landscapes: a review of plant responses and crop models. Crop Pasture Sci 64(6):549–562. 
doi:10.1071/cp13080

Shimizu M, Ishida A, Hogetsu T (2005) Root hydraulic conductivity and whole-plants water bal-
ance in tropical saplings following a shade-to-sun transfer. Oecologia 143:189–197

Simunek J, Hopmans JW (2009) Modeling compensated root water and nutrient uptake. Ecol 
Model 220(4):505–521. doi:10.1016/j.ecolmodel.2008.11.004

Skerrett M, Tyerman SD (1994) A channel that allows inwardly directed fluxes of anions in proto-
plasts derived from wheat roots. Planta 192(3):295–305

﻿Root Hydraulic and Aquaporin Responses to N Availability

http://dx.doi.org/10.1104/pp.15.01635
http://dx.doi.org/10.1007/s11104-015-2603-5
http://dx.doi.org/10.1007/s11104-015-2603-5
http://dx.doi.org/10.1007/s13580-011-0046-3
http://dx.doi.org/10.1104/pp.15.00961
http://dx.doi.org/10.1016/j.pbi.2012.01.012
http://dx.doi.org/10.1071/cp08440
http://dx.doi.org/10.1111/j.1469-8137.1994.tb02969.x
http://dx.doi.org/10.1073/pnas.1108684108
http://dx.doi.org/10.1073/pnas.1108684108
http://dx.doi.org/10.1111/J.1365-3040.2011.02313.X
http://dx.doi.org/10.1016/j.earscirev.2010.02.004
http://dx.doi.org/10.1111/pce.12339
http://dx.doi.org/10.1111/j.1365-313X.2011.04576.x
http://dx.doi.org/10.1071/cp13080
http://dx.doi.org/10.1016/j.ecolmodel.2008.11.004


234

Sorgona A, Lupini A, Mercati F, Di Dio L, Sunseri F, Abenavoli MR (2011) Nitrate uptake along 
the maize primary root: an integrated physiological and molecular approach. Plant Cell Environ 
34(7):1127–1140. doi:10.1111/j.1365-3040.2011.02311.x

Sperry JS, Hacke UG, Oren R, Comstock JP (2002) Water deficits and hydraulic limits to leaf 
water supply. Plant Cell Environ 25(2):251–263. doi:10.1046/j.0016-8025.2001.00799.x

Steudle E (2001) The cohesion-tension mechanism and the acquisition of water by plant roots. 
Annu Rev Plant Physiol Plant Mol Biol 52:847–875

Steudle E, Peterson CA (1998) How does water get through roots? J Exp Bot 49(322):775–788. 
doi:10.1093/Jexbot/49.322.775

Sugden C, Donaghy PG, Halford NG, Hardie DG (1999) Two SNF1-Related protein kinases from 
spinach leaf phosphorylate and inactivate 3-hydroxy-3-methylglutaryl-coenzyme A reductase, 
nitrate reductase, and sucrose phosphate synthase in  vitro. Plant Physiol 120(1):257–274. 
doi:10.1104/pp.120.1.257

Sutka M, Li GW, Boudet J, Boursiac Y, Doumas P, Maurel C (2011) Natural variation of root 
hydraulics in arabidopsis grown in normal and salt-stressed conditions. Plant Physiol 
155(3):1264–1276. doi:10.1104/Pp.110.163113

Takase T, Ishikawa H, Murakami H, Kikuchi J, Sato-Nara K, Suzuki H (2011) The circadian clock 
modulates water dynamics and aquaporin expression in arabidopsis roots. Plant Cell Physiol 
52(2):373–383. doi:10.1093/pcp/pcq198

Tardieu F, Simonneau T, Parent B (2015) Modelling the coordination of the controls of stomatal 
aperture, transpiration, leaf growth, and abscisic acid: update and extension of the Tardieu-
Davies model. J Exp Bot 66(8):2227–2237. doi:10.1093/jxb/erv039

Taylor AR, Bloom AJ (1998) Ammonium, nitrate, and proton fluxes along the maize root. Plant 
Cell Environ 21(12):1255–1263. doi:10.1046/j.1365-3040.1998.00357.x

Tomos AD, Leigh RA (1999) The pressure probe: a versatile tool in plant cell physiology. Annu 
Rev Plant Physiol Plant Mol Biol 50:447–472. doi:10.1146/annurev.arplant.50.1.447

Tornroth-Horsefield S, Wang Y, Hedfalk K, Johanson U, Karlsson M, Tajkhorshid E, Neutze 
R, Kjellbom P (2006) Structural mechanism of plant aquaporin gating. Nature 439(7077): 
688–694

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

Tsay YF, Chiu CC, Tsai CB, Ho CH, Hsu PK (2007) Nitrate transporters and peptide transporters. 
FEBS Lett 581(12):2290–2300. doi:10.1016/j.febslet.2007.04.047

Tsuda M, Tyree MT (2000) Plant hydraulic conductance measured by the high pressure flow meter 
in crop plants. J Exp Bot 51(345):823–828. doi:10.1093/jexbot/51.345.823

Tyree MT, Patiño S, Bennink J, Alexander J  (1995) Dynamic measurements of root hydrau-
lic conductance using a high-pressure flowmeter in the laboratory and field. J  Exp Bot 
46(282):83–94

van Dongen JT, Licausi F (2015) Oxygen sensing and signaling. Annu Rev Plant Biol 66:345–367. 
doi:10.1146/annurev-arplant-043014-114813

van Wilder V, rie Miecielica U, Degand H, Derua R, Waelkens E, ois, Chaumont F (2008) Maize 
plasma membrane aquaporins belonging to the PIP1 and PIP2 subgroups are in vivo phos-
phorylated. Plant Cell Physiol 49:1364–1377

Vandeleur R, Niemietz C, Tilbrook J, Tyerman SD (2005) Roles of aquaporins in root responses to 
irrigation. Plant Soil 274(1–2):141–161. doi:10.1007/S11104–004-8070-Z

Vandeleur RK, Mayo G, Shelden MC, Gilliham M, Kaiser BN, Tyerman SD (2009) The role of 
plasma membrane intrinsic protein aquaporins in water transport through roots: diurnal and 
drought stress responses reveal different strategies between isohydric and anisohydric cultivars 
of grapevine. Plant Physiol 149(1):445–460. doi:10.1104/pp.108.128645

S.D. Tyerman et al.

http://dx.doi.org/10.1111/j.1365-3040.2011.02311.x
http://dx.doi.org/10.1046/j.0016-8025.2001.00799.x
http://dx.doi.org/10.1093/Jexbot/49.322.775
http://dx.doi.org/10.1104/pp.120.1.257
http://dx.doi.org/10.1104/Pp.110.163113
http://dx.doi.org/10.1093/pcp/pcq198
http://dx.doi.org/10.1093/jxb/erv039
http://dx.doi.org/10.1046/j.1365-3040.1998.00357.x
http://dx.doi.org/10.1146/annurev.arplant.50.1.447
http://dx.doi.org/10.1016/j.febslet.2007.04.047
http://dx.doi.org/10.1093/jexbot/51.345.823
http://dx.doi.org/10.1146/annurev-arplant-043014-114813
http://dx.doi.org/10.1007/S11104–004-8070-Z
http://dx.doi.org/10.1104/pp.108.128645


235

Vandeleur RK, Sullivan W, Athman A, Jordans C, Gilliham M, Kaiser BN, Tyerman SD (2014) 
Rapid shoot-to-root signalling regulates root hydraulic conductance via aquaporins. Plant Cell 
Environ 37(2):520–538. doi:10.1111/pce.12175

Verdoucq L, Grondin A, Maurel C (2008) Structure-function analysis of plant aquaporin AtPIP2;1 
gating by divalent cations and protons. Biochem J 415:409–416

Wan XC, Steudle E, Hartung W (2004) Gating of water channels (aquaporins) in cortical cells of 
young corn roots by mechanical stimuli (pressure pulses): effects of ABA and of HgCl2. J Exp 
Bot 55(396):411–422. doi:10.1093/Jxb/Erh051

Wang L, Ruan YL (2016) Shoot-root carbon allocation, sugar signalling and their coupling with 
nitrogen uptake and assimilation. Funct Plant Biol 43(2):105–113. doi:10.1071/fp15249

Wang MY, Siddiqi MY, Ruth TJ, Glass ADM (1993) Ammonium uptake by rice roots.2. kinetics of 
NH4

+-N-13 influx across the plasmalemma. Plant Physiol 103(4):1259–1267
Wang Y-H, Garvin DF, Kochian LV (2001) Nitrate-induced genes in tomato roots. Array analysis 

reveals novel genes that may play a role in nitrogen nutrition. Plant Physiol 127:345–359
Wang R, Okamoto M, Xing X, Crawford NM (2003) Microarray analysis of the nitrate response 

in Arabidopsis roots and shoots reveals over 1,000 rapidly responding genes and new linkages 
to glucose, trehalose-6-phosphate, iron, and sulfate metabolism. Plant Physiol 132:556–567

Wang YN, Wang LX, Zou YM, Chen L, Cai ZM, Zhang SL, Zhao F, Tian YP, Jiang Q, Ferguson BJ, 
Gresshoff PM, Li X (2014) Soybean miR172c targets the repressive AP2 transcription factor 
NNC1 to activate ENOD40 expression and regulate nodule initiation. Plant Cell 26(12):4782–
4801. doi:10.1105/tpc.114.131607

Wang C, Hu HH, Qin X, Zeise B, Xu DY, Rappel WJ, Boron WF, Schroeder JI (2016) Reconstitution 
of CO2 regulation of SLAC1 anion channel and function of CO2-permeable PIP2;1 aquaporin as 
CARBONIC ANHYDRASE4 interactor. Plant Cell 28(2):568–582. doi:10.1105/tpc.15.00637

Warren CR (2009) Why does temperature affect relative uptake rates of nitrate, ammonium and 
glycine: a test with Eucalyptus pauciflora. Soil Biol Biochem 41(4):778–784. doi:10.1016/j.
soilbio.2009.01.012

Wilkinson S, Bacon MA, Davies WJ (2007) Nitrate signalling to stomata and growing leaves: 
interactions with soil drying, ABA, and xylem sap pH in maize. J Exp Bot 58(7):1705–1716

Wilson JB (1988) A review of evidence on the control of shoot-root ratio, in relation to models. 
Ann Bot 61(4):433–449

Wu XN, Rodriguez CS, Pertl-Obermeyer H, Obermeyer G, Schulze WX (2013) Sucrose-induced 
receptor Kinase SIRK1 regulates a plasma membrane aquaporin in arabidopsis. Mol Cell 
Proteomics 12(10):2856–2873. doi:10.1074/mcp.M113.029579

Wudick MM, Li XJ, Valentini V, Geldner N, Chory J, Lin JX, Maurel C, Luu DT (2015) Subcellular 
redistribution of root aquaporins induced by hydrogen peroxide. Mol Plant 8(7):1103–1114. 
doi:10.1016/j.molp.2015.02.017

Xu N, Wang RC, Zhao LF, Zhang CF, Li ZH, Lei Z, Liu F, Guan PZ, Chu ZH, Crawford NM, Wang 
Y (2016) The arabidopsis NRG2 protein mediates nitrate signaling and interacts with and regu-
lates key nitrate regulators. Plant Cell 28(2):485–504. doi:10.1105/tpc.15.00567

Yang X, Li Y, Ren B, Ding L, Gao C, Shen Q, Guo S (2012) Drought-induced root aerenchyma 
formation restricts water uptake in rice seedlings supplied with nitrate. Plant Cell Physiol 
53(3):495–504. doi:10.1093/pcp/pcs003

Yasui M, Hazama A, Kwon T-H, Nielsen S, Guggino WB, Agre P (1999) Rapid gating and anion 
permeability of an intracellular aquaporin. Nature 402:184–187

York LM, Silberbush M, Lynch JP (2016) Spatiotemporal variation of nitrate uptake kinetics 
within the maize (Zea mays L.) root system is associated with greater nitrate uptake and inter-
actions with architectural phenes. J Exp Bot 67(12):3763–3775. doi:10.1093/jxb/erw133

Yu P, Baldauf JA, Lithio A, Marcon C, Nettleton D, Li CJ, Hochholdinger F (2016) Root type-
specific reprogramming of maize pericycle transcriptomes by local high nitrate results in dispa-
rate lateral root branching patterns. Plant Physiol 170(3):1783–1798. doi:10.1104/pp.15.01885

﻿Root Hydraulic and Aquaporin Responses to N Availability

http://dx.doi.org/10.1111/pce.12175
http://dx.doi.org/10.1093/Jxb/Erh051
http://dx.doi.org/10.1071/fp15249
http://dx.doi.org/10.1105/tpc.114.131607
http://dx.doi.org/10.1105/tpc.15.00637
http://dx.doi.org/10.1016/j.soilbio.2009.01.012
http://dx.doi.org/10.1016/j.soilbio.2009.01.012
http://dx.doi.org/10.1074/mcp.M113.029579
http://dx.doi.org/10.1016/j.molp.2015.02.017
http://dx.doi.org/10.1105/tpc.15.00567
http://dx.doi.org/10.1093/pcp/pcs003
http://dx.doi.org/10.1093/jxb/erw133
http://dx.doi.org/10.1104/pp.15.01885


236

Zarebanadkouki M, Kroener E, Kaestner A, Carminati A (2014) Visualization of root water uptake: 
quantification of deuterated water transport in roots using neutron radiography and numerical 
modeling. Plant Physiol 166(2):487–499. doi:10.1104/pp.114.243212

Zelazny E, Borst JW, Muylaert M, Batoko H, Hemminga MA, Chaumont F (2007) FRET imaging 
in living maize cells reveals that plasma membrane aquaporins interact to regulate their subcel-
lular localization. Proc Natl Acad Sci 104:12359–12364

Zhang HM, Forde BG (2000) Regulation of Arabidopsis root development by nitrate availability. 
J Exp Bot 51(342):51–59. doi:10.1093/jexbot/51.342.51

Zhong YQW, Yan WM, Chen J, Shangguan ZP (2014) Net ammonium and nitrate fluxes in wheat 
roots under different environmental conditions as assessed by scanning ion-selective electrode 
technique. Sci Rep 4:9. doi:10.1038/srep07223

S.D. Tyerman et al.

http://dx.doi.org/10.1104/pp.114.243212
http://dx.doi.org/10.1093/jexbot/51.342.51
http://dx.doi.org/10.1038/srep07223


237© Springer International Publishing AG 2017 
F. Chaumont, S.D. Tyerman (eds.), Plant Aquaporins, Signaling  
and Communication in Plants, DOI 10.1007/978-3-319-49395-4_11

Role of Aquaporins in the Maintenance 
of Xylem Hydraulic Capacity

Maciej A. Zwieniecki and Francesca Secchi

Abstract  Terrestrial plants’ well-being depends upon an uninterrupted supply of 
water from roots to leaves. Water stress or high transpirational demand results in an 
increase of water tension in the xylem, followed by an increased likelihood of embo-
lism formation and reduction of xylem capacity to conduct water. The prolonged 
presence of xylem hydraulic dysfunction caused by embolism can have dramatic 
short- and long-term effects on plant function including the decrease of photosyn-
thetic capacity, reduced vitality, or plant death. As the presence of embolisms is a 
negative trait, plants have evolved several strategies to prevent and/or mitigate the 
effects of hydraulic failure and restore xylem transport capacity. Recovery process 
requires a set of physiological activities that promote water flow into embolized con-
duits to restore its transport function. As hydraulic repair necessitates movement of 
water across xylem parenchyma cell membranes, an understanding of xylem-specific 
aquaporin expression patterns, their localization and activity are essential for the 
development of biological models describing embolism recovery process in woody 
plants. In this chapter, we provide an overview of aquaporin distributions and activity 
during development of drought stress, formation of embolism, and subsequent recov-
ery from stress that result in restoration of xylem hydraulic capacity.

1  �Water Transport and Embolism Formation

Terrestrial plants depend upon an uninterrupted supply of water from roots to 
photosynthetic tissue (Sperry 2003). This supply is guaranteed, in part, via the apo-
plastic axial transport of water through the lumens of interconnected dead cells 
characterized by thick, lignified walls. In the case of non-angiosperms, these cells 
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are typically uniform in shape and length and connected one to the next via special-
ized bordered pits that include structures called the torus and margo (Fig. 1). 
Angiosperms, on the other hand, possess water transport conduits called vessels that 
are formed from continuous linear files of cells (vessel elements) with large diam-
eters and are separated within a vessel by partially or completely digested walls 
referred to as perforation plates. One vessel is connected to the next by bordered 
pits, but these bordered pits do not include the torus and margo as they do in non-
angiosperms (Fig. 1). The flow of a plant’s water supply is driven by a decrease in 
water potential from soil to air and described using electrical analogs. Coupling this 
pressure-driven flow with the fact that the cellular conduits for flow are dead, we are 
led to consider the transport capacity of xylem in a purely physical context. Such a 
non-biological perspective on water transport has predominantly focused xylem 
research on the anatomy and morphology that protect transport from failure, how-
ever, while largely ignoring the role of living cells.

What is transport failure? Under drought stress or high transpirational demands, 
water tension (often described in plant literature as negative pressure) in the xylem 
increases, increasing the likelihood of embolism formation. When xylem tension 
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Fig. 1  Principles of wood structure in gymnosperms (a) and angiosperms (b) (a1) and (b1) 
depict typical features of conductive wood (xylem). In gymnosperms, the longitudinal conducting 
elements (tracheids (a1), cross-sectional view (a2)) are connected via linearly aligned bordered 
pits (a3). In angiosperm, wood vessels are composed from large cells that are vertically aligned 
and joined via fully or partially digested end walls (b1); vessels are also seen as large ovals in 
cross section (b2). Vessels are connected via fields composed from tens to hundreds of bordered 
pits (b3). The structure and function of xylem bordered pit pores vary between species (c–e). (c) 
Bordered pits of gymnosperm with torus and margo, (d) typical angiosperm pit, and (e) angio-
sperm with vestured pits. Drawings below (c–e) represent cross sections of bordered pits under 
normal nonembolized conditions and their potential function as protection from gas spread 
(Jensen et.al. 2016)
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forces the radii of the air-water interface beyond a critical threshold, the tensile 
strength of water is overcome. This happens either as (1) air aspirates through the 
bordered pit membranes separating adjacent conduits or (2) preexisting gas bubbles 
spontaneously expand (Tyree and Zimmermann 2002). Embolism formation is con-
sidered to be a spatially and temporally unpredictable phenomenon related to the 
degree of tension in the xylem, the thermal environment, the physical properties of 
the xylem, the chemical properties of water, and a plant’s previous embolism activ-
ity (Holbrook and Zwieniecki 1999; Hacke et  al. 2001; Stiller and Sperry 2002; 
Tyree and Zimmermann 2002). As a consequence of embolism, a plant’s water con-
tinuum is broken and transport is blocked via the vacuum or air-filled tracheid or 
vessel. Thus, the presence of embolism reduces a stem’s capacity to transport water 
and can magnify leaf water stress, forcing stomatal closure and reducing leaf pho-
tosynthetic activity (Brodribb and Jordan 2008). In the event of a severe overload of 
the water transport system (when water loss exceeds transport capacity of xylem, 
runaway cavitation may occur resulting in plant death (Sperry et al. 1998). Therefore, 
the capacity of a plant to reduce the detrimental effects of embolism is an important 
trait for growth and survival (Tyree and Ewers 1991; Pockman et al. 1995; Choat 
et al. 2012; Barigah et al. 2013).

2  �Why Do Plants Need to Remove Embolism?

The prolonged presence of xylem hydraulic dysfunction caused by embolism can 
have dramatic short- and long-term effects on plant function including the reduction 
of photosynthetic capacity, reduced vitality, or death. As the prolonged presence of 
embolisms is a negative trait, plants have evolved several strategies to prevent and/or 
mitigate the effects of hydraulic failure and restore xylem transport capacity post 
embolism. Although embolism formation is a purely physical process (Brenner 1995; 
Tyree and Zimmermann 2002), embolism removal requires that empty vessels fill 
with water against existing energy gradients as the bulk of water in the xylem remains 
under tension. Thus, recovery from embolism cannot happen spontaneously and 
necessitates some physiological activities that promote water flow into embolized 
conduits. The restoration of xylem capacity can be divided in two sets of strategies:

	1.	 Strategies requiring both relief from water stress/transpiration and a prolonged 
period of time. This group includes shedding leaves or small branches (shrubs) 
to lower evaporative demand followed by the growth of new shoots, generating 
root pressure (small herbaceous plants) to refill embolized conduits, or growing 
new vessels or tracheids (radial xylem growth) to replace lost capacity with a 
new transport system (Sperry et al. 1987; Stiller and Sperry 2002). However, as 
these strategies depend on plant growth, they are slow and may result in the tem-
porary loss of species competitiveness in a highly variable environment.

	2.	 Strategies requiring cellular activities to dynamically repair embolized conduits 
and relieve tension. These strategies may be fast (minutes to hours) and thus 
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allow for greater flexibility in response to water stress (Zwieniecki and Holbrook 
2009). They also provide protection from temporary reductions in photosyn-
thetic capacity that might reduce competitiveness. Whether or not this type of 
refilling can occur in the presence of xylem tension has been difficult to prove 
although proposed conceptual theories attempt to reconcile experimental data 
with our physical understanding of xylem function (Tyree et al. 1999; Holbrook 
and Zwieniecki 1999).

Because the second group of strategies requires physiological activity in the 
xylem to maintain or restore transport function, it also requires that the xylem tissue 
is not dead. Indeed, even in woody plants, living cells constitute at least a few per-
cent of the xylem and up to more than 80 % in baobabs where water storage is 
exceptional (Chapotin et al. 2006). The majority of living cells in the xylem are 
located in parenchyma rays – radially extending files of cells produced by the cam-
bium alongside water conduits and often remaining in direct contact with vessels or 
tracheids. In many angiosperms, vessels are in contact with multiple parenchymal 
rays that link the vertical water transport system into an intricate network of inter-
connected pathways. At the extreme, vessels are fully surrounded by living cells – 
as in the case of the black locust (Robinia) (Fromard et al. 1995), multiple palm 
trees (Tomlinson et al. 2001; Tomlinson and Spangler 2002), and even maize roots 
(Barrieu et al. 1998). These parenchymal cells are often connected with vessels via 
simple pits with narrow straight walls. The role of living axial and radial paren-
chyma cells in the xylem remains ambiguous. They have been shown to store car-
bohydrates in the form of starch that may be used to support spring bloom or bud 
growth (Lebon et al. 2005, 2008; Sperling et al. 2015). In some cases, these cells are 
responsible for the formation of tyloses  – vascular occlusions formed by the 
ingrowth of cells into the vessel through the pits. These ingrowths usually occur in 
winter (Cochard and Tyree 1990), in response to infection by pathogens (Beckman 
and Talboys 1981; Davison and Tay 1985) and/or in response to wounding (Sun 
et al. 2006, 2008) and completely cease the transport function of occluded vessels. 
Yet another potential function might be related to radial redistribution of water 
among functional vessels, cambium, and phloem, which may provide both water 
and energy to redistribute solutes and actively refill the embolized conduits.

Interestingly, both angiosperm and gymnosperm species transport water only in 
conduits adjoined to living parenchymal cells. The death of parenchyma cells inevi-
tably is linked to the loss of water transport capacity and formation of heartwood. 
Cell death is most likely caused by a decrease in oxygen concentration rather than a 
loss of xylem water transport capacity (Spicer and Holbrook 2007). Thus the depen-
dence of water transport on living parenchymal cells further suggests that cellular 
activity is the key aspect of xylem function maintenance over long time periods.

The major interruption of xylem water transport is embolism formation. The 
close association of viable xylem conduits and xylem parenchymal cells suggests 
that these living support cells are involved in xylem recovery from embolism, pos-
sibly enabling the mobilization of water against existing energy gradients. Visual 
evidence from cryo-scanning electron microscopy studies, magnetic resonance 
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imaging observations, and computed tomography scans shows that vessels indeed 
fill up with water during recovery (Holbrook et al. 2001; Clearwater and Goldstein 
2005; Scheenen et al. 2007) and water droplets preferentially form and grow until 
the lumen completely refills on the vessel walls in contact with living parenchymal 
cells (Brodersen et al. 2010; Holbrook et al. 2001). However, these observational 
studies do not provide any indication of sources and pathways involved in moving 
the water required for recovery. As processes related to water transport across the 
cellular membrane involve the activity of specific water channels named aquaporins 
(AQP), the role of those and in particular the involvement of the plasma intrinsic 
proteins (PIPs) must be considered when contemplating how plants recover from 
embolism formation.

3  �Aquaporins in the Vascular Tissue

The tissue-specific localization of AQP expression, with consideration of specific 
isoforms and rates of expression, can provide clues about the physiological roles 
of aquaporins and their temporal activity. The localization of AQPs is well 
described for leaves and roots of angiosperms, where they are expressed in the 
leaf sheath cells, in/around vascular bundles (Arabidopsis) and apoplastic barriers 
of roots (exodermis and endodermis), suggesting a crucial role in transmembrane 
water diffusion/control in the barriers separating the plant from its environment 
(Gambetta et  al. 2013; Kirch et  al. 2000; Perrone et  al. 2012a; Chaumont and 
Tyerman 2014; Schaffner 1998; Suga et al. 2003; Hachez et al. 2006, 2008, 2012; 
Shatil-Cohen et al. 2011; Vandeleur et al. 2009; Prado et al. 2013). If xylem paren-
chyma cells have to supply a significant fraction of the water required for refilling 
embolized vessels, water must pass through a cellular membrane, and therefore, 
the flow must be facilitated by aquaporins and can be controlled by the number, 
activity, and localization of these proteins. Despite reported observations of AQP 
abundance in stem tissues, only a few studies have focused on the xylem. 
Molecular and microscopic studies have revealed that AQPs are highly expressed 
in the xylem parenchymal cells. For instance, the ZmTIP1;1 is expressed in tono-
plast of cells surrounding the mature xylem vessels of roots and stems and in the 
phloem companion cells of maize plants (Barrieu et al. 1998, Fig. 2). In spinach, 
the SoPIP1;2 is highly expressed in the phloem sieve elements of leaves, roots, 
and petioles while SoPIP1;1 is present in stomatal guard cells (Fraysse et  al. 
2005). A detailed description of tobacco NtAQP1 localization reports that younger 
stems express the protein in developing xylem vessels and internal phloem cells, 
while older stems accumulate the protein in the outer xylem border and internal 
phloem (Otto and Kaldenhoff 2000). This specific localization of AQP isoforms in 
or around conduits implicates their role in permitting a transcellular water transfer 
between xylem conduits and, potentially, phloem via xylem parenchyma cells. It 
also reflects geometry of water transport, as flux density is highest near the narrow 
conduits.
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Most studies on AQPs have applied bulk tissue analysis to herbaceous plants 
(i.e., total xylem and/or bark), while the stems of trees have received much less 
attention. However, detailed information for trees showing the localization of AQP 
expression in particular cells and tissue types is reported for the stems of a hybrid 
poplar (Almeida-Rodriguez and Hacke 2012). There, the greatest accumulation of 
expression occurred in the cambial region and adjacent xylem-phloem cells. 
Aquaporin accumulation was also detected in ray cells. Interestingly, the cells 
connected with vessels through pits, or contact cells, exhibited particularly high 
AQP protein expression, suggesting an increased potential for water exchange 
between apoplast and symplast. The ray cells not in contact with vessels, or isola-
tion cells, accumulated water channels to varying degrees. Additional studies on 
walnut (Juglans regia) showed a higher expression of two aquaporin proteins 
(JrPIP2.1 and JrPIP2.2) in specific vessel-associated parenchyma cells (VACs), 
which are living cells in direct contact with vessels (Sakr et al. 2003, Fig. 3). In a 
study with another woody perennial, the aquaporin transcript profile was examined 
on VACs isolated from petioles (by laser microdissection) and on whole petioles of 
grapevine, confirming their specificity. While some of the VvPIP1- and VvPIP2-
tested genes were activated by stress and subsequent recovery in whole petioles, 
some aquaporin genes VvPIP1;1 and VvPIP2;4N were exclusively expressed in 
VACs (Chitarra et al. 2014).

Another omission in the AQP localization literature applies to non-angiosperm 
plant groups like ferns and gymnosperms. Available data on the expression of aqua-
porins in the needles of Picea glauca show that for drought-stressed trees, expres-
sion is abundant in the endodermis-like bundle sheath, in phloem cells, and in 

a b

Ph
Xv

Fig. 2  In situ localization of ZmTIP1 mRNA in mature maize root. Transverse sections of the root 
(10–12 cm from the tip) were hybridized with ZmTIP1 antisense (a) or sense (b) digoxigenin-
labeled RNA probes and photographed under dark-field conditions. The transcript signal is red. (a) 
Expression of ZmTIP1  in the parenchyma cells of early (arrows) and late (arrowheads) xylem 
vessels. Xv Xylem vessels, Ph phloem strand. (b) Control section hybridized with a ZmTIP1 sense 
probe (Barrieu et al. 1998)
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transfusion parenchyma tissue, further suggesting that water channels are localized 
in vascular tissue (Laur and Hacke 2014a). Similar results were reported by Mayr 
et al. 2014, showing higher amounts of PIP1 and PIP2 proteins in the endodermis 
and phloem cells of the needles of Norway spruce (Picea abies). In Cheilanthes 
lanosa, a xerophytic fern, it was shown that a PIP1 might have a key role in water 
balance mainly in the gametophyte stages (Diamond et al. 2012).

4  �Aquaporins in Stems Under Water Stress and Embolism 
Formation

Water stress has a strong influence on AQP gene expression (see also chapter “Plant 
Aquaporins and Abiotic Stress”). However, studies attempting to relate physiologi-
cal water stress responses to the expression patterns of different aquaporins have led 
to contrasting results. Upregulation, downregulation, and no change have all been 
reported (Baiges et  al. 2002). Variation in the range of transcriptional responses 

a b

c d

Fig. 3  Transversal section showing the general organization of the stem in walnut tree. (a) 
Cambium zone appears at the phloem-xylem interface. Xylem contains lignified xylem vessels and 
fibers (died cells) associated with parenchyma cells (living cells). The support tissue is constituted 
of fibers emptied of their content. (b) Cell types in walnut xylem. VACs (white arrows) are special-
ized cells that surround the xylem vessels. From their localization in the tissue, VACs have the 
ability to control nutrient exchanges between the parenchyma cells and the xylem vessels. 
Localization of aquaporins in xylem tissue of walnut tree sampled in February (winter period). (c) 
No recognition in control (AtPIP2 antiserum saturated by the purified JrPIP2,1 protein). Black 
arrows indicated the localization of VACs. (d) Section showing extensive green immunofluores-
cence (white arrows) in VACs. X xylem, P phloem, CZ cambial zone, V xylem vessel, F fiber,  
R ray cell (Sakr et al. 2003)
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might be species or tissue specific, associated with stress level and duration, or 
dependent upon the specific physiological role of each AQP gene isoform 
(Alexandersson et al. 2005; Kaldenhoff et al. 2008; Galmes et al. 2007). Furthermore, 
differences between drought-adapted and nonadapted varieties can affect aquaporin 
expression (Lian et al. 2004). Thus, it is currently very difficult to provide a general 
pattern of AQP gene expression in response to water stress; aquaporin upregulation 
is thought to increase membrane permeability to water transport when water is less 
available (Yamada et al. 1997), but the downregulation of AQP gene expression may 
encourage cellular water conservation during periods of water stress (Smart et al. 
2001; Li et al. 2004). It is probable that in order to maintain a suitable water status 
under abiotic stress, both increased water transport via AQP in some tissues and 
reduced water transport in other tissues are required (Jang et al. 2004).

The effects of drought treatment on the expression of AQP genes have been stud-
ied in numerous species, and the downregulation has been frequently observed. PIP 
and TIP genes are downregulated in the leaves, shoots, and roots of Nicotiana 
glauca (Smart et al. 2001). In the leaves of Arabidopsis, the gradual imposition of 
drought stress downregulated 10 out of 13 PIP aquaporins at both transcript and 
protein levels. Of the three remaining, one of the isoforms (AtPIP2;6) was main-
tained at the same expression level and two (AtPIP1;4 and AtPIP2;5) were upregu-
lated (Alexandersson et  al. 2005). The strong downregulation of PIP gene 
transcription under drought stress was also observed in the roots and twigs of olives 
(Secchi et al. 2007a, b) as well as in tobacco roots (Mahdieh et al. 2008) and in the 
leaves of Populus trichocarpa (Laur and Hacke 2014b).

Evidence for the downregulation of AQPs in response to drought may be con-
trasted with data suggesting that some tissue-specific AQP isoforms show increased 
expression in response to drought. For example, the VvPIP1;1 gene in the roots of 
grapevines was upregulated by drought stress in an anisohydric but not in an isohydric 
cultivar (Vandeleur et al. 2009). In the stems of P. trichocarpa, expression levels of the 
PIP2 subfamily did not change in response to water stress or embolism presence, 
while some genes from the PIP1 subfamily were highly upregulated (Secchi and 
Zwieniecki 2010). Similar results were found by Chitarra et al. 2014 showing that two 
aquaporin genes (VvPIP2;1 and VvPIP2;4N) were activated upon stress in petioles. 
Two other studies performed on different rootstocks of Vitis sp. showed similar results 
where drought treatments resulted in significant variations (both up- and downregula-
tion) in leaf aquaporin gene expression over time (Galmes et al. 2007; Pou et al. 2013).

It is difficult to isolate response to embolism specifically from response to water 
stress in general and, consequently, analyses of embolism-induced AQP expression 
may often be confounded by water-stress-induced AQP expression. As mentioned 
earlier, the expression of aquaporins in J. regia was induced in VACs in response to 
water stress, while xylem parenchyma cells not in contact with vessels varied in their 
AQP expression due to water stress (Sakr et al. 2003). Considering this pattern and 
after imposing stress levels large enough to cause widespread embolism in the xylem 
of J. regia, it was inferred that the presence of embolism is associated with the expres-
sion of at least two aquaporins (JrPIP2.1 and JrPIP2.2). The progression of recovery 
in both stem water potential and stem water conductance did not immediately reduce 
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the expression suggesting that embolism presence or rather a lack of vessel function-
ality in terms of water transport under tension was required to maintain this elevated 
expression level of studied AQPs in VACs. It is worth noting that this over expression 
of AQPs in VACs was ubiquitously occurring along the xylem vessels and continued 
to be present during recovery suggesting that the two studied proteins may play a role 
in the regulation of water flux between VACs and adjacent vessels (Sakr et al. 2003) 
by redistributing water between functional and embolized vessels.

The induction of water stress is usually a slow process that in natural conditions 
can extend for days or even weeks. The prolonged implementation of the stress 
might be the basis for the high variability in AQP expression observed in response 
to drought treatments. Embolism formation is, on the other hand, a very fast event 
that results in both the evacuation of vessels and the cessation of water movement 
due to the blocking of conduits by embolisms in distal locations. Can plants exclu-
sively respond to embolism formation without stress-related changes? To answer 
this question, a study involving the induction of embolism in the stem of P. tricho-
carpa plants and the determination of concurrent expressions of AQPs was per-
formed (Secchi et al. 2011; Secchi and Zwieniecki 2010). In these studies, embolism 
was induced by forcing air into the stem of non-stressed plants. Both a genome-
wide analysis and the specific analysis of selected genes showed that the expression 
of some AQPs from the PIP1 subfamily (PtPIP1.1 and PtPIP1.3) in poplar stems 
increased due to embolism presence alone without changes in stem water potential. 
This expression change occurred in less than half an hour following embolism for-
mation (Secchi and Zwieniecki 2010; Secchi et al. 2011). These studies suggest that 
plants can possibly sense the formation of embolism (or its presence) separately 
from water stress.

There is no direct evidence that embolism formation independent of water stress 
can induce AQP expression in conifers. However, conifers growing at high eleva-
tions are often subjected to winter embolism (Sparks and Black 2000; Mayr et al. 
2002, 2006), and some of these species were found to recover from hydraulic failure 
in late winter and spring when the snow on branch surfaces started to melt (Sparks 
et al. 2001; Limm et al. 2009). In such situations, water stress is minimal as humid-
ity and water availability are very high despite the fact that conduits are mostly 
embolized. In these conditions, increased amounts of PIP1 and PIP2 proteins in the 
needle endodermis and phloem cells were detected (Mayr et al. 2014) (providing 
support that conifers also may detect embolism and respond to its presence with the 
upregulation of a few specific AQPs).

5  �The Role of Aquaporins in the Maintenance of Xylem 
Water Transport

Observed changes in AQP expression during the onset of water stress may be inter-
preted and tested at the sites of water exchange between plant and environment. 
For example, an increase in AQP expression or activity might aim to reduce the 
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resistance to water flow at distally located water uptake sites such as roots in order 
to beneficially reduce stress. Conversely, decreasing AQP expression and activity 
and so increasing resistance to water movement across living cell membranes 
might be beneficial at sites of water loss like leaves. In fact, the roles of root and 
leaf aquaporins in relation to changes in hydraulic resistance and plant susceptibil-
ity to stress have been tested using genetic manipulation approaches. For example, 
tobacco plants (Nicotiana tabacum) with downregulated aquaporin 1 (NtAQP1) 
show reduced root hydraulic conductivity and lower water stress resistance (Siefritz 
et al. 2002). Arabidopsis thaliana plants expressing PIP antisense genes exhibited 
an impaired ability to recover from water stress (Martre et al. 2002), and Arabidopsis 
knockout mutants were characterized by reduced leaf hydraulic conductivity (Da 
Ines et al. 2010) and root hydrostatic hydraulic conductivity (Postaire et al. 2010). 
Plants with silenced PIP1 genes demonstrated decreased transcript and protein 
levels and decreased mesophyll and bundle sheath osmotic water permeability 
among many other physiological parameters (Sade et al. 2014). On the other hand, 
Arabidopsis expressing an AQP (PIP1) from Vicia faba exhibit a faster growth rate, 
a lower transpiration rate, and a greater drought tolerance compared to control 
plants (Cui et al. 2008). A better tolerance to several abiotic stresses was also dis-
played in transgenic banana plants overexpressing an isoform of the PIP1 subfam-
ily (Sreedharan et al. 2013). All of these studies have focused on distal locations 
(roots, leaves), or ubiquitous changes in expression throughout the entire plant, 
however, and so do not provide insight into the physiological role of AQPs 
expressed in vascular tissue.

Interestingly, applications of genetic manipulation technologies to elucidate the 
roles of particular aquaporins in woody plants have not been as successful as equiv-
alent studies in herbaceous plants. For example, the overexpression of PIP2;4 root-
specific aquaporin enhanced water transport in transformed Vitis spp. under 
well-watered conditions, but not under water stress (Perrone et  al. 2012a), and 
Eucalyptus spp. hybrid clones overexpressing two Raphanus sativus genes 
(RsPIP1;1 and RsPIP2;1) did not display any increase in drought tolerance 
(Tsuchihira et al. 2010). The downregulation of the entire PIP1 family in Populus 
tremula x alba by 80 % also had a very minimal effect on the majority of physiolog-
ical functions prior to the onset of water stress (Secchi and Zwieniecki 2013). These 
ambiguous results might be related to the fact that in woody plants the xylem con-
tributes significantly to a plant’s stress response only. Considering that xylem func-
tionality likely dominates hydraulic resistance under stress due to dynamic changes 
in embolism level, a tree’s overall response might not depend on the distal locations 
of water exchange with the environment so much as AQPs that maintain xylem 
hydraulic capacity.

The indication that AQPs are indeed involved in the maintenance of xylem 
hydraulic function involves the earlier described localization of AQPs in xylem 
parenchymal cells, including VACs, observed increases in expression with the onset 
of embolism formation, and the fact that water droplets grow, form, and expand on 
walls in contact with living cells. This deductive interpretation of evidence is sup-
ported by observations of transgenic poplar trees characterized by the dramatic 
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downregulation of multiple isoforms belonging to the PIP1 subfamily (Secchi and 
Zwieniecki 2014). As different poplar PIP1 isoforms in the stem were upregulated in 
response to the induction of embolism in the presence of water stress and were down-
regulated soon after full recovery occurred (Secchi and Zwieniecki 2010), the down-
regulation of AQPs was expected to delay the hydraulic restoration process. Indeed, 
transgenic plants with significantly reduced amounts of various AQP isoform tran-
scripts in P. trichocarpa leaves (Laur and Hacke 2014b) and stems (Secchi and 
Zwieniecki 2014) significantly delayed the restoration of leaf hydraulic conductance 
and xylem functionality upon recovery from water stress. In addition to the delay in 
recovery, an unexpected finding was that the downregulation of PIP1 expression 
resulted in a significant shift in the susceptibility of P. tremula x alba xylem to embo-
lism formation; the transgenic poplars were found indeed to be more sensitive to 
imposed water stress resulting in increased vulnerability to embolism formation 
(Secchi and Zwieniecki 2014). This shift in susceptibility to embolism formation 
holds important clues to both the role of aquaporins in xylem responses to embolism 
and the recovery process itself. As embolism formation is considered a function of 
cellular wall chemistry and xylem anatomical features, aquaporins should not affect 
susceptibility to embolism. Thus, the observed shift must be the result of physiologi-
cal processes happening in the xylem during its normal function and should be 
referred to as an “apparent susceptibility.” As we currently understand it, apparent 
susceptibility to embolism is a balance between the rates of embolism formation 
(functionally linked to water stress) and the capacity of living parenchyma cells to 
refill (inversely linked to water stress) (Secchi and Zwieniecki 2012, 2014). Because 
the latter is related to the parenchymal capacity to redistribute water between living 
cells and the xylem apoplast, it is thus a function of aquaporin activity. In such a 
context, it is easy to see that the downregulation of AQPs may affect this balance by 
both reducing the capacity to refill and shifting apparent susceptibility.

The radial redistribution of stem water during the process of hydraulic recovery 
may only be a secondary role while the primary role of stem AQPs is related to the 
absorption of water from the environment. Some recent studies suggest that many 
plant species have the capacity to absorb rain, melting snow, or fog water directly 
into their leaves and even through bark. This strategy of water uptake provides a 
means to relieve localized disruptions to hydraulic conductivity and to reduce tra-
cheid embolization (Limm et al. 2009; Mayr et al. 2014; Laur and Hacke 2014a; 
Earles et al. 2015). In such a case, stem AQPs may behave similarly to roots and 
leaves, following the typical function/expression patterns observed in distal loca-
tions, i.e., activation during times of water availability (wet bark) and deactivation 
during drought. For example, increased aquaporin expression in the endodermis-
like bundle sheath, phloem cells, and transfusion parenchyma of drought-stressed P. 
glauca needles was observed when the same needles were exposed to high relative 
humidity, supporting the idea that there is a role for AQPs in transferring absorbed 
water to vascular tissue (Laur and Hacke 2014a). The reconciliation of observed 
increases in AQP expression in the stems of drought-stressed trees and the above-
mentioned role of AQPs in the transfer of water from wet bark requires an analysis 
of the temporal and spatial aspects of expression distribution.
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In general, drought results in the induction of AQP expression in the xylem but 
not necessarily in the outer part of the stem. Large concurrent changes in the expres-
sion of other gene groups, however, may complete the pathway. In poplar xylem the 
upregulation of ion transport, additional aquaporins, and carbon metabolism has 
been detected (Secchi et al. 2011). Carbon metabolism and aquaporin expression 
were also strongly upregulated in drought-stressed grapevine petioles (Perrone et al. 
2012b). This type of drought upregulation may be an indication of the stem priming 
for recovery. Under natural conditions, prolonged drought should eventually end 
with a significant rain event and the recovery of stem function. Even if drought leads 
to the loss of leaves, a rain event would wet the entire tree, including bark, providing 
easily accessible water in a relatively short period of time. Uptake would be facili-
tated if the hydraulic resistance of the path is low, and the energy gradient favors the 
flow of water into the stem. The cambium with its limited apoplastic path and mul-
tiple layers of membrane serves as a significant barrier to water flow, and the reduc-
tion of resistance requires the presence of aquaporin (Barrowclough et al. 2000). In 
addition, if the plant can manage to direct flow into embolized vessels with the 
specific localized expression of AQPs in VACs (see Chitarra et al. 2014), then such 
global crown wetting may indeed provide a mechanism for the recovery of func-
tional xylem transport.

6  �Aquaporin Upregulation in the Xylem: Signaling

Very little is known about embolism-related regulation of aquaporins in the xylem. 
There are currently two, not mutually exclusive, experimentally supported views on 
the topic. The first idea about signaling relies on the sudden transition between high 
tension when water is in its liquid state to zero tension/pressure when water under 
tension converts to vapor, releasing mechanical stresses in the cellular wall as well 
as energy in the form of sound (Tyree and Sperry 1989; Nardini et al. 2011; Tyree 
and Dixon 1983; Johnson et  al. 2009; Zweifel and Zeugin 2008). Such spatially 
specific events are thought to interact with mechanosensors in VAC membranes and 
trigger embolism-specific expression patterns that are upregulated until the restora-
tion of tension is achieved (Salleo et al. 2000). This idea has some experimental 
support, as there have been experiments aimed to test generation of mechanosensor 
triggering without the implementation of water stress (see more details in chapter 
“Root Hydraulic and Aquaporin Responses to N Availability”). We do, however, 
know that induction of embolism in non-stressed plants (when mechanical stresses 
are at their minimum) also results in the triggering of AQP expression (Secchi and 
Zwieniecki 2010, 2011).

The second signaling path relates to the fact that embolism formation stops water 
transport around VAC cells, dramatically changing surrounding mass flow/diffusional 
paths including the rate of diffusion of respirational CO2, thus facilitating its efflux to 
the void and changes in apoplastic pH, concentration of ions and sugars, and the cell 
vicinity by cessation of the washout effect of the transpirational stream (Nardini et al. 
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2011). All of these changes are known to be involved in multiple signaling paths 
including expression of AQPs. Recent experiments aimed at testing if the presence of 
sucrose in the stem would trigger a similar expression response as in the case of embo-
lism only showed that indeed multiple gene ontology (GO) groups including ion 
transporters, AQPs, and reactive oxygen species responded similarly, suggesting that 
there might be some shared signaling pathways between sugar concentration and 
embolism presence (Secchi and Zwieniecki 2011). Despite these efforts, the question 
on what signaling paths lead to embolism-specific expression changes is wide open.

7  �Conclusions

The role of aquaporins in the maintenance of xylem hydraulic function remains an 
active research field. The spatial distribution of AQPs in xylem parenchyma cells, 
the dynamics of expression in response to the development of water stress, and dur-
ing the recovery from water stress only indirectly point to their role in facilitating 
recovery from embolism. With exception of few studies using chemical inhibitors of 
aquaporins (Lovisolo and Schubert 2006; Voicu and Zwiazek 2010), most of the 
observations aimed at testing radial water transport in stems and leaves in relation 
to AQPs were correlative and not manipulative and still need direct experimental 
proof of concept. The genetic manipulation of expression level designed specifi-
cally to test stem hydraulic recovery was only performed on one species (P. tremula 
x alba) and only for one subfamily of AQPs genes (PIP1) (Secchi and Zwieniecki 
2014). These results proved that while the susceptibility of xylem hydraulic capac-
ity to water stress was affected by the downregulation of AQPs, recovery was only 
marginally affected. This suggests that our understanding of the embolism 
formation-recovery cycle is the main obstacle to progress in our knowledge of the 
physiological role of xylem aquaporins.
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Abstract  Aquaporins in plants show more abundant and greater diversity than 
aquaporins in bacteria and animals. This unique characteristic provided versatile 
tool boxes for plants, dealing with environmental changes, which overcome the 
disadvantage of immobility. Aquaporins were first known for their function as 
water channel proteins. Later on, more and more studies showed that other small 
solutes, i.e., ammonia, glycerol, urea, hydrogen peroxide and metalloids, can also 
pass through the channel of various aquaporins. Moreover, the function of aquapo-
rins as CO2 gas channels was studied by several groups (Nakhoul et  al. Am J 
Physiol Cell Physiol 43(2):C543–C548, 1998; Yang et al. J Biol Chem 275(4):2686–
2692, 2000; Tholen and Zhu Plant Physiol 156(1):90–105, 2011). In parallel, stud-
ies on model reconstituted membranes claim that no such type of channel would be 
needed due to the high permeability of those model membranes (Missner et  al. 
Proc Natl Acad Sci USA 105(52):E123, 2008a; J Biol Chem 283(37):25340–
25347, 2008b). However, experimental data showed the physiological significance 
of CO2-conducting channels, particularly in plants. It is generally accepted that 
plant science presented the first evidence for the physiological relevance and 
importance of aquaporins as CO2 transport facilitators (Boron Exp Physiol 
95(12):1107–1130, 2010; Terashima and Ono Plant Cell Physiol 43(1):70–78, 
2002; Uehlein et al. Nature 425 (6959):734–737, 2003; Heckwolf et al. Plant J 67 
(5):795–804, 2011; Uehlein et al. Plant Cell 20(3):648–657, 2008). In this chapter, 
we discuss the CO2 diffusion across membranes and the role of plant aquaporins 
during this process.
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1  �Membrane Permeability According to Meyer and Overton

More than a hundred years ago, H. Meyer and C.E. Overton independently worked 
on the lipid theory of anaesthetic action (Meyer 1899; Overton 1901). They found 
out that the higher the lipid solubility of an anaesthetic molecule is, the higher is its 
anaesthetic activity. Basically, these studies showed a direct correlation between the 
ability of a molecule to dissolve in lipid and its membrane permeability, and conse-
quently, membranes should not impose resistance to diffusion of small hydrophobic 
molecules. This dependency has been called solubility-diffusion model or Meyer-
Overton correlation. The results of transport studies on lipid bilayers are still valid 
today, and there are only rare exceptions (Missner et al. 2008a). The collection of 
substances that should comply with the solubility-diffusion model and possess very 
high membrane permeability contains among others also biologically important 
gasses like CO2, O2, NH3 and NO (Missner and Pohl 2009). Insertion of special 
transport proteins would not be able to increase the diffusion rate because it would 
not be able to reduce the overall resistance of the membrane any further. In addi-
tion, the main resistance limiting permeation of small hydrophobic molecules 
should come from unstirred water layers on both sides of the membrane, drastically 
reducing the transmembrane concentration (Missner et al. 2008a). The concept of 
membrane diffusion based on Meyer and Overton has been presented in textbooks 
ever since.

Summing up, this model can explain how most gasses diffuse across numerous 
types of membranes. However, some biological membranes evidentially have a very 
low or no gas permeability at all and challenge the general validity of the solubility-
diffusion model.

2  �Experimental Findings That Support or Contradict Meyer 
and Overton

Studies on membrane permeability to various gasses and solutes complying with 
the Meyer-Overton correlation generally used artificial lipid bilayer membranes as 
experimental systems (Antonenko et  al. 1993; Mathai et  al. 2009; Missner et  al. 
2008a, b; Missner and Pohl 2009). J. Gutknecht and co-workers could show that an 
artificial bilayer consisting of egg lecithin and cholesterol does not constitute a sub-
stantial barrier to the diffusion of CO2 (permeability coefficient PCO2 ≈ 0.35 cm/s) 
(Gutknecht et al. 1977). The CO2 molecule is very hydrophobic and according to 
Meyer and Overton has high membrane permeability. A comparable situation using 
a colorimetric approach was found for NH3 (PNH3  ≈  0.13  cm/s) (Walter and 
Gutknecht 1986). P. Pohl and co-workers analyzed the diffusion of NH3 (Antonenko 
et al. 1997) and acetate (Antonenko et al. 1993) as well as H2S (Mathai et al. 2009), 
across lipid bilayer membranes employing a pH microelectrode technique and again 
confirmed the solubility-diffusion model.
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However, studies that do not comply with the solubility-diffusion model have 
been performed on biological membranes rather than artificial lipid bilayers. We 
were able to show that membrane CO2 permeability of tobacco chloroplast enve-
lopes is around fivefold lower than that of plasma membranes and the variation is 
even more pronounced when the membrane integral protein composition is altered 
(Uehlein et al. 2008). The latter finding by itself is not consistent with the model as 
it shows that membranes can impose resistance to CO2 diffusion and that this resis-
tance can depend on protein components. In addition the values determined for 
plant membranes are roughly by a factor of 102–103 lower than what has been mea-
sured on artificial lipid bilayer membranes (Gutknecht et al. 1977; Missner et al. 
2008b) and about 104-fold lower than what is expected on the basis of theoretical 
considerations (Missner et al. 2008b; Missner and Pohl 2009).

In mammals, membranes exhibiting unusually low gas permeability were identi-
fied, obviously contradicting the common view of gas permeable membranes. 
Fermentation of non-absorbed nutrients in the colon generates high concentrations 
of NH4

+ in the colonic lumen, which is in equilibrium with ammonia (NH3). NH3 
can easily permeate lipid bilayer membranes (Antonenko et al. 1997; Walter and 
Gutknecht 1986) and affect transmembrane pH gradients. However, in isolated 
colonic crypts, it has been observed that cytosolic pH of the epithelial cells does not 
increase when the NH3 concentration in the colon lumen is raised but does so 
immediately when NH3 concentration is increased on the basolateral side (Singh 
et al. 1995). Thus, biomembrane permeability to ammonia can vary even within 
individual cells.

In the colon lumen, some bacteria generate very high CO2 partial pressures 
(Rasmussen et al. 1999, 2002). An extreme CO2 partial pressure can seriously affect 
the pH of colon epithelial cells, if the CO2 molecules can freely permeate across the 
plasma membrane into the cytosol. However, apical membranes of gastrointestinal 
endothelia exhibit very low CO2 permeability (Endeward and Gros 2005; Waisbren 
et al. 1994). Consequently, it was concluded that there must be a permeability bar-
rier to gasses in certain types of membranes. It appears to be quite reasonable from 
a physiological point of view, if some membranes build up a gas barrier to protect 
the cells. By comparison, in organs and tissues important for gas exchange, e.g., in 
lung alveolar endothelia and red blood cells (Endeward et al. 2006b) or photosyn-
thetic cells, membrane CO2 permeability is very high, in order to guarantee a quick 
removal of the gaseous waste product or uptake of the substrate.

3  �Physiological Significance of CO2 Diffusion in Plants

The physiological reactions of CO2 exchange are unequivocally important for most 
organisms. CO2 is a waste product from biochemical reactions, while for plants it is 
the substrate for sugar synthesis (Kaldenhoff 2012). In addition, the concentration 
gradient between plant cells taking up CO2 and the atmosphere is less pronounced 
than it is the case for animals releasing CO2. Therefore, the physiological study of 
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CO2 diffusion in photosynthetic active plants could be more beneficial (Kaldenhoff 
2012). Under light-saturating conditions, the photosynthetic capacity is limited by 
the availability of CO2 in the chloroplast. Therefore, reduction of the barriers of CO2 
diffusion is becoming the focus of many studies, especially regarding the regulation 
of stomata and the biochemistry of CO2 reactions. The complete cellular CO2 diffu-
sion path from the atmosphere to the site of chemical fixation in the chloroplast 
stroma is restricted by resistances with different ranges. After diffusing through the 
stomata and the leaf internal air spaces, atmospheric CO2 has to pass the cell wall, 
the plasma membrane, diffuse a short distance through the cytosol, cross the chlo-
roplast envelope and diffuse in the chloroplast stroma (Evans et al. 2009). All these 
barriers contribute to the so-called mesophyll conductance (gm) or the mesophyll 
resistance, which is significant enough to decrease the CO2 concentrations in the 
chloroplast and becomes a major limitation in net photosynthesis (Harley et  al. 
1992; Kaldenhoff 2012).

4  �Aquaporin-Facilitated CO2 Diffusion

During the past 15 years, proteins facilitating the diffusion of CO2 across membranes 
have been identified. It has been shown in heterologous model systems that certain 
aquaporins can facilitate membrane gas transport. First evidence came from research 
on the human aquaporin 1 (Nakhoul et al. 1998). Since then, hints have accumulated 
that also other aquaporins may be involved in the facilitation of membrane transport 
of gasses like CO2 or NH3 and maybe O2. Studies on HsAQP1 showed that it is highly 
expressed in cells or tissues that require particularly high gas permeability like the 
lung or erythrocytes (Cooper et  al. 2002; Preston and Agre 1991; Verkman et  al. 
2000). Besides aquaporins, also rhesus blood group antigen-associated glycoproteins 
(RhAG) that are present in the red blood cell membrane have been shown to transport 
NH3 and CO2 (Endeward et al. 2008; Ripoche et al. 2004).

In the past, Xenopus oocytes served as a useful tool to analyze functional properties 
of aquaporins, as their plasma membranes generally exhibit low water and also low 
gas permeability (Cooper et al. 2002; Nakhoul et al. 1995). Using them as an expres-
sion system, it was shown that HsAQP1 considerably increases the oocyte membrane 
permeability to both CO2 and NH3 (Cooper and Boron 1998; Nakhoul et al. 1998, 
2001; Musa-Aziz et al. 2009). The plant aquaporin NtAQP1 in heterologous expres-
sion systems as well as in in-vitro systems allows only very low water transport rates. 
However, it shares the functionally important amino acid residues with HsAQP1 on 
the basis of sequence comparison and, like HsAQP1, facilitates uptake of CO2 into 
Xenopus oocytes (Uehlein et al. 2003). Also other aquaporins from other organisms 
were shown to increase the gas permeability of oocyte membranes (Jahn et al. 2004; 
Holm et al. 2005; Musa-Aziz et al. 2009). Using Saccharomyces cerevisiae as another 
heterologous expression system, facilitation of CO2 or NH3 membrane transport was 
confirmed for aquaporins from tobacco, maize and wheat (Bertl and Kaldenhoff 2007; 
Jahn et al. 2004; Loque et al. 2005; Heinen et al. 2014).
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Also in native systems, an effect of aquaporin expression on CO2 membrane dif-
fusion has been shown. Expression of human AQP1 has turned out to facilitate 
membrane CO2 transport in red blood cells (Endeward et al. 2006a, b). The tobacco 
PIP1 aquaporin NtAQP1 is highly expressed in photosynthetically active tissue 
(Otto and Kaldenhoff 2000). Manipulating its expression level in the plant has a 
substantial effect on the rate of photosynthesis. Under antisense limited expression 
of NtAQP1, net photosynthesis is reduced; when NtAQP1 is overexpressed, the 
photosynthetic performance increases, in each case by around 30–40 % (Uehlein 
et al. 2003). Arabidopsis mutants with a specific knockout of the NtAQP1 ortholog 
AtPIP1;2 are available. It can be assumed that in these plants the expression of 
sequence related aquaporin genes is not affected, as it can be the case when the 
antisense or RNAi technique is applied. Molecular and physiological analyses sup-
ported this assumption. Using those mutant plants, the specific importance of 
AtPIP1;2 for plant physiology can be analyzed, and hints on its molecular function 
can be deduced. The studies that were performed in this respect indeed confirmed a 
contribution of the aquaporin in membrane transport of CO2. Cellular transport of 
CO2 was not limited by unstirred layer effects but was dependent on the expression 
of AtPIP1;2 (Uehlein et al. 2012b). It could be shown that a knockout of AtPIP1;2 
expression led to about 40 % reduction in mesophyll conductance to CO2 and even-
tually limited photosynthesis. Introduction of the unmutated gene fully comple-
mented the mutated phenotype (Heckwolf et al. 2011).

A similar situation has been observed for membrane diffusion of ammonia. 
According to the Meyer-Overton rule, NH3 should easily pass lipid bilayers down 
its concentration gradient. However, facilitation of ammonia membrane transport in 
heterologous and native systems has been reported for aquaporins (Nakhoul et al. 
2001; Bertl and Kaldenhoff 2007; Holm et al. 2005) as well as special ammonium 
transporters (Ludewig et al. 2003). Recently the crystal structure of the water- and 
ammonia-permeable aquaporin AtTIP2;1 revealed a special selectivity filter con-
taining a conserved arginine residue that helps to understand the molecular mecha-
nism of ammonia permeation (Kirscht et al. 2016). In addition it has been shown in 
zebrafish larvae that an aquaporin can facilitate the membrane diffusion of CO2, 
ammonia and water in a physiologically relevant fashion (Talbot et al. 2015).

5  �Molecular Mechanism of Aquaporin-Facilitated CO2 
Diffusion

Atomic structure of aquaporins shows high similarity and unique structural ele-
ments (see chapter “Structural Basis of the Permeation Function of Plant 
Aquaporins”). In general, aquaporins consist of six membrane-spanning helical 
domains with N- and C-termini heading towards the cytosol. Conserved motifs 
called ‘NPA’ in loop B and E from opposite sides located inside the membrane form 
the water-conducting channel (Murata et al. 2000). Experimental data showed that 
the water channel forms in a single aquaporin monomer; however, aquaporins form 
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tetramers in the membrane (de Groot et al. 2003). In general, membrane proteins 
tend to form oligomers not only for stabilization but also for functionality of the 
protein (Ali and Imperiali 2005). However, the reason why aquaporins tend to form 
tetramers is still not clear (Strand et al. 2009).

HsAQP1 is an aquaporin that has been closely examined with regard to its func-
tion in CO2 transport. Experimental data gave clear evidence that HsAQP1 can 
facilitate CO2 transport in Xenopus laevis oocytes (Uehlein et al. 2003; Endeward 
et al. 2006b). Atomic molecular simulation data based on HsAQP1 crystal struc-
tures show that HsAQP1-mediated CO2 transport via the monomer pores can be 
expected in membranes with low intrinsic CO2 permeability (Hub and de Groot 
2006). However, it is more likely that CO2 diffusion is mediated through the central 
pore formed by the tetramer (Hub and de Groot 2006), because it is lined by hydro-
phobic amino acid residues and therefore is an ideal path for hydrophobic CO2 
molecules (Wang et al. 2007). Later on, experimental data based on the artificial 
homo- and heterotetramers of NtPIP1;2 and NtPIP2;1 showed that maximum CO2 
transport rates were obtained when the tetramer consisted of NtPIP1;2 units only. 
Substitution of two PIP1 by two PIP2 units completely abolished the CO2 transport 
capacity. In conclusion, the data showed that tetramer formation is necessary for 
CO2 transportation and that a joint structure built by all four units in the tetramer is 
responsible for this function. It is most likely that the central pore is the respective 
structure (Otto et al. 2010).

6  �In Vitro Studies of CO2 Diffusion Across Reconstituted 
Model Membranes

The diffusion of CO2 across membranes was studied in different systems using dif-
ferent measuring approaches. In early studies, overexpression of aquaporins was 
done in oocytes, and the measurement of CO2 diffusion was done with the detec-
tion of acidification of the oocytes cytosol in the presence of carbonic anhydrase 
when subjected to a CO2 gradient (Nakhoul et al. 1998). Later on, the stopped-flow 
method was used to detect CO2 diffusion across yeast cell membranes, in which a 
CO2 permeable aquaporin was overexpressed. To guarantee that the membrane 
transport of CO2 is the rate limiting step, rather than the conversion reaction of CO2 
to carbonic acid, the yeast cells expressed a carbonic anhydrase. NtAQP1 or 
NtPIP2;1 was expressed in yeast, and the cells were subjected to functional analy-
sis for intracellular acidification in response to CO2 uptake. Intracellular acidifica-
tion was monitored via detecting changes of fluorescein fluorescence. Yeast cells 
expressing NtAQP1 in addition show faster intracellular decrease in pH compared 
to control cells and cells expressing NtPIP2;1 (Otto et al. 2010). Similarly, experi-
ments were done using reconstituted proteoliposomes (Prasad et  al. 1998; Yang 
et al. 2000). However, these studies, which employed the stopped-flow technique, 
were questioned regarding the ability to resolve the rapid kinetics of CO2 diffusion 
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across the membrane (Boron et al. 2011). In addition, an 18O exchange mass spec-
trometric technique was applied to measure the CO2 diffusion across red blood 
cells (Itel et  al. 2012). Recently, a new method for monitoring CO2 transport 
through a lipid bilayer using a micro pH electrode was developed. CO2 transporta-
tion through a two-chamber system that was separated by a lipid bilayer resulted in 
an acidified region close to the membrane. A micro pH electrode attached to a 
micromanipulator device was used to monitor this acidification (Uehlein et  al. 
2012a; Missner et  al. 2008b). This tool offered a new instrument to study the 
steady-state CO2 diffusion through membranes independent of resolving rapid 
kinetics and just reliant on the diffusion rate of CO2. In addition, using non-CO2-
permeable triblock-copolymer membranes, it was possible to reduce the back-
ground diffusion, which is quite significant in artificial lipid bilayers, to close to 
zero (Uehlein et al. 2012a). Further studies examining the effect of sterols as well 
as non-CO2-permeable aquaporins on CO2 diffusion were done using the same 
method. The development of techniques used for measuring CO2 diffusion could 
shed some light on the general principles. Several independent studies revealed 
that sterols and membrane proteins that are major components of a biological 
membrane also contribute to the limitation of membrane CO2 permeability (Itel 
et al. 2012; Kai and Kaldenhoff 2014; Tsiavaliaris et al. 2015).

7  �Conclusions and Perspectives

Taken together, experimental data on membrane gas permeability are available 
that are not consistent with the Meyer-Overton rule and with theoretical consider-
ations, or the process of CO2 diffusion across biological membranes is not suitable 
to apply the Meyer-Overton rule. One possible reason could be that our current 
view of biological membranes and comparison of their permeability properties to 
well-established experimental test systems like pure lipid bilayers are not quite 
correct. Biological membranes are considerably more complex than is reflected 
by the well-known fluid mosaic model (Singer and Nicolson 1972). They contain 
integral and associated membrane proteins, as well as membrane regions tightly 
connected to the cytoskeleton. The protein occupancy in highly specialized mem-
branes reaches up to 75 % (Dupuy and Engelman 2008; Engelman 2005). It ranges 
between ~23 % for red blood cell membranes (Dupuy and Engelman 2008) and 
~70–80 % for chloroplast membranes (Kirchhoff et al. 2008). Therefore, it is not 
surprising that permeability properties of biological membranes differ greatly 
from that of artificial lipid bilayers. It may be misleading to expect that findings 
obtained on pure lipid bilayers and in silico studies directly apply to complex 
biological membranes. However, one should keep in mind that molecules cannot 
cross the lipid matrix when the lipid matrix is either replaced by integral mem-
brane proteins or covered by membrane-associated proteins and therefore not 
accessible (Boron 2010).
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The literature shows that membranes differ in CO2 permeability and that certain 
aquaporins as well as RhAG proteins are able to transport CO2 when the back-
ground permeability of the membrane in which they reside is low or, in case of 
special block copolymer membranes, even close to zero. Furthermore, studies show 
that the gas permeability of biological membranes may decrease with increasing 
protein content, thus making special transport proteins necessary in cases where 
high gas permeability is required. There are more physiologically important gasses, 
namely, NH3, O2 and NO, which have to cross membranes in order to be taken up or 
to be released. Membrane diffusion of CO2 and NH3 can be detected by measure-
ment of pH changes, for O2 and NO carbon fibre electrodes can be used. 
Understanding the mechanism of gas transport across biological membranes will 
help understand the physiology of organisms and will provide new arguments for 
the controversial debate on membrane gas transport. Eventually it will help to 
understand how CO2 transport in plants can be improved, and this in turn will help 
to advance photosynthesis and growth of crop plants. In addition, it will give rise to 
broader impacts like strategies towards reduction of atmospheric CO2 concentration 
and development of technical applications like highly gas-selective membranes for 
gas purification or sensor technology.
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The Nodulin 26 Intrinsic Protein Subfamily

Daniel M. Roberts and Pratyush Routray

Abstract  Nodulin intrinsic proteins (NIPs) represent a land plant-specific subfam-
ily of the major intrinsic protein/aquaporin superfamily. NIPs are named for the first 
member of the family discovered, soybean nodulin 26 of symbiotic nitrogen-fixing 
root nodules. Evolutionarily, NIPs appear in early nonvascular and vascular land 
plant lineages, with the family undergoing substantial diversification and sub-
functionalization during subsequent evolution of seed plants. Structurally, most 
NIPs can be divided into three “pore” families based on the composition of amino 
acids comprising the predicted aromatic-arginine selectivity region of the channel 
pore. Functionally, two of these families (NIP II and NIP III) serve as channels for 
metalloid nutrients (boric acid and silicic acid respectively), while the biological 
role of NIP I channels remains more open. Biochemical functions for NIP proteins 
are diverse, with transport selectivities ranging from metalloid hydroxides to glyc-
erol, lactic acid, urea, and hydrogen peroxide. Some NIPs retain their aquaporin 
function, while others have lost this signature activity of the aquaporin family. In the 
present chapter, the evolutionary origins, structural and functional properties, and 
potential biological functions, particularly beyond their roles as metalloid facilita-
tors, are reviewed.

1  �Nodulin 26: A Historical Perspective

The beginning of the NIP subfamily narrative starts with early work on the develop-
ment of legume-rhizobial nitrogen-fixing symbioses. The establishment of root 
nodules upon rhizobial infection results in the generation of modified organellar 
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structures known as “symbiosomes” (Emerich and Krishnan 2014; Ivanov et  al. 
2010; Roth and Stacey 1989) that house endosymbiotic rhizobia bacteria. 
Symbiosomes mediate the metabolic exchange that supports the energetically 
expensive process of nitrogen fixation (uptake of a reduced carbon energy source to 
support N2 reduction and export of fixed NH3 for cytosolic assimilation (Clarke 
et al. 2014; Day et al. 2001; Udvardi and Poole 2013)). Early work by Verma and 
colleagues identified a subclass of symbiosome membrane “nodulin” genes that 
encode proteins that support this process (Fortin et al. 1985). Among these was an 
integral polytopic membrane protein, referred to as nodulin 26 (Fortin et al. 1987) 
that is the major protein component of the mature soybean symbiosome membrane 
(Dean et al. 1999; Fortin et al. 1987; Rivers et al. 1997; Weaver et al. 1991). Its simi-
larity to the “major intrinsic protein” of bovine lens fibers (later renamed aquaporin 
0) was noted (Sandal and Marcker 1988), and it is among the first members of the 
plant aquaporin superfamily discovered.

Since these seminal observations, a wealth of information has been generated on 
the NIP gene family, including its wide distribution in land plants, its unusual broad 
selectivity as a transporter of multiple uncharged solutes and water, and its biologi-
cal function in plant nutrition and stress responses have been generated. The picture 
that has emerged is that NIPs are a land plant-specific collection of unique aquapo-
rin-like proteins that have conserved the basic aquaporin structural paradigm but 
have evolved to acquire unique biochemical and biological functions in plant 
physiology.

2  �Nodulin Intrinsic Proteins: Evolution and Diversification

2.1  �The Evolutionary Origins of the NIP Subfamily

The availability of genomic information across all biological kingdoms has pro-
vided a detailed picture of the phylogeny of the major intrinsic protein/aquaporin 
superfamily (Abascal et al. 2014; Danielson and Johanson 2010; Finn and Cerda 
2015; Johanson et al. 2001; Perez Di Giorgio et al. 2014). In general, a major branch 
point between two ancient ancestral paralogous subfamilies, the “glycerol trans-
porter/aquaglyceroporin” (GLP) and “aquaporin” (AQP) subgroups, is proposed 
with further duplication, diversification, and sub-functionalization (particularly 
within the AQP group) occurring during evolution of higher eukaryotes (reviewed 
in Abascal et al. 2014; Zardoya 2005). Within this larger phylogeny, the NIPs form 
a monophyletic group within the AQP subfamily. Phylogenetic analysis shows that 
NIP family is quite distinct from other plant MIP clades (e.g., PIP, SIP, TIP, and XIP 
subfamilies) and shows a closer evolutionary alignment with bacterial and archaeal 
AQPs (Abascal et al. 2014; Danielson and Johanson 2010; Finn and Cerda 2015; 
Zardoya 2005; Zardoya et al. 2002). This has led to an initial hypothesis that plants 
acquired NIP proteins through a horizontal gene transfer from the bacterial AQP-Z 
family with a common ancestor gene dating to 1,200 million years ago, correlating 
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with the divergence and origin of the kingdom Plantae (Zardoya 2005; Zardoya 
et al. 2002). Further, given the glyceroporin activities commonly found in NIPs (see 
Sect. 3) and the lack of GLP-like proteins in seed plants, it was proposed that this 
transfer and subsequent convergent evolution of the pore selectivity amino acid resi-
dues provided an alternative mechanism for the acquisition of glycerol permease 
activity in land plants (Zardoya 2005; Zardoya et al. 2002).

More recently, other models for the origin of NIPs have also been proposed 
based on phylogenic analyses of a multitude of plant, bacterial, and archaeal 
genomes (Anderberg et al. 2011, 2012; Danielson and Johanson 2008, 2010; Finn 
and Cerda 2015; Gustavsson et al. 2005; Perez Di Giorgio et al. 2014). For example, 
representative archaeal and cyanobacterial species possess genes encoding NIP-like 
proteins that show the closest phylogenetic relationships to plant NIPs (Abascal 
et al. 2014; Danielson and Johanson 2010; Finn and Cerda 2015). This suggests that 
horizontal transfer of an ancestral gene from this prokaryotic NIP-like group could 
have given rise to plant NIPs rather than a transfer event of bacterial AQP-Z aqua-
porins (Danielson and Johanson 2010; Finn and Cerda 2015). More recently, a third 
model of NIP evolution proposes the vertical decent of plant NIPs and animal aqua-
glyceroporins of the AQP3 family from a common eukaryotic ancestor (Perez Di 
Giorgio et  al. 2014). While plausible, this model would have to account for the 
absence of NIP genes in ancient plant lineages that predate the evolution of land 
plants (Anderberg et al. 2011).

2.2  �Divergence and Sub-functionalization of NIPs

Although multiple schemes for the origin of NIPs have been proposed, a general 
consensus is that these genes were acquired, diversified, and sub-functionalized 
during the evolutionary emergence of the Embryophyta. Plant NIPs are represented 
in all seed plant genomes (c.f., Chaumont et al. 2001; Diehn et al. 2015; Fouquet 
et al. 2008; Gupta and Sankararamakrishnan 2009; Hove et al. 2015; Johanson et al. 
2001; Quigley et al. 2002; Reuscher et al. 2013; Sakurai et al. 2005; Zhang et al. 
2013) as well as in early bryophyte, lycopod, and monilophyte plant lineages (e.g., 
Physcomitrella patens (Danielson and Johanson 2008), Selaginella moellendorffii 
(Anderberg et al. 2012), and Equisetum arvense (Gregoire et al. 2012)). In contrast, 
NIPs are absent in algal genomes (Anderberg et al. 2011), supporting the acquisi-
tion of this plant MIP subfamily (as well as others including TIPs and SIPs) upon 
plant colonization of land.

Further phylogenetic, structural modeling and transport function analysis have 
revealed substantial diversification and sub-functionalization of NIPs during plant 
evolution. Based on the early phylogenetic analyses of Arabidopsis MIPs (Johanson 
and Gustavsson 2002; Quigley et al. 2002), and parallel analyses in maize (Chaumont 
et al. 2001), a nomenclature for assigning MIP protein designations was adopted with 
the subfamily (e.g., SIP, PIP, TIP, and NIP) followed by a numbering scheme based on 
monophyletic groups within each subfamily as well as the number of the individual 
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gene within these monophyletic groups. In the case of Arabidopsis NIPs, nine genes 
divided into seven groups were identified (AtNIP1;1 and 1;2, AtNIP2;1, AtNIP3;1, 
AtNIP4;1 and 4;2, AtNIP5;1, AtNIP6;1, and AtNIP7;1) (Johanson et al. 2001).

Since these early analyses, the availability of a large number of NIPs represent-
ing a diverse array of land plant lineages reveals a more complex NIP phylogeny, 
and broader segregation into distinct paralog groups has been noted in several anal-
yses (Abascal et al. 2014; Anderberg et al. 2012; Chaumont et al. 2001; Danielson 
and Johanson 2008, 2010; Sakurai et al. 2005). From a recent analysis (Abascal 
et al. 2014), based on a global MIP phylogenetic tree constructed with 1714 MIP/
aquaporin sequences, seed plant NIPs can be divided into four paralogous clades 
(NIP-1 to NIP-4, Fig. 1) (See also chapter “Plant Aquaporins and Metalloids”).

NIP-1 proteins are represented by the family archetype, soybean nodulin 26. 
NIP-1 proteins are found exclusively in angiosperms and were originally character-
ized as channels for water and glycerol (Wallace et  al. 2006), although they are 
permeated by other solutes as well (discussed in the next section). NIP-2 proteins 
were first described in monocot genomes and were first functionally characterized 
as silicic acid transporters associated with accumulation of silicon nutrients in rice 
(Ma et al. 2006). NIP-2 proteins are widely distributed in monocots, and are also 
found in some dicots (although notably absent in Arabidopsis) and gymnosperms 
(Anderberg et  al. 2012). NIP-3 proteins are present in all land plant genomes. 
Functionally, NIP3 channels are permeated by multiple metalloid hydroxide sub-
strates (Pommerrenig et al. 2015) and glycerol (Wallace et al. 2006). Biologically, 
they mediate the uptake and homeostasis of boron nutrients under limiting condi-
tions (Miwa and Fujiwara 2010; Takano et al. 2006; Tanaka et al. 2008). A fourth 
paralogous group (NIP-4) is more distal from the other NIP groups, and shows simi-
larity to Arabidopsis AtNIP7;1 (Abascal et al. 2014). In addition, a subgroup found 
exclusively in earlier plants species (designated as NIP-5 by Anderberg et al. 2012; 
Danielson and Johanson 2008, 2010) are proposed to be phylogenetically associ-
ated with the NIP-2 group (Abascal et al. 2014).

2.3  �Phylogenetic Versus “Pore” Classification of NIPs

In addition to these phylogenetic designations based on evolutionary relation-
ships of nucleotide and amino acid sequences, a second nomenclature and group-
ing of seed plant NIPs into “pore families” based on selectivity filter analysis 
from homology modeling of the NIP subfamilies has also been generated (Mitani 
et al. 2008; Wallace and Roberts 2004). Using the nomenclature of (Danielson 
and Johanson 2010), phylogenetic clades are designated by Arabic numerals 
(e.g., NIP1-5) and “pore families” by Roman numerals (e.g., NIP I–III). An anal-
ysis of the NIP pore families will be taken up in the next section on NIP structure 
and function.
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Fig. 1  Phylogenic divisions within representative angiosperm NIP proteins. Selected NIP proteins 
were aligned by using the ClustalW multiple sequence alignment program, and an unrooted phylo-
genetic tree was generated using the MegAlign software in the DNASTAR Lasergene Suite. The 
scale bar represents amino acid substitutions per ten residues. Phylogenetic clades NIP1 to NIP4 
using the nomenclature of (Abascal et al. 2014) are shown. The protein sequences correspond to the 
following: (1) Arabidopsis NIPs correspond to the proteins encoded by the indicated genes based on 
the nomenclature of Johanson et al. (2001); (2) soybean NIPs correspond to the protein nomenclature 
of Zhang et al. (2013) with the exception of GmNod26 (designated GmNIP1;5 by Zhang et al. 2013) 
which represents the original archetype of the family and MtNod26.1 (Medtr8g087710.1) which 
represents the nodulin 26 ortholog in Medicago truncatula based on expression data (Benedito et al. 
2008); (3) Oryza sativa NIPs correspond to the nomenclature of Sakurai et al. (2005) with the excep-
tion of OsLsi1 and OsLsi6 (represented by OsNIP2;1 and OsNIP2;2 in Sakurai et al. 2005)) which 
are named based on their silicic acid transport properties as described in Ma et al. (2006) and Yamaji 
et al. (2008); the barley ortholog HvLsi is from Chiba et al. (2009); (4) Vitis vinifera NIPs correspond 
to the nomenclature in Fouquet et al. (2008); (5) Sorghum bicolor NIPs correspond to the nomencla-
ture in Azad et al. (2016); (6) LjNIP6;1 corresponds to the metalloid transporter from Lotus japonicus 
described in Bienert et al. (2008); (7) The Populus trichocarpa NIPs correspond to the following gene 
IDs: PtNIP5;1 (POPTR_0001s45920), PtNIP6;1 (POPTR_0001s14850), PtNIP7;1 (POPTR_ 
0008s20750), and PtNIP2 (POPTR_0017s11960)
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3  �Modifying the Hourglass: NIP Structure and Transport 
Functions

3.1  �The Aquaporin Hourglass Fold

Early investigation of aquaporin topology and structure revealed the intrinsic inter-
nal twofold inverse symmetry of the protein consisting of two pairs of three trans-
membrane α-helices with each pair containing a conserved “NPA” box in the loop 
regions between helices 2 and 3 and 5 and 6 (Fig. 2) (see also chapter “Structural 
Basis of the Permeation Function of Plant Aquaporins”). Agre and co-workers (Jung 
et  al. 1994) coined the term “hourglass” to describe the conserved aquaporin 

Fig. 2  The aquaporin fold and NIP pore families. (a) Diagrammatic representation of the con-
served MIP membrane topology. The positions of the four amino acids from helix 2 (H2), helix 5 
(H5), and the extracellular NPA loop (LE1 and the conserved arginine at LE2) are shown. (b) A 
backbone ribbon depiction of the sub-angstrom structure the Pichia aquaporin AQY1 (pdb 3ZOJ 
Kosinska Eriksson et al. 2013) is shown with the same color scheme for the NPA boxes and helices 
2 and 5 as in panel A. The ar/R side chains (magenta) and the NPA asparagines (white and yellow) 
are shown as well as space filling representations of four water molecules in the transport channel 
(aqua). (c) The ar/R regions of AQY1 compared to the ar/R regions (from homology models) of 
representative NIP I (soybean nodulin 26), NIP II (AtNIP7;1), and NIP III (OsLsi1) are shown 
viewed down the pore axis from the extracellular face of each protein. The positions of the four 
ar/R positions are indicated with the side chain colors indicating chemical properties (yellow, 
hydrophobic; white, uncharged hydrophilic; blue, basic). The position of the bound water from the 
AQY1 structure (aqua sphere) is docked into each structure. Hydrogen bond contacts (yellow) and 
hydrogen bond-π contacts (orange) are indicated
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topology even before the solution of the first crystal structures. This term was pre-
scient since the solution of the first crystal structures of aquaporin/MIP family 
members [the Escherichia coli glycerol facilitator (Fu et al. 2000), and mammalian 
aquaporin 1 (Sui et al. 2001)] confirmed the twofold symmetry and the role of the 
NPA boxes in folding into the pore to form a seventh pseudo-transmembrane helix 
(Fig. 2). Further, they identified the nature of the hourglass constriction that serves 
as the selectivity filter of the pore. This selectivity constriction is formed by the 
confluence of four amino acids, one residue from two of the transmembrane 
α-helices (helix 2 and helix 5, referred to as the H2 and H5 positions) and two resi-
dues from the second NPA box (referred to as the LE1 and LE2 positions). Due to 
the presence of a nearly invariant arginine at the LE2 position, and the prevalence of 
aromatic residues at the other positions, the term “aromatic/arginine” region or ar/R 
was coined for this selectivity filter constriction (de Groot and Grubmuller 2001). 
The composition of the ar/R in representative GLP and AQP structures showed how 
substitutions of the side chains at the LE1, H2, and H5 positions control specificity 
for water or glycerol transport through alterations in the size of the ar/R aperture 
and the hydrophobicity and hydrogen bond potential of the ar/R side chains (Hub 
et al. 2009; Walz et al. 2009). The NPA boxes, on the other hand, interact with trans-
ported substrates and, in the case of aquaporin transport, disrupt the hydrogen bond 
chain of waters in the pore to prevent the transport of protons via the Grotthuss 
mechanism (Kosinska Eriksson et al. 2013; Kreida and Tornroth-Horsefield 2015).

Early homology modeling studies showed that the diversification of the aquapo-
rin gene family in plants was accompanied by alterations in the compositions of the 
predicted ar/R selectivity filter sequences which transcended the water-specific 
AQP and glycerol permease paradigms (Ludewig and Dynowski 2009; Wallace and 
Roberts 2004). Seed plant NIPs can be classified into three “pore families” (NIP I, 
NIP II, and NIP III, Fig. 2) based on amino acid motifs found within the ar/R 
selectivity filter of the pore (Liu and Zhu 2010; Mitani et al. 2008; Rouge and Barre 
2008; Wallace et al. 2006; Wallace and Roberts 2004). Interestingly, the “pore fami-
lies” show phylogenetic segregation into groups as well (Fig. 1), although NIPs 
from early plant species show more diversity within this region (Anderberg et al. 
2012; Danielson and Johanson 2008).

3.1.1  �The NIP Pore Subfamilies

3.1.2  �Soybean Nodulin 26 and NIP I Pores

Homology modeling of soybean nodulin 26 and related proteins in the NIP-1 phy-
logenetic subgroup revealed a conserved consensus ar/R tetrad consisting of [in 
order, the H2-H5-LE1-LE2 residues are W-V-A-R (Wallace and Roberts 2004; 
Wallace et al. 2002)], (Fig. 2). The presence of a tryptophan at H2 and a valine at 
H5 results in a more hydrophobic amphipathic pore compared to the water-specific 
aquaporins (Wallace and Roberts 2004, 2005; Wallace et al. 2002). In addition, the 
substitution of valine for a histidine at the H5 position both increases the pore 
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diameter of the ar/R as well as removes the hydrogen bonding potential of the histi-
dine resulting in a reduction in the ability of NIP I ar/R to form hydrogen bonds with 
transported waters (Wallace and Roberts 2005), (Fig. 2). Consistent with this altera-
tion in the ar/R, NIP I proteins form aquaglyceroporin channels that mediate the 
flux of glycerol and water (Dean et al. 1999; Rivers et al. 1997; Schuurmans et al. 
2003; Weig et al. 1997; Weig and Jakob 2000), but with an aquaporin single channel 
rate (roughly 0.1 billion/sec) that is an order of magnitude reduced compared to 
water-specific aquaporins (Dean et al. 1999; Rivers et al. 1997). The conservation of 
a tryptophan at the H2 position is characteristic of glyceroporins and aquaglycero-
porins (Fu et al. 2000), and substitution of a histidine at this position (characteristic 
of the plant TIP family) results in the loss of the glycerol permease activity while 
retaining the aquaporin activity of the channel (Wallace and Roberts 2005; Wallace 
et  al. 2002). In addition to water and glycerol transport, NIP I proteins, such as 
nodulin 26, also possess an ammonia permease activity (Hwang et  al. 2010; 
Niemietz and Tyerman 2000). The potential role of nodulin 26 as an ammoniaporin 
during symbiotic nitrogen fixation is discussed below.

Biochemical and biophysical transport analyses reveal that the NIP I pore is also 
permeable to uncharged hydrophilic “test” substrates with molecular volumes that 
can be accommodated by the pore. Among these are formamide (Rivers et al. 1997) 
and hydrogen peroxide (Katsuhara et  al. 2014). The Arabidopsis NIP2;1 protein 
presents an unusual case and an outlier function for NIP I proteins. As discussed 
below in Sect. 4, NIP2;1 is among a small collection of genes that encode the core 
“anaerobic response polypeptides” in Arabidopsis that are acutely induced during 
flooding and associated anaerobic stress (Choi and Roberts 2007; Mustroph et al. 
2009). Functional analysis of NIP2;1 showed that it differed from canonical nodulin 
26 and lacked any detectable glycerol or aquaporin channel activities and instead 
was found to flux the protonated lactic acid, a fermentation end product (Choi and 
Roberts 2007). A potential role for NIP2;1 in anaerobic stress responses is discussed 
in Sect. 4.3 below.

NIP2;1 has an ar/R selectivity filter that is identical to other NIP I proteins, and so 
the reason for its distinct substrate selectivity is likely due to other (as yet uncharac-
terized) characteristics of the transport channel. Crystal structures of various mam-
malian and plant water-specific aquaporins with similar ar/R show that other unique 
features of the channel besides the ar/R can also contribute to transport activity, 
selectivity and regulation (Gonen et al. 2004; Kreida and Tornroth-Horsefield 2015; 
Tornroth-Horsefield et al. 2006). In this regard, while the ar/R is a critical determi-
nant of the channel selectivity, other structural determinants outside of this constric-
tion need to be considered in evaluating transport function (Savage et al. 2010).

As discussed in more detail in the chapter “Plant Aquaporins and Metalloids” in 
this volume, a major role for the NIP family as permeases for uncharged metalloid 
hydroxides (i.e., “metalloidoporin” activity) has emerged based on substantial bio-
chemical, biophysical, and genetic evidence. These include metalloid nutrients 
such as boric acid and orthosilicic acid as well as toxic hydroxides of As (III), Ge, 
and Sb (reviewed in Pommerrenig et  al. 2015). Collectively, these compounds 
form weak Lewis acid structures with trigonal (B[OH]3) or tetrahedral (e.g., 
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As[OH]3 and Si[OH]4) geometry that exist in an uncharged state at physiological 
and soil pH. Quantum calculations and thermodynamic comparisons suggest that 
among the myriad conformations that glycerol can adapt (over 500), a “retracted” 
glycerol conformation shows substantial similarity to the more conformationally 
restrained As[OH]3 and Sb[OH]3 molecules with respect to structure, the disposi-
tion of the hydrogen bonding hydroxyl groups, electrostatic potential, and molecu-
lar volume (Porquet and Filella 2007). Consistent with this observation, glycerol 
permeases of the aquaporin superfamily, such as the E. coli GlpF channel, the yeast 
FPS1 protein, as well as a number of animal aquaglyceroporins, are permeated by 
Sb[OH]3 and As[OH]3 (Liu et al. 2004; Mukhopadhyay et al. 2014; Sanders et al. 
1997; Wysocki et al. 2001). NIP proteins of all three pore subclasses are permeated 
by Sb[OH]3 and As[OH]3 based on toxicity analyses in yeast backgrounds deficient 
in glycerol or arsenite transport (Bienert et al. 2008; Isayenkov and Maathuis 2008; 
Kamiya and Fujiwara 2009; Katsuhara et al. 2014; Xu et al. 2015), or by direct 
uptake when expressed in Xenopus oocytes (Kamiya et al. 2009; Katsuhara et al. 
2014; Ma et al. 2008).

While other plant MIPs have been proposed to be permeated by As[OH]3 and 
other metalloids (see chapter “Plant Aquaporins and Metalloids”), strong evidence 
for a unique role of NIP I proteins in conferring resistance to As III toxicity comes 
from an unbiased forward genetic screen in Arabidopsis that identified the NIP1;1 
protein as the determinant for As[OH]3 sensitivity (Kamiya et al. 2009). This may 
reflect the high expression level of NIP1;1 compared to other NIPs in the roots, as 
well as its cellular and subcellular localization (Alexandersson et al. 2005; Kamiya 
et al. 2009). In a subsequent study, another NIP I protein, NIP3;1, was found to 
work synergistically with NIP 1;1 in As uptake and root to shoot translocation and 
partitioning (Xu et al. 2015). As discussed recently (Pommerrenig et al. 2015), it is 
not clear whether Sb[OH]3 and As[OH]3 permeabilities are non-biological side 
activities based on the structural similarity of these toxic compounds to actual bio-
logical substrates (e.g., metalloid nutrients or glycerol) or whether NIPs are bona 
fide physiological channels involved in As detoxification. As discussed in the next 
two sections, there is strong physiological, genetic, and biochemical evidence for 
NIP II and NIP III proteins as channels for metalloid nutrients (B and Si, respec-
tively). However, a biological role for NIP I as transporters for these metalloids is 
lacking, and the permeability of NIP I for these compounds is not well demon-
strated (Ma et al. 2008; Mitani et al. 2008, Fig. 3).

3.1.3  �NIP II Pores: Metalloid and Glycerol Permeases

With respect to channel selectivity, NIP II proteins share the glycerol permease 
activity of NIP I proteins (Wallace and Roberts 2005), and are permeated by a vari-
ety of metalloids (Hanaoka et al. 2014; Isayenkov and Maathuis 2008; Kamiya et al. 
2009; Katsuhara et al. 2014; Ma et al. 2008; Takano et al. 2006; Tanaka et al. 2008). 
Overwhelming genetic evidence suggests that the primary biological function of 
NIP II channels is to serve as facilitators of boric acid permeability across biological 
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membranes under limiting conditions of this essential nutrient (Hanaoka et al. 2014; 
Takano et  al. 2006; Tanaka et  al. 2008), Miwa et  al. 2010, see chapter “Plant 
Aquaporins and Metalloids”).

From a structural and biochemical transport perspective, the NIP II pore differs 
fundamentally from NIP I proteins by the substitution of a small side chain amino 
acid (typically alanine) for the bulky aromatic tryptophan at the H2 position of the 
ar/R region while retaining an aliphatic branched hydrophobic residue (isoleucine 
or valine) at position H5 (Wallace and Roberts 2005). This results in a much wider 
predicted ar/R selectivity filter, principally from the H2 alanine substitution (Fig. 2). 
Transport analyses show that the H2 position of NIP I and NIP II pores is a critical 
determinant of which solutes are permeated by each pore class, as well as the aqua-
porin activity possessed by each (Wallace and Roberts 2005) (Fig. 3). For example, 
NIP II proteins (e.g., AtNIP6;1 and AtNIP5;1) are readily permeated by urea 
(Wallace and Roberts 2005; Yang et al. 2015), while NIP I proteins (e.g., nodulin 
26) are not (Rivers et al. 1997; Wallace and Roberts 2005). Similarly, the substitu-
tion of a tryptophan for the conserved alanine at the H2 position of AtNIP6;1 results 
in a reduced flux of boric acid (Fig. 3), suggesting a small amino acid at the H2 
position is necessary for optimal transport of this solute. Interestingly, as discussed 
above, NIP I proteins are readily permeated by other metalloid hydroxides such as 
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As[OH]3 (Pommerrenig et al. 2015), which has similar or larger molecular volumes 
than boric acid. The reason for this potential difference remains unresolved but may 
be due to the different geometry (i.e., planar vs. tetrahedral) of boron and arsenic 
hydroxides.

Another curiosity regarding NIP II channel activity is the apparent drastic reduc-
tion or loss of aquaporin activity in many NIP II proteins compared to their NIP I 
counterparts (Katsuhara et al. 2014; Li et al. 2011; Takano et al. 2006; Wallace and 
Roberts 2005). From a size perspective, this is counterintuitive since the predicted 
width of the NIP II ar/R selectivity region is large enough to accommodate two 
water molecules (Wallace and Roberts 2005). The H2 position is again the determi-
nant of NIP aquaporin activity, with reciprocal site-specific substitutions of either 
tryptophan or alanine in this position conferring aquaporin activity (i.e., tryptophan) 
or a watertight pore (i.e., alanine) (Fig. 3).

Why does a wider pore result in the loss of aquaporin activity? One possibility, 
based on molecular dynamics simulations of NIP II homology models (Li 2014), is 
that the substitution of a smaller alanine side chain in the ar/R stabilizes a rotomeric 
state of the ar/R arginine in a “down” position which would effectively occlude the 
pore. In support of this, crystal structures of certain aquaporins (e.g., AQP-Z) have 
revealed the existence of such a “down” configuration of the ar/R arginine (Jiang 
et al. 2006), and the fluctuation between the up and down states has been proposed 
as a potential mechanism to regulate aquaporin activity in mammalian and bacteria 
aquaporins (Hub et al. 2010; Xin et al. 2011).

Why would a “watertight” pore be desirable for NIP II proteins? These proteins 
function as boric acid channels at strategic locations on the plasma membranes of 
selected cells and tissues (Takano et al. 2006, 2010; Tanaka et al. 2008; Uehara et al. 
2014). The water permeability of the plant plasma membrane is controlled largely 
by PM-localized PIP aquaporins, which are subject to tight regulation through mul-
tiple mechanisms at a variety of regulatory levels (e.g., genetic, trafficking and pore 
gating), (Chaumont and Tyerman 2014; Maurel et al. 2015). The plasma membrane 
possesses an osmotic water permeability (Pf) that is two orders of magnitude lower 
than internal membranes, which may be necessary for cell volume regulation and 
buffering (Maurel et al. 1997). In the case of NIP II proteins, the ability to readily 
transport boric acid in a watertight manner may be necessary to prevent interference 
with the regulation of plasma membrane Pf.

NIP7;1 and related proteins of the NIP4 clade also possess an ar/R filter charac-
teristic of the NIP II pore (A/G-V-G-R). NIP7;1 has been implicated as a transporter 
of Sb[OH]3 (Bienert et al. 2008) or As[OH]3 (Isayenkov and Maathuis 2008), and a 
potential role in boric acid transport was suggested based on its similarity to estab-
lished NIP II channels. However, despite this similarity, evaluation of transport 
function in Xenopus oocytes showed that AtNIP7;1 exhibits a tenfold lower perme-
ability for boric acid compared to the constitutive AtNIP6;1 boric acid channel (Li 
et al. 2011). The reason for this discrepancy appears to be the result of a conserved 
tyrosine residue (Y81) located on helix 2 four residues from the H2 position (H2-4 
position). Molecular modeling and molecular dynamics simulations suggest that 
Y81 can exist in two rotomeric states that would open or close the pore and access 
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to the ar/R (Li et al. 2011). In the closed state, Y81 lies perpendicular to the pore 
axis in a position capable of forming a hydrogen bond between the phenolic 
hydroxyl group of Y81 and the guanidino group of the ar/R arginine. Substitution of 
Y81 with either cysteine (characteristic of AtNIP6;1) or a phenylalanine (lacking a 
side chain hydroxyl) opens the pore and allows boric acid flux. Analysis of NIP7;1 
orthologs in other plant species shows the conservation of a tyrosine at the H2-4 
position, whereas NIP6;1 and NIP5;1 orthologs have conserved cysteine or aspara-
gine residues, respectively, at this position (Li et al. 2011). It is acknowledged that 
boron is both an essential micronutrient and a potential toxin at high concentrations 
(Camacho-Cristobal et al. 2008), and as a result, boric acid transporters and NIP II 
channels are subject to regulation at multiple levels (genetic, mRNA, and traffick-
ing; Takano et al. 2005; 2006, 2010; Tanaka et al. 2008, 2011) (See also chapter 
“Plant Aquaporins and Metalloids”). The conservation of a tyrosine in the pore that 
could serve as a gate for boric acid transport was suggested to be a potential addi-
tional mechanism of regulation for NIP7;1-like proteins. Regulatory mechanisms 
that could modulate the orientation of this tyrosine residue need to be addressed.

3.1.4  �NIP III Pores: Silicic Acid Channels

NIP III proteins are widely distributed among the Gramineae, are found in some 
dicot species, but are absent in Arabidopsis. With respect to channel selectivity, NIP 
III proteins transport silicic acid (Si[OH]4) and the structurally similar metalloid 
hydroxide Ge[OH]4 (Chiba et al. 2009; Ma et al. 2006). Overwhelming evidence 
suggests that the principal biological functions of NIP III proteins are to serve as 
facilitators for silicon transport in plants (Ma and Yamaji 2015). Silicon is a nones-
sential nutrient that accumulates in grasses and selected dicots and contributes to 
optimal growth and development as well as resistance to abiotic and biotic stress 
(Epstein 1999; Ma and Yamaji 2006). In addition to silicic acid, NIP III proteins are 
permeated by As[OH]3 and contribute to the arsenic accumulation in rice grain in 
the presence of this toxic compound (Ma et al. 2008). Transport analyses show that 
NIP III proteins also flux water, boric acid, and urea (Gu et al. 2012; Mitani et al. 
2008).

The ar/R of this class of NIPs retains the invariant arginine but possesses a sub-
stitution of a small hydroxylated amino acid (serine) at the H5 position compared to 
the common branched aliphatic hydrophobic residues (valine or isoleucine) found 
in NIP I and NIP II pores (Fig. 2). The NIP III ar/R also possesses glycine residues 
at positions H2 and LE1 (Fig. 2). The overall result is a wider, flexible, and more 
hydrophilic selectivity pore with an additional hydrogen bond donor at the H5 posi-
tion. Site-directed mutagenesis of the NIP III silicon transporter OsLsi1 shows that 
the serine residue at the H5 position is critical for Si transport, with the substitution 
of the bulkier, aliphatic isoleucine residue (NIP II-like) abolishing Si[OH]4 trans-
port while retaining the ability to transport As[OH]3 (Mitani-Ueno et  al. 2011). 
Since Si[OH]4 is a larger substrate with an additional hydroxyl group, the H5 serine 
may be essential for providing a wider pore and an additional hydrogen bond donor/
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acceptor. However, the simple presence of the G-S-G-R ar/R composition is not in 
itself adequate to confer Si[OH]4 transport (Deshmukh et  al. 2015; Mitani-Ueno 
et al. 2011), and other determinants (e.g., NPA spacing and conformation (Deshmukh 
et al. 2015)) likely contribute to transport selectivity. Ultimately, validation of these 
hypotheses, similar to others regarding the nature of the NIP I–III pores, will require 
the solution of representative NIP structures at atomic resolution bound with 
substrates.

3.1.5  �Ancestral Pore Structures and Evolutionary Origins

Pore models and predicted selectivity ar/R structures from early plant NIPs reveal 
divergence from the NIP I–III pore paradigm described above. Analysis of P. pat-
ens, the earliest plant species that possesses NIP genes, shows that NIP ar/R 
sequences can be classified into three categories (Danielson and Johanson 2008). 
Two (PpNIP3;1, A-I-A-R and PpNIP6;1, G-V-A-R) are characteristic of NIP II 
pores, while the remaining three (PpNIP5;1, 5;2, 5;3) have a unique composition 
consisting of F-A-A-R.  This latter ar/R is characteristic of some bacterial and 
archaeal NIP-like proteins (Abascal et al. 2014; Danielson and Johanson 2010) and 
thus may represent an evolutionary origin of the NIP selectivity filter (Danielson 
and Johanson 2010). Since bryophytes do not appear to have a nutritional need for 
boron and do not accumulate boron within their cell walls (Matsunaga et al. 2004; 
Wakuta et al. 2015), it is questionable whether these early NIPs play a role in metal-
loid nutrition. Together with the GIP protein subclass (Gustavsson et  al. 2005), 
these ancient NIPs may participate in glycerol uptake and distribution in early non-
vascular terrestrial plants.

Subsequent analyses of the lycopod S. moellendorffii reveal an even greater 
diversification of NIP genes and pore structures (Anderberg et al. 2012). The great-
est diversity was found within the NIP-3 clade (five genes), supporting the proposal 
that this is among the oldest phylogenetic NIP groups (Danielson and Johanson 
2010). However, unlike plant NIP-3 proteins, which have the NIP II ar/R signature, 
a greater diversity of pore selectivity structures was found in S. moellendorffii. 
Some of these are unique among the major intrinsic protein/aquaporin superfamily 
(e.g., SmNIP3;2 P-N-A-R and SmNIP3;3 and 3;4 A-N-A-R). Two additional NIP 
genes code for proteins characteristic of the P. patens NIP-5, and an additional gene 
encodes a protein (SmNIP7;1) phylogenetically related to AtNIP7;1 (NIP-4 clade) 
with a similar NIP II-like ar/R composition (A-V-G-R). The transport and biological 
functions of these proteins have yet to be elucidated. However, Selaginella pos-
sesses functional borate transporters of the BOR family (Wakuta et al. 2015) and 
also is a silica-accumulating plant (Trembath-Reichert et al. 2015), and potential 
functions for Selaginella NIPs in boron and silicon metalloid transport are 
possible.

Analysis of another primitive vascular plant, the horsetail species E. arvense, 
revealed a collection of silicon transporting NIPs (EaNIP3;1–9) that share high 
(>90  %) sequence identity (Gregoire et  al. 2012). Phylogenetically, these NIPs 
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cluster within the NIP-3 clade (Abascal et  al. 2014). Unlike silicon transporting 
NIP-2 proteins from higher plants which possess the NIP III pore signature (G-S-
G-R), the E. arvense NIPs showed a conserved S-T-A-R ar/R region, suggesting the 
early evolution of a distinct pore structure capable of fluxing Si[OH]4.

4  �Selected Biological Functions and Regulation of NIPs

Since the seminal findings of Takano et al. (Takano et al. 2006) and Ma et al. (Ma 
et al. 2006) regarding the demonstration of the NIPs as boric acid or silicic acid 
channels in Arabidopsis and rice, respectively, a wealth of information has emerged 
regarding a primary biological function of NIP channels as metalloidoporins. This 
is expertly reviewed in the chapter “Plant Aquaporins and Metalloids” in this vol-
ume as well as recently by (Pommerrenig et al. 2015). In the final section of the 
present chapter, selected additional biological functions of NIPs, including potential 
roles as channels of non-metalloid substrates, will be discussed.

4.1  �Nodulin 26 and NIPs in Symbioses

Soybean nodulin 26, the archetype of the NIP subfamily, is a late nodulin which is 
expressed at a stage of root nodule development associated with a massive induction 
of endomembrane biosynthesis that precedes the endocytosis of rhizobia bacteria 
and the formation of the unique nitrogen fixation organelle, the symbiosome 
(Guenther et al. 2003; Verma and Hong 1996). It remains as the major protein com-
ponent of the symbiosome membrane throughout the lifetime of nodule through 
senescence (Guenther et al. 2003). Nodulin 26 orthologs have been found in other 
legume symbiosome membranes, and thus this protein appears to be a common 
component of nitrogen-fixing symbiosomes within legume-rhizobia root nodules 
(Catalano et al. 2004; Clarke et al. 2015; Guenther and Roberts 2000).

Early in vitro studies in planar lipid bilayers suggested a role as a metabolite 
and ion channel for the protein (Ouyang et al. 1991; Weaver et al. 1994). However, 
functional analyses of nodulin 26 in Xenopus oocytes and in reconstituted proteo-
liposomes showed the absence of ionic currents and provided overwhelming evi-
dence that nodulin 26 is an aquaglyceroporin (Dean et al. 1999; Rivers et al. 1997) 
that is responsible for the unusually high osmotic water permeability of the sym-
biosome membrane (Pf = 0.05 cm/sec) (Rivers et al. 1997). The symbiosome is 
the major organelle occupying much of the space of the specialized nitrogen-fix-
ing infected cells within the core of the mature soybean nodule. Since these cells 
lack a central vacuole, symbiosomes may be involved in cell volume regulation 
and osmotic buffering in response to changing metabolic and environmental con-
ditions, similar to the role proposed for TIPs in vacuolar membranes (Maurel 
et al. 1997).
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Even before its functional characterization, nodulin 26 was first described as a 
target for phosphorylation by symbiosome membrane-associated calcium-regu-
lated protein kinases of the CDPK (or CPK) family (Weaver et al. 1991; Weaver 
and Roberts 1992) and was one of the first endogenous targets for these kinases 
identified in plants. The site of phosphorylation, which is largely conserved within 
proteins of the NIP-1 clade (Wallace et al. 2006), is serine-262 within the hydro-
philic carboxyl terminal domain within the cytosol (Weaver and Roberts 1992). 
This is a common location for phosphorylation of a number of MIPs/aquaporins 
from both plants and animals (Hachez and Chaumont 2010; Kreida and Tornroth-
Horsefield 2015; Maurel et al. 2015). Phosphorylation of the carboxyl terminal 
domain of aquaporins regulates activity in a number of ways, including gating of 
the channel activity (Johansson et  al. 1998; Nyblom et  al. 2009; Tornroth-
Horsefield et al. 2006) as well as by trafficking and targeted localization to spe-
cific membranes (Boursiac et  al. 2008; Van Balkom et  al. 2002). Stopped flow 
analysis of nodulin 26 vesicles showed that phosphorylation stimulates the intrin-
sic water permeability activity of nodulin 26 (Guenther et al. 2003), suggesting a 
potential gating role.

Phosphorylation of the nodulin 26 is developmentally regulated, coinciding with 
the formation of mature nitrogen-fixing symbiosomes. Phosphorylation is not 
detected in older nodules entering senescence, or in immature nodules prior to 
acquisition of nitrogen fixation activity (Guenther et al. 2003). Nodulin 26 phos-
phorylation is additionally subject to reversible phosphorylation in response to 
osmotic/drought stress (which stimulates phosphorylation, Guenther et al. 2003) as 
well as by flooding/hypoxia stress (which triggers rapid dephosphorylation, Hwang 
2013). These disparate stresses have a converse effect on an O2 diffusion pathway 
within the nodule which exhibits a tight control on the rates of nitrogen fixation 
(Minchin et al. 2008; Roberts et al. 2010). Regulation of this gas diffusion pathway 
is proposed to be mediated through aquaporin-mediated reversible movement of 
water into the interstitial spaces between nodule cells in the cortex and central 
infected zone that regulates cell shape and apoplastic water content, opening or 
closing intercellular pathways for O2 movement (Denison and Kinraide 1995; 
Minchin et al. 2008; Purcell and Sinclair 1994). Phosphorylation and enhancement 
of the nodulin 26 aquaporin activity may be part of this coordinated response to 
environmental regulation of the gas diffusion pathway.

From a metabolic perspective, the fundamental exchange associated with nitro-
gen fixing symbiosomes is the uptake of organic acids, generally malate, which 
serve as a carbon source for the nitrogen-fixing rhizobia bacteroids, and the efflux 
of fixed nitrogen (NH3/NH4

+) across the symbiosome membrane to the plant cytosol 
for assimilation (Udvardi and Poole 2013). A facilitated pathway for the efflux of 
NH3 on the symbiosome membrane was first demonstrated by Niemietz and 
Tyerman (Niemietz and Tyerman 2000) based on stopped flow measurements with 
isolated symbiosome membrane vesicles. Subsequent analysis of purified nodulin 
26 verified its NH3 permeability and demonstrated that it is the preferred substrate 
for the channel (Pammonia is fivefold higher than Pf) (Hwang et  al. 2010) and is a 
potential pathway for efflux of NH3 from the symbiosome. An additional pathway 
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for the efflux of NH4
+ through a voltage-activated inwardly rectified nonselective 

cation channel is also present on the symbiosome membrane (Tyerman et al. 1995), 
and the relative efflux through the two pathways may depend on the pH and voltage 
gradient across the symbiosome membrane (Hwang et  al. 2010; Niemietz and 
Tyerman 2000).

Additional support for nodulin 26 in the transport of fixed NH3 comes from the 
observation that it forms a complex with soybean nodule cytosolic glutamine syn-
thetase (Masalkar et  al. 2010). Upon efflux from the symbiosome, ammonia is 
assimilated into an organic form within the cytosol, principally by the action of 
ATP-dependent glutamine synthetase (GS), which constitutes a major component of 
the infected cell cytosol. GS associates with the symbiosome membrane (Clarke 
et al. 2014; Masalkar et al. 2010) by interacting with the carboxyl terminal domain 
of nodulin 26 (Masalkar et al. 2010). Interestingly, the carboxyl terminal domains 
of other aquaporins have been demonstrated to be a common site of binding of a 
variety of proteins (Kreida and Tornroth-Horsefield 2015; Sjohamn and Hedfalk 
2014) that regulate activity [e.g., calmodulin for AQP0 (Reichow et al. 2013)], traf-
ficking and stability [heat shock proteins and LIP5 for AQP2 (Van Balkom et al. 
2009)], or assembly of subcellular structures [e.g., cytoskeletal-associated proteins 
for AQP0 (Lindsey Rose et al. 2006; Wang and Schey 2011)].

Nodulin 26 interaction with GS would localize this critical assimilatory enzyme 
to the symbiosome surface to facilitate the rapid assimilation of fixed NH3/NH4

+. 
Such an association would not only facilitate rapid promote nitrogen assimilation 
but could also prevent the accumulation of toxic levels of free ammonia in the cyto-
sol leading to futile cycling (Routray et al. 2015). Since nodulin 26 is an ammonia 
channel, the possibility of direct substrate channeling to the GS active site through 
a nodulin 26/GS complex is also possible (Masalkar et al. 2010).

The expression of selected NIP proteins is also induced during the establishment 
of the symbiosis, between plants and symbiotic arbuscular mycorrhizal (AM) fungi 
(Abdallah et al. 2014; Giovannetti et al. 2012; Uehlein et al. 2007) (see also chapter 
“Plant Aquaporins and Mycorrhizae: Their Regulation and Involvement in Plant 
Physiology and Performance”). Infection of plant roots by AM fungi results in an 
obligate symbiosis which results in the formation of fungal structures (arbuscules) 
that invade the host cytosol (Harrison 2012). Arbuscules are surrounded by a spe-
cialized membrane (the peri-arbuscular membrane) that mediates the symbiotic 
exchange of nutrients from the fungal partner (primarily inorganic phosphate but 
additionally nitrogen in the form of NH4

+/NH3) for carbon provided by the plant 
host (Smith and Smith 2011). In response to AM colonization, plants express trans-
porters [e.g., phosphate transporters (Harrison et al. 2002) and an AMT ammonia 
transporter (Guether et  al. 2009)] localized to the peri-arbuscular membrane to 
facilitate nutrient delivery from the AM symbiont. Analysis of two model legumes, 
Lotus japonicus (Giovannetti et al. 2012) and Medicago truncatula (Uehlein et al. 
2007), shows the induction of NIP-1 genes during the formation of AM symbioses. 
Analysis of the M. truncatula gene atlas (Benedito et  al. 2008) shows that the 
MtNIP1 transcript described in (Uehlein et al. 2007) is identical to the nodulin 26 
ortholog that is induced during rhizobia infection and nodulation, suggesting a 
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possible parallel function for the protein in rhizobial as well as AM symbioses. 
Whether arbuscular NIPs play a role in nutrient delivery (Maurel and Plassard 
2011), or are involved in other symbiotic processes, requires further investigation.

4.2  �NIPs in Pollen Development and Function

4.2.1  �Pollen-Specific NIP4;1 and 4;2

The Arabidopsis NIP-1 proteins NIP4;1 and NIP4;2 are paralogous pollen-specific 
transcripts (Bock et al. 2006; Di Giorgio et al. 2016) that share 88 % amino acid 
sequence identity, including conservation of ar/R and pore-forming residues. While 
both show pollen-specific expression, the two genes differ with respect to specific 
expression patterns and associated biological functions in developing, mature dehy-
drated pollen, germinating pollen, and growing pollen tubes (Di Giorgio et  al. 
2016). NIP4;1 appears late in pollen development (tricellular stage) and remains 
present in mature pollen and germinating pollen/pollen tubes both in  vitro and 
in vivo. In contrast NIP4;2 shows more restricted expression, appearing only after 
pollen germination and within the plasma membranes of the growing pollen tube 
(Di Giorgio et al. 2016). Single T-DNA mutants of NIP4;1 and NIP4;2 and a double 
knockdown mutant of both NIPs using amiRNA technology support distinct roles 
for the two proteins in plant reproduction and pollen viability and function (Di 
Giorgio et al. 2016). In general, the mutant lines show reduced fertility of the male 
gametophyte based on reciprocal crosses with wild-type plants including reductions 
in seed production and silique size. In the case of nip4;1 mutants, additional defects 
and delay in pollen maturation were noted, whereas in the case of nip4;2 mutants, 
the major defects were predominantly observed in pollen germination and pollen 
tube growth (Di Giorgio et al. 2016). The two genes are localized in a tight tandem 
arrangement on chromosome 5 and likely represent the result of a gene duplication 
event resulting in sub-functionalization into discreet pollen-specific functions.

Similar to soybean nodulin 26 and consistent with the presence of consensus 
CDPK phosphorylation sites within the carboxyl terminal domain, NIP4;1 and 
NIP4;2 are phosphorylated at Ser 267 within this region (Di Giorgio et al. 2016; 
Sugiyama et  al. 2008). This residue is phosphorylated in  vitro by selected 
Arabidopsis CPKs (Curran et al. 2011), including an isoform (CPK34) involved in 
polarized pollen tube growth (Myers et al. 2009). The developmental or environ-
mental conditions that regulate NIP4;1 and NIP4;2 phosphorylation and the effects 
of phosphorylation on trafficking or activity of the proteins in planta remain 
unresolved.

Similar to soybean nodulin 26, NIP4;1 and 4;2 show aquaporin activities in 
oocytes (Di Giorgio et al. 2016). Aquaporins have been proposed to be involved in 
bulk water flow associated with all phases of pollen development and function 
(Firon et al. 2012; Soto et al. 2008; Wudick et al. 2014). Water homeostasis driven 
by solute gradients is critical for pollen development and maturation, and the water 
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content of the pollen is spatially and temporally regulated during its development 
leading to dehydration and pollen release (Firon et al. 2012). Upon landing on a 
compatible stigma, pollen grains again undergo rapid rehydration and germination, 
a process that involves rapid transfer of water and nutrients from the stigma to the 
pollen grain. The cycle of dehydration and rehydration is tightly regulated, and its 
disruption can lead to male sterility (Johnson and McCormick 2001). Pollen tube 
growth itself is proposed to be osmotically driven with a potential role for aquapo-
rins as osmotic sensors (Hill et al. 2012; Shachar-Hill et al. 2013). NIP4;1 and/or 
4;2 may be part of the network of aquaporins that coordinate direct bulk water flow 
underpinning these pollen functions.

However, similar to other NIP-1 proteins, the inherent multifunctional nature of 
NIP I proteins with respect to transport substrates complicates the identification of 
the specific biochemical activities associated with NIP4;1 and NIP4;2 that lead to 
developmental phenotypes. In addition to its aquaporin activity, NIP4;1 and NIP4;2 
also flux glycerol in oocytes, with additional potential permeabilities for H2O2 and 
NH3, as well as a weak permeability for boric acid, inferred from yeast-based 
screens (Di Giorgio et al. 2016). The contributions of these additional activities to 
NIP4;1 and NIP4;2 function and pollen physiology need to be assessed.

4.2.2  �NIP7;1 in Early Pollen Development

Reproductive development in Arabidopsis has been divided into 20 stages from the 
initiation of flower primordia to the fall of seeds from siliques (Smyth et al. 1990). 
Microarray data (Schmid et al. 2005), Q-PCR (Li et al. 2011), and promoter-reporter 
analyses (Li 2014) show that Arabidopsis NIP7;1 is a floral-specific transcript that 
is expressed in the anthers of developing flowers within a tight developmental win-
dow appearing and peaking at stages 9–10 and declining and disappearing by stage 
12. Expression of NIP7;1 protein and transcript within this window occurs both in 
the tapetum as well as in the developing pollen microspores (Li 2014). During 
stages 9–11, anther tissues expand, and microsporocytes enter and complete mitotic 
divisions (Sanders et al. 1999), with the tapetum playing an important role in pro-
viding nutrients to developing pollen during this stage. NIP7;1 orthologs are appar-
ent in other dicotyledonous species (Fig. 1), and analysis of the gene expression 
atlases from these species shows a similar flower-specific expression suggesting a 
potential conserved role in pollen development.

As discussed above, NIP7;1 belongs to NIP II subfamily with an ar/R identical 
to the NIP5;1 and NIP6;1 boric acid channels but differs in its intrinsic rate of boric 
acid transport based on a conserved tyrosine residue in the pore that could serve as 
a channel gate (Li et al. 2011). Boron plays a significant role in pollen development, 
and the reproductive organs of the plant show a greater sensitive to boron deficiency 
than vegetative parts, presumably due to more restricted access of the vascular sys-
tem to reproductive structures (Dell and Huang 1997). Boron deficiency leads to 
defective anther and pollen development leading to male sterility (Cheng and 
Rerkasem 1993; Huang et al. 2000; Rawson 1996). Preliminary analyses suggest 
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that disruption of NIP7;1 expression decreases fertility in a boron-dependent fashion 
(Li 2014), suggesting that the protein may play a role as a boric acid channel at criti-
cal stages of early pollen development.

4.3  �NIPs in Stress Responses

As part of the network regulating transcellular water flow that controls plant hydrau-
lic conductivity (Steudle and Peterson 1998), aquaporins are subject to extensive 
regulation at transcriptional, translational, and posttranslational levels in response 
to multiple abiotic stresses (reviewed in Afzal et al. 2016; Chaumont and Tyerman 
2014; Maurel et al. 2015). Considerable emphasis has been placed on the regulation 
of plasma membrane PIPs because of their central role in this process. Less empha-
sis has been placed on NIPs as aquaporins involved in this stress responses, likely 
due to their low intrinsic water permeabilities and overall low expression compared 
to PIPs and TIPs (Alexandersson et  al. 2005). However, the gene expression of 
some NIPs is induced by drought and salinity stress (Gao et al. 2010; Martins et al. 
2015), and in the case of one, the TaNIP of wheat, heterologous expression in 
Arabidopsis confers increased tolerance to salinity (Gao et al. 2010). Similar results 
have been observed with PIP aquaporins (Hu et al. 2012; Zhou et al. 2012, 2014). It 
is less clear whether salinity-/drought-induced NIPs participate as aquaporins in 
osmotic stress responses or play other roles as solute transporters.

With respect to waterlogging stress, the NIP2;1 protein of Arabidopsis is clearly 
a target for regulation. Energy metabolism in higher plants is imperatively depen-
dent on the availability of oxygen. Exposure of plants to low oxygen conditions due 
to flooding, waterlogging, and poor soil aeration leads to an energy crisis that trig-
gers a variety of adaptation strategies (Voesenek and Bailey-Serres 2015). In 
Arabidopsis, a key adaptation strategy is to reorganize gene expression and transla-
tion networks for the limited synthesis of a small collection (~49) of core anaerobic 
response proteins (ANPs), which include metabolic proteins (e.g., glycolytic and 
fermentation enzymes) as well as transcription factors, signaling components, and 
other proteins needed for anaerobic adaptation (Mustroph et al. 2009). NIP2;1 is 
among these ANPs, and it induced rapidly and acutely (>300-fold) in a root-specific 
manner in response to anaerobic stress (Choi and Roberts 2007).

In Xenopus oocytes, NIP2;1 exhibits specificity for the uncharged, protonated 
form of lactic acid with little aquaporin or glyceroporin activity detected, suggest-
ing that it might serve as a lactic acid channel during the anaerobic response in 
Arabidopsis (Choi and Roberts 2007). Lactic acid fermentation is necessary, in part, 
to sustain energy production in the absence of oxygen, but its production can result 
in cytotoxic levels of lactic acid and acidosis (Felle 2005; Roberts et  al. 1984). 
Experiments with maize roots show that the ability to efflux and release lactic acid 
enhances survival to hypoxia (Xia and Roberts 1994). In Arabidopsis it was pro-
posed that NIP2;1 could participate in the cytosolic release and partitioning of lactic 
acid produced during fermentation (Choi and Roberts 2007). Interestingly, two 
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distinct subcellular localization profiles have been proposed for NIP2;1, with the 
protein reported to be associated with the endoplasmic reticulum (Mizutani et al. 
2006) as well as the plasma membrane (Choi and Roberts 2007) in Arabidopsis 
cultured cells or mesophyll protoplasts, respectively. It remains to be determined 
whether, similar to other aquaporins, NIP2;1 is subject to regulation by trafficking 
to various target membranes, perhaps as part of the hypoxia response.

In addition to NIP2;1, lactic acid permeability has also been described for other 
members of the aquaporin superfamily (Bienert et  al. 2013; Faghiri et  al. 2010; 
Tsukaguchi et al. 1999). For example, GlpF genes are associated with the lactate 
racemization operon (lar) of bacteria in the Lactobacillales, which are known to 
accumulate large quantities of lactic acid (Bienert et al. 2013). Lactobacillus plan-
tarum GlpF1 and GlpF4 appear to encode lactic acid permeable channels based on 
yeast complementation assays, analysis of lactic acid uptake in single and double 
bacterial mutants, and transport assays of expressed GlpF4 in Xenopus oocytes 
(Bienert et al. 2013). Lactic acid permeability was not observed in other GlpF iso-
forms. Unlike Arabidopsis NIP2;1 (Choi and Roberts 2007), lactic acid transporting 
GlpF proteins are multifunctional and are permeable to water, glycerol, H2O2, and 
urea (Bienert et  al. 2013). Nevertheless, the presence of GlpF1/GlpF4 in the lar 
operon and the observation that a double glpF1/glpF4 mutation decreases the fit-
ness of L. plantarum and enhances its sensitivity to stressful levels of lactic acid 
(Bienert et al. 2013) argue for a role of these glycerol facilitator isoforms in lactic 
acid efflux and intracellular pH regulation. A second example of a lactic acid perme-
able aquaporin is the SmAQP associated with the human parasitic nematode 
Schistosoma mansoni that is essential for excretion of lactic acid generated by fer-
mentation (Faghiri et al. 2010).

5  �Summary and Prospects

Since their initial discovery as symbiosis-specific nodulins, NIPs have emerged as a 
diverse family of plant-specific MIPs with multiple channel activities. The strongest 
evidence for biological function for these proteins comes from genetic and biochemi-
cal evidence supporting a role as facilitators of metalloid hydroxide nutrients (boric 
acid and silicic acid), particularly under environmental conditions where these nutri-
ents are limiting. However, additional functions as aquaporins, ammoniaporins, and 
the transport of other biologically relevant substrates (e.g., lactic acid, urea, hydro-
gen peroxide, and glycerol) are also likely. The inherent multifunctional nature of 
NIP transport makes the elucidation of biological function difficult on the basis of 
biochemical activity alone. Moving forward, a number of evolutionary, biochemical, 
and physiological questions remain to be addressed regarding the NIP family:

•	 What is the evolutionary origin and driving force for the diversification of NIPs 
in land plants? The details of the evolutionary origin of NIPs, as well as the 
driving force that lead to the diversification of NIPs upon the colonization of 
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land, are still debated questions. Phylogenetic support for a horizontal gene 
transfer from a bacterial or archaeal AQP ancestor has been provided, although 
alternative models have also been advanced. In addition, it is clear that NIP genes 
in early plant lineages were particularly diverse and the encoded proteins show 
unique pore selectivity regions. Details on the functional properties of NIPs from 
these lineages, as well as bacterial and archaeal NIP-like proteins, are lacking 
and could provide insight into early biological roles as metalloid or solute 
channels.

•	 What are the biological functions of the NIP-1 protein group? While a substantial 
body of knowledge supports functions for NIP-3 proteins as boric acid channels 
and NIP-2 proteins as silicic acid channels, the biological function of the NIP-1 
group remains less clear. From an evolutionary perspective, the NIP-1 group 
evolved most recently and are restricted to angiosperms. While it is clear that they 
participate in arsenite mobility in plants, this is likely not their biological function. 
A tryptophan substitution within the conserved ar/R region of the protein results 
in enhanced aquaporin activity and restricted boric acid permeability, and a role in 
boron nutrition may be less likely. Targeted NIP-1 expression in specific develop-
mental or stress responses (e.g., symbiosis, pollen, and waterlogging stress) pro-
vides interesting leads to biological function, but genetic evidence (and possibly 
bioinformatic- and system-based approaches combined with genetic approaches) 
is needed to provide more incisive support for these hypothetical roles.

•	 What are the structural determinants that guide the substrate selectivity of the 
three NIP channel classes? Based on the conserved aquaporin hourglass fold and 
molecular modeling, angiosperm NIPs have been segregated into three distinct 
pore families with “signature” amino acids at the proposed ar/R selectivity filter. 
However, there is considerable variation in biochemical activity even among 
NIPs with identical ar/R compositions, and it is likely that additional structural 
and functional determinants control selectivity and regulation. From the multiple 
structures of aquaporins that have been solved at atomic resolution, it is clear that 
while the hourglass fold is a conserved feature, each new structure provides 
unexpected surprises, additional unanticipated pore constrictions, and structural 
features that confer unique properties on each protein. The solution of an NIP 
crystal structure is long overdue, and it is essential to provide mechanistic insight 
beyond simple homology modeling.

•	 What is the molecular basis and mechanism of NIP regulation by phosphoryla-
tion, other posttranslational modifications, and protein interactions? Even 
before its functional properties were known, nodulin 26 was described as an 
in  vivo substrate for calcium-dependent protein kinases. It appears as if NIP 
proteins are targets for these and possibly other Ser/Thr protein kinases. Potential 
regulation of transport has been proposed, but a more thorough investigation of 
the functional effects of phosphorylation on the structure of the channel and 
potential effects of phosphorylation on other processes including membrane tar-
geting and trafficking [similar to other aquaporins (Kreida and Tornroth-Horsefield 
2015; Maurel et al. 2015)] needs to be pursued. Related to this, protein interac-
tion with aquaporins has emerged as another mechanism of regulation, not only 
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with respect to regulation of activity [e.g., calmodulin and AQP0 (Reichow et al. 
2013)] but also controlling membrane localization and targeting [e.g., AQP2 
(Van Balkom et al. 2009)]. One interaction target for a NIP (glutamine synthe-
tase) has been described, but it is likely that the collection of NIP-interacting 
proteins will be more complex and is an underexplored area.
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Plant Aquaporins and Metalloids
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Abstract  The metalloids represent a group of physiologically important elements, 
some of which are essential or at least beneficial (boron and silicon) for plant growth 
and some of which are toxic (arsenic, antimony and germanium). Exposure to and 
availability of metalloids can have major effects on plant fitness and yield and can 
seriously downgrade the end-use quality of certain crop products. Plants have evolved 
various membrane transport systems to regulate metalloid transport both at the cellu-
lar and whole plant level. To date, the channel proteins referred to as aquaporins 
(AQPs) represent the most favored candidates ensuring metalloid homeostasis. AQPs 
are found in all living organisms. From bacteria to mammals and also in plants, sev-
eral distinct AQP subfamilies facilitate the transmembrane diffusion of the set of 
physiologically and environmentally important metalloids. A subgroup of the 
Nodulin26-like intrinsic protein AQP subfamily (NIPs) has been designated as func-
tional metalloidoporins. NIPs are the only known transport protein family in the plant 
kingdom which are essential for the uptake, translocation, or extrusion of various 
uncharged metalloid species. This chapter describes the various features, and particu-
larly the metalloid transport properties of plant AQPs, and illustrates their physiologi-
cally important contributions to metalloid homeostasis. Their intimate involvement in 
metalloid transport underlines their relevance to plant nutrition, detoxification of toxic 
mineral elements phytoremediation, phytomining, and biofortification.

1  �The Metalloids

The metalloids represent a group of elements whose physical and chemical proper-
ties define them as being neither metals nor nonmetals. The six elements falling into 
this class are boron (B), silicon (Si), arsenic (As), antimony (Sb), germanium (Ge), 
and tellurium (Te). Selenium (Se), polonium (Po), and astatine (At) also belong to 
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the group but are less commonly designated as such. The lack of an unambiguous set 
of defining criteria reflects the dependence of many of their physical and chemical 
properties on ambient temperature and pressure, as well as on their crystal lattice/
crystal structure. The metalloids have a metallic appearance but are brittle. They are 
electrical semiconductors, can alloy with metals, and typically form amphoteric to 
weakly acidic oxides (Fig. 1). Their abundance in the Earth’s crust varies from Si – 
the second most abundant element after oxygen, constituting ~25 % by mass of the 
Earth’s crust (Lombi and Holm 2010) – to At, of which not more than 25 g is present 
in the total Earth’ s crust at any given time (Lombi and Holm 2010).

The biological significance of the metalloids ranges from essential through ben-
eficial to toxic. B is required for plant growth (Marschner 2012); Si is not generally 
recognized as essential, except for a few algal species and members of the 
Equisetaceae (Epstein 1994), although it is recognized as being beneficial for 
growth in many species. Se is essential in the human diet and for the growth of some 
algae, but is not so for plants (Pilon-Smits and Quinn 2010). As, Sb, Ge, and Te are 
all considered to be (phyto)toxic. The molecular form and the concentration of met-
alloids are both important in assessing the reaction of a plant to exposure. The 
impact of beneficial and essential metalloids on a given plant’s metabolism can be 
summarized, pace Paracelsus: “the only difference between a nutrient and a poison 
is the dose.”

pka1
protonated

[metalloid acid]-H

>90%
protonated

acid 

deprotonated
[metalloid base]-

9.25 boric acid H3BO3 pH < 8.30 [H4BO4]- borate

9.51 silicic acid H4SiO4 pH < 8.56 [H3SiO4]- silicate

9.23 arsenous acid H3AsO3 pH < 8.28 [H2AsO3]- arsenite

2.26 arsenic acid H3AsO4 pH < 1.31 [H2AsO4]- arsenate

11.8 antimonous acid H3SbO3 pH < 10.85 [H2SbO3]- antimonite

2.85 antimonic acid H3SbO4 pH < 1.9 [H2SbO4]- antimonate

9.0 germanic acid H2GeO3 pH < 8.05 [HGeO3]- germanate

2.57 selenous acid H2SeO3 pH < 1.62 [HSeO3]- selenite

1.74 selenic acid H2SeO4 pH < 0.79 [HSeO4]- selenate

Fig. 1  pH-dependent acid-base equilibrium of hydroxylated metalloid acids. The green color 
indicates the chemical form and structural formula of the metalloid which predominates at the 
physiological pH range. Only neutral forms of metalloid acids are channeled by metalloidoporins. 
pKa values of the metalloid acids and the structural formula are given. The pH range in which more 
than 90 % of the metalloid acid occurs in its fully protonated acid species is displayed
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2  �The “Major Intrinsic Proteins” or Aquaporins

The large family of “major intrinsic proteins” comprises transmembrane-span-
ning channel proteins, found in almost all life forms (the exceptions being certain 
thermophilic Archaea and intracellular bacteria) (Abascal et al. 2014). The term 
“aquaporin” (AQP) is widely used as a synonym. Despite their sequence variation 
at the amino acid level, crystal structures acquired to date imply a high degree of 
conservation. The AQPs form tetramers: each monomer constitutes a functional 
channel on its own and is composed of six transmembrane-spanning helices 
(TMHs) with five connecting loops (loop A to loop E) and two cytoplasmic ter-
mini (see chapter “Structural Basis of the Permeation Function of Plant 
Aquaporins”). They define a narrow path across various cellular membranes, 
including the plasma membrane, the endoplasmic reticulum, the mitochondria, 
the vacuole, the vesicles involved in the trafficking pathway, the tonoplast, and the 
chloroplast (Maurel et al. 2015). They facilitate the diffusion of water and small 
uncharged solutes and have been shown by various means to control water homeo-
stasis. In plants, they function to import water into the root from the soil, to trans-
port it from the root to the shoot, to drive osmotic force-driven growth, and to 
ensure cytoplasmic osmolarity (Maurel et al. 2015; Chaumont and Tyerman 2014; 
see chapters “Aquaporins and Root Water Uptake” and “Aquaporins and Leaf 
Water Relations”). AQPs also have an impact on the uptake, translocation, seques-
tration, and extrusion of uncharged and physiologically important compounds 
such as glycerol (Richey and Lin 1972; Luyten et  al. 1995), nitric oxide (NO) 
(Herrera et  al. 2006), hydrogen peroxide (H2O2) (Bienert et  al. 2006, 2007; 
Dynowski et al. 2008), urea (CH4N2O) (Liu et al. 2003), ammonia (NH3) (Jahn 
et  al. 2004; Loqué et  al. 2005), lactic acid (Tsukaguchi et  al. 1998; Choi and 
Roberts 2007; Bienert et al. 2013), and acetic acid (Mollapour and Piper 2007). 
Of note in the context of this chapter, they also transport arsenous acid (H3AsO3) 
(Bienert et al. 2008a, b; Ma et al. 2008; Kamiya et al. 2009), boric acid (H3BO3) 
(Takano et al. 2006; Tanaka et al. 2008; Hanaoka et al. 2014), silicic acid (H4SiO4) 
(Ma et al. 2006), antimonous acid (H3SbO3) (Bienert et al. 2008a; Kamiya et al. 
2009), germanic acid (H4GeO4) (Ma et al. 2006; Hayes et al. 2013), and selenous 
acid (H2SeO3) (Zhao et al. 2010a, b) (Fig. 2).

AQPs allow the passage of a single continuous file of molecules. While a few 
ion-mediating AQPs have been identified (reviewed by Yool and Campbell 
2012), the consensus, based on chemical species selectivity, is that only non-
charged molecules are able to pass through the majority of AQP channels. 
However, compared to animal AQPs, not many plant AQPs have been assessed 
for being permeable to ions. The selectivity and transport capacity of each iso-
form are determined by the identity of the amino acids aligned along the chan-
nel pathway (see also chapter “Structural Basis of the Permeation Function of 
Plant Aquaporins”). The so-called “aromatic/arginine” (ar/R) selective filter, 
situated on the luminal side of the membrane, comprises four residues (R1–R4), 
located in TMH2 (R1), TMH5 (R2), and loop E (R3 and R4); this structure 
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Fig. 2  The periodic table of metalloidoporins. (a) Aquaporin channel proteins, which were 
shown to be permeable to the corresponding metalloid acid in transport assays performed in 
plants, or heterologous expression systems (i.e., plants, frog oocytes, or yeasts) are listed. (b) 
Listed aquaporins have either been identified to occur in quantitative trait loci genomic regions 
linked to the tolerance toward toxicity or deficiency of the corresponding metalloid species (indi-
cated by “QTL”) or which, when being silenced or knocked out in planta (indicated by “mutant”), 
caused obvious metalloid deficiency or tolerance phenotypes. (c) Phylogenetic or functional plant 
aquaporin groups which were shown to be permeable to the corresponding metalloid acid in trans-
port assays performed in plants or heterologous expression systems (plants, frog oocytes, or 
yeasts) are listed
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forms a size exclusion barrier and the hydrogen bond environment necessary for 
the efficient transport of a particular substrate (Murata et al. 2000). A second 
selectivity filter, the so-called “NPA” motif (asparagine-proline-alanine or vari-
ants thereof), is formed by the two membrane-embedded half-helices of loop A 
and loop E, each containing the conserved AQP signature. The “NPA”motifs 
meet in the center of the membrane, forming a narrow hydrophilic cavity 
(Murata et  al. 2000) and are responsible for the exclusion of water-mediated 
proton and ion transport.

A major difference between plants and other organisms is the large number of 
AQP isoforms encoded by plant genomes (Abascal et al. 2014). While the norm in 
bacteria, fungi, and mammals is 2–13 genes per genome (Agre and Kozono 2003), 
the moss Physcomitrella patens and the lycophyte Selaginella moellendorffii 
encode, respectively, 23 and 19 AQPs (Danielson and Johanson 2008; Anderberg 
et al. 2012). Higher plant genomes harbor from 30 to 70 isoforms: the number in 
Arabidopsis thaliana is 35 (Johanson et al. 2001), in cabbage (Brassica oleracea) 
67 (Diehn et al. 2015), in Chinese cabbage (Brassica rapa) 57 (Diehn et al. 2015), 
in poplar (Populus trichocarpa) 55 (Gupta and Sankararamakrishnan 2009), in 
banana (Musa sp.) 47 (Hu et al. 2015), in castor bean (Ricinus communis) 47 (Zou 
et al. 2015), in soybean (Glycine max) 66 (Zhang et al. 2013), in potato (Solanum 
tuberosum) 41 (Venkatesh et al. 2013), in tomato (Solanum lycopersicum) 47 (Sade 
et al. 2009; Reuscher et al. 2013), in cotton (Gossypium hirsutum) 71 (Park et al. 
2010), in rice (Oryza sativa) 33 (Sakurai et al. 2005), and in maize (Zea mays) at 
least 36 (Chaumont et al. 2001).

Based on their sequence, the AQPs have been classified into two major sub-
groups, which in both bacteria and mammalians reflect their contrasting function-
ality: the orthodox AQPs (AQPs) act as channels for water and small solutes such 
as ammonia or hydrogen peroxide, while the aquaglyceroporins (GLPs) are 
responsible for the transport of solutes, such as glycerol or urea. In plants, the 
congruence between phylogeny and functionality is less clear. The sequences 
present in higher plants cluster phylogenetically with the AQPs and have been 
arranged into five distinct subfamilies, namely, the nodulin26-like intrinsic pro-
teins (NIPs), the plasma membrane intrinsic proteins (PIPs), the tonoplast intrinsic 
proteins (TIPs), the small basic intrinsic proteins (SIPs), and the as yet poorly 
characterized X intrinsic proteins (XIPs) (Chaumont et al. 2001; Johanson et al. 
2001; Danielson and Johanson 2008). XIPs are found in many, but not all, species 
within the section Magnoliopsida (they are not present in species belonging to the 
Brassicaceae), but have not been identified in any section Liliopsida species to 
date (Danielson and Johanson 2008). Analyses of the genomes of lower plants and 
algae have revealed several mostly not yet functionally characterized but clearly 
distinct AQP subfamilies (Anderberg et  al. 2011; Khabudaev et  al. 2014). For 
some plant AQPs (notably the NIPs and XIPs), certain specific sequence features, 
along with their functionality, have been taken to suggest a functional equivalence 
with the GLPs.
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3  �Non-plant AQP and GLP-Mediated Metalloid Transport

The transport of glycerol mediated by GLPs is an important component of carbon 
metabolism and osmoregulation in bacteria, Archaea, protozoans, and mammals 
(Hara-Chikuma and Verkman 2006; Laforenza et al. 2015; Ahmadpour et al. 2014). 
Some GLPs are better described as “metalloidoporins” (Pommerrenig et al. 2015), 
since they fulfill physiologically important metalloid channel functions, thereby 
ensuring cellular metalloid homeostasis. Representative examples for such func-
tional metalloidoporin GLPs are isoforms, which are part of As resistance (ars) 
operons. For example, the As resistance operons in bacteria such as Escherichia 
coli comprise the five genes arsR, arsD, arsA, arsB, and arsC (Rosen and Tamas 
2010). The presence of arsenate (H2AsO4

−) in the growing medium activates arsR, 
which encodes a regulatory protein; the products of arsC and arsD are, respec-
tively, an arsenate reductase and an arsenate binding metallochaperone, which 
together deliver arsenite (H2AsO3

−) to the ATP-driven extrusion pump encoded by 
arsA and arsB (Rosen and Tamas 2010). In the bacterial species Sinorhizobium 
meliloti, Mesorhizobium loti, Caulobacter crescentus, and Ralstonia sola-
nacearum, a gene encoding a GLP aquaporin, which functions as an As-permeable 
channel, replaces the arsB-encoded efflux pump (Yang et al. 2005). These cases 
demonstrate that certain bacteria have adapted AQPs to handle As efflux and that 
an inheritable link between AQPs and metalloid transport exist (Yang et al. 2005). 
A further exciting link between metalloid transport and AQP function is repre-
sented in the actinomycete Salinispora tropica, where a GLP sequence has been 
fused to the sequence encoding an arsenate reductase domain, resulting in the 
translation of a dual function protein (Wu et al. 2010). The N-terminal GLP chan-
nel protein shows a greater selectivity for H3AsO3 than for either water or glycerol 
(Mukhopadhyay et al. 2014) and facilitates the efflux of H3AsO3 out of the cells 
directly at its site of production catalyzed by the C terminal arsenate reductase 
region of the protein (Wu et al. 2010). This spatially identical site of production 
and transport has the advantage that toxic As species do not pass through the cyto-
plasm before reaching their efflux site.

In Saccharomyces cerevisiae, the GLP FpsI acts normally as an osmoregulator. 
When the yeast cells are exposed to H3AsO3 stress, FpsI transcription is downregu-
lated, and the preexisting FpsI in the cell will be inactivated in a phosphorylation-
dependent manner (reviewed by Maciaszczyk-Dziubinska et  al. 2012). Once 
inactivated, short-term H3AsO3 uptake is prevented; after a longer exposure to the 
stress, the abundance of FpsI transcript rises, which increases the efficiency of 
H3AsO3 efflux. The required concentration gradient is established in the yeast cell 
via the exudation of glutathione, which enables the exported H3AsO3 to be extracel-
lularly chelated (Thorsen et al. 2012). Mammalian GLPs have also been identified 
as participating in As detoxification. This was demonstrated by the impaired ability 
of AQP9-null mice and mouse hepatocytes to dispose of As and which therefore 
suffer an increased severity of toxicity symptoms (Carbrey et al. 2009; Shinkai et al. 
2009). Reviews by Mukhopadhyay et  al. (Mukhopadhyay et  al. 2014) and by 
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Maciaszczyk-Dziubinska et al. (Maciaszczyk-Dziubinska et al. 2012) have detailed 
how non-plant AQP channels support the bidirectional cross-membrane movement 
of metalloids in a range of organisms.

The above-depicted examples of non-plant AQP and GLP-mediated metalloid 
transport processes are listed to demonstrate that the link between AQPs and metal-
loid transport is non-incidental in nature and is given across kingdoms. Diverse 
organisms independently evolved different AQP-employing strategies to regulate 
the transport and homeostasis of various metalloids. The adaption of AQPs to act as 
metalloidoporins is, on the one hand, based on the chemical characteristics of the 
channel and, on the other, on the physicochemical properties of uncharged hydrox-
ylated metalloid species resembling those of glycerol, the suggested original sub-
strate of AQPs. The size of undissociated hydroxy-metalloid acids (Fig. 1) and their 
volume, dipole moment, surface charge distribution, and ability to form hydrogen 
bonds are all reminiscent of glycerol. All these attributes are decisive for the effi-
cient passage though the AQP pore and metalloids behave as effective molecular 
transport mimics of glycerol (Porquet and Filella 2007). The experimental data 
derived from bacteria to mammals did significantly change the view on how mem-
brane permeability to metalloids might be regulated in planta. The long-held 
assumption that uncharged metalloids are solely transported across plant mem-
branes via a process of passive nonprotein-facilitated diffusion has had to be recon-
sidered in the light of the discovery of metalloid-permeable plant AQPs.

The following observations support the view that plant membranes can obstruct 
the diffusion of metalloids and that plant AQPs, like their GLP counterparts, offer 
the means to adjust membrane permeability appropriately: (1) concentration gradi-
ents across membranes of uncharged metalloid species have been detected (Meharg 
and Jardine 2003; Dordas et al. 2000; Dordas and Brown 2000), (2) the permeability 
coefficients for B measured in certain plant vesicles are significantly higher than 
those measured in synthetic liposomes (Dordas et  al. 2000; Dordas and Brown 
2000), (3) the transmembrane transport of B and As can be inhibited by potent AQP 
blockers (Meharg and Jardine 2003; Dordas et al. 2000), while (4) glycerol acts as 
a competitor for As flux (Meharg and Jardine 2003). As described subsequently, a 
number of both target-oriented and nontargeted approaches have revealed that cer-
tain plant AQPs (and especially members of the NIP subfamily) are physiologically 
important metalloidoporins.

4  �NIP-Mediated Metalloid Transport in Plants

The evolutionary origin of the NIPs is unclear. Phylogenetically, they cluster with 
bacterial and archaeal NIP-like proteins, forming a basal lineage within the AQPs 
distinct from the aquaporin Z-like or glycerol uptake facilitator-like proteins 
(Abascal et al. 2014). Their phylogeny provides support for the notion that plant 
NIPs were originally acquired via horizontal gene transfer from the prokaryotic 
chloroplast progenitor (Abascal et al. 2014), but the alternative route of convergent 
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functional evolution cannot be totally excluded. The plant NIPs can be phylogeneti-
cally divided into subgroups NIP1 through NIP5, which are remarkably well con-
served across species (Danielson and Johanson 2010; see also chapter “The Nodulin 
26 Intrinsic Protein Subfamily”). Note that the numerals “1” to “5” designating the 
five phylogenetically NIP subgroups do not match with the designated numerals 
designating NIP genes within one species. The low level of node support and the 
various polytomies that arise in NIP phylogenies emphasize the uncertain evolu-
tionary relationships obtained between the NIP subgroups and isoforms (Danielson 
and Johanson 2010; Abascal et al. 2014). Based on the amino acid composition of 
the ar/R constriction region, three functional groups (NIP-I through -III) have been 
recognized (Wallace and Roberts 2004; Mitani et al. 2008; see chapter “The Nodulin 
26 Intrinsic Protein Subfamily”). The three functional NIP subgroups are repre-
sented in all higher plants, although NIP-III is largely confined to section Liliopsida 
species (Danielson and Johanson 2010).

The soybean NIP GmNOD26 was the first plant AQP to be described (Fortin 
et al. 1987; see chapter “The Nodulin 26 Intrinsic Protein Subfamily”) and became 
the eponym of the NIP subfamily. It is the major proteinaceous constituent of the 
root nodule membranes (Fortin et  al. 1987; Dean et  al. 1999). Transport assays 
designed to assess the permeability of diverse functional NIP subgroups have 
shown that glycerol, NH3, CH4N2O, water, H2O2, and metalloids can all be trans-
ported via these proteins (Bienert and Chaumont 2011). To date, however, in planta 
evidence for physiologically relevant non-metalloid transport is lacking. NIPs are 
not only channel metalloids but are also essentially required for their transport into 
and within the plant. Evidence gathered from genetic, physiological, and molecu-
lar biology experiments argues for them having a major impact on metalloid 
homeostasis. Indeed, they are the only protein family in plants known to be essen-
tial for the uptake, translocation, as well as extrusion of a number of uncharged 
metalloids (Fig. 2).

4.1  �NIP-Mediated Transport of Boron

B has long been recognized as essential for plant growth (Warrington 1923); never-
theless, the only known function of B surrounds the formation of borate ester 
bridges within the primary cell wall, which serve to crosslink rhamnogalacturonan-
II (RG-II) monomers. Dimerized RG-II contributes to the overall network of pectic 
polysaccharides (Funakawa and Miwa 2015). In a standard plant cell wall, >90 % of 
RG-II monomers are dimerized, and although the overall proportion of cell wall 
pectin represented by RG-II is only around 10 %, it is clear that the quantity of free 
and cross-linked RG-II is critical for cell differentiation and elongation, as well as 
for plant growth and development (Funakawa and Miwa 2015). Insufficient cross-
linking induced by B-deficient growing conditions has a deleterious effect on plant 
growth and results in dwarfed plants (O’Neill et al. 2001). Magnoliopsida species 
tend to have a higher B demand than those in the class of Liliopsida, which 
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correlates with the quantity of RG-II found within the cell wall (Pérez et al. 2003). 
B deficiency manifests itself in the form of meristematic defects, abnormal cell dif-
ferentiation, and a compromised expansion of the stem, leaf, and vascular system. 
Flowering – especially pollen development – and pollen tube growth are also highly 
sensitive to B deficiency (Marschner 2012). While the molecular roles of B are 
enigmatic, the last years have provided detailed understanding on B transport mech-
anisms in plants.

The transcription of NIP-II genes in roots such as AtNIP5;1 and its orthologs in 
various plant species responds rapidly to B starvation (Takano et al. 2006; Hanaoka 
et al. 2014; Zhou et al. 2015). NIP5;1 transcripts of Arabidopsis, citrus, and rice are 
strongly upregulated within 24 h after the onset of B-deficient conditions. Reverse 
genetic approaches in Arabidopsis and rice using NIP-II knockout and silenced 
plants have shown that B uptake into the roots requires a functional AtNIP5;1 and 
OsNIP3;1, respectively (Takano et al. 2006; Hanaoka et al. 2014). The heterologous 
expression of AtNIP5;1, AtNIP6;1, and OsNIP3;1 promotes the transport of H3BO3 
in yeast, frog oocytes, and plants, demonstrating that they are all functional B trans-
porters (Takano et al. 2006; Tanaka et al. 2008; Hanaoka et al. 2014). Atnip5;1 and 
Atnip6;1 knockouts display characteristic symptoms of B deficiency, i.e., reduced 
stability of the epidermis abolished apical dominance and perturbed cell differentia-
tion (Takano et al. 2006; Tanaka et al. 2008). While AtNIP5;1 is expressed in the 
root epidermis and operates to move H3BO3 into the root, the AtNIP6;1 product is 
deposited in young leaf phloem companion and parenchyma cells, where it presum-
ably is involved in unloading H3BO3 from the xylem into the phloem (Takano et al. 
2006; Tanaka et al. 2008) (see also chapter “Plant Aquaporin Trafficking”).

Under B-deficient conditions, the shoot growth of Atnip6;1 knockouts is restricted, 
suggesting that AtNIP6;1 is important for the allocation of B to developing and meri-
stematic tissue (Tanaka et  al. 2008). Under such conditions, both Atnip5;1 and 
Atnip6;1 knockouts form largely sterile flowers. In rice, OsNIP3;1 has been shown 
as responsible for the uptake of B into the root, its translocation into the shoot, and 
its unloading from the xylem into the phloem in the mature leaf (Hanaoka et  al. 
2014). Its encoding gene is strongly transcribed in the root exodermis and in the cells 
surrounding the vascular bundles in both the root and shoot. When the OsNIP3;1 
gene is silenced, neither the total B concentration nor its distribution between the 
shoot and root is disturbed, provided that the conditions are not B-deficient; however, 
when the supply of B is limiting, the shoot’s B content is significantly decreased. 
This indicates different regulations of AtNIP5;1 and its ortholog OsNIP3;1. 
Consistent with this result, a map-based cloning approach targeting the Dwarf and 
tiller-enhancing 1 (dte-1) rice mutant identified OsNIP3;1 as the candidate gene 
underlying the mutated locus (Liu et  al. 2015); the mutant displays B deficiency 
symptoms when the supply of B is suboptimal (Liu et al. 2015). These results clearly 
indicate the crucial function of NIPs in plant B homeostasis. ZmNIP3;1, the maize 
ortholog of OsNIP3;1, has been similarly identified thanks to its positional cloning 
to underlie the phenotype of the tassel-less1 (tsl-1) mutant (Durbak et al. 2014). This 
mutant produces not only an aberrant flower, but its vegetative growth resembles that 
of a B-deficient maize plant. When expressed heterologously, ZmNIP3;1 facilitates 
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the uptake of B into both frog oocytes and yeast cells (Durbak et al. 2014). Tissue B 
content is suboptimal in the tassel-less1 mutant, and the mutant phenotype can be 
rescued by providing a source of B. ZmNIP3;1 transcript is highly abundant in the 
wild-type silk and (to a lesser extent) in the tassel and root, a distribution which is 
dissimilar to that shown by its A. thaliana and rice orthologs. The tassel-less 1 mutant 
carries a gene encoding for a mutated ZmNIP3;1 protein resulting in a nonfunctional 
channel protein (Durbak et al. 2014, Leonard et al. 2014).

Even though they differ with respect to their spatial transcription profile, each of 
the Atnip5;1, Atnip6;1, Osnip3;1 (dte-1), and Zmnip3;1 (ts-l1) loss-of-function 
mutants expresses a normal phenotype, provided that the supply of B is non-limiting; 
however, when this is not the case, the plants remain stunted, their apical dominance 
is compromised, and they suffer from inflorescence defects and reproductive steril-
ity (Takano et al. 2006; Tanaka et al. 2008; Durbak et al. 2014; Hanaoka et al. 2014; 
Liu et al. 2015). The NIP-II group AQP isoforms are therefore crucial for the uptake 
and distribution of B within the plant not just in section Magnoliopsida species, 
which have a relatively high B requirement, but also in section Liliopsida ones, 
which do not need as much B for growth (Marschner 2012).

Excessive soil B is phytotoxic. B is taken up in the transpiration stream, so tends 
to accumulate initially in more mature leaves (Nable et al. 1997). As a result, B 
toxicity manifests itself as leaf chlorosis/necrosis, spreading from the leaf margin 
into the center of the leaf (Nable et al. 1997; Shatil-Cohen and Moshelion 2012). 
Barley (which, like all of the cereals, has a relatively low B requirement) is particu-
larly sensitive to B toxicity (Schnurbusch et al. 2010). The genomic region of bar-
ley associated with B tolerance harbors HvNIP2;1. The mapping population 
progeny carrying the HvNIP2;1 allele that is present in the B tolerant mapping 
parent (the Algerian landrace Sahara 3771) exhibits a higher level of tolerance and 
accumulates less B in their leaves than those which carry the alternative allele from 
cv. Clipper. The level of HvNIP2;1 transcript increases from the root tip to the 
basal root region in both parental lines, but its abundance is up to 15-fold higher in 
the roots of the sensitive parent (Schnurbusch et al. 2010). A sequence comparison 
of the alternative HvNIP2;1 coding sequences identified only one base variation, 
while the predicted encoded proteins are identical. The HvNIP2;1 upstream 
sequence (up to −1377 nt) is wholly monomorphic, so the differential transcription 
of the gene has been concluded to reflect sequence variation even further upstream 
(Schnurbusch et al. 2010). Based on its H4SiO4 permeability both in frog oocytes 
and in planta, and its tissue distribution, the barley protein HvNIP2;1 is also 
thought to have an impact on the supply of the metalloid Si, even though no cor-
relation could be established between HvNIP2;1 transcription and the plant’s Si 
uptake capacity (Chiba et al. 2009).

In Medicago truncatula, Bogacki et al. (2013) show that 95 % of the phenotypic 
variation for B tolerance displayed by the progeny of a cross between two contrast-
ing parents could be linked to two microsatellite loci, which flank a cluster of five 
predicted AQP genes. Among them, only one (MtNIP3) is transcribed in the leaf 
and root. While the transcript levels are low and indistinguishable in the roots of 
tolerant and sensitive types, a fourfold difference in the leaf is observed, and the 
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leaf B concentration is correlated with the phenotype, suggesting that MtNIP3 is 
likely the gene underlying B tolerance (Bogacki et al. 2013). Based on the observed 
B distribution, it can be excluded that an enhanced B translocation from the roots 
is responsible for the differential B tolerance between these genotypes. It has been 
suggested that the redistribution of B from the symplast to the apoplast of leaves 
and subsequent leaching through rain and/or the removal of B via guttation repre-
sents the basis for the observed MtNIP3-dependent tolerance (Bogacki et al. 2013).

These examples demonstrate that the regulation of NIP-metalloidoporin activity 
and expression are important mechanisms for plants to adapt to either B-deficient or 
toxic environmental conditions.

NIPs are not the only proteins known to be involved in B transport in plants. The 
first B transporter to be described was identified from the analysis of an A. thaliana 
mutant in which shoot, but not root growth, was severely inhibited by B deficiency 
(Takano et al. 2002). The product of the mutated gene AtBOR1 was shown to medi-
ate the xylem loading of B. BOR proteins share homology with the Slc4 bicarbonate 
transporters (Parker and Boron 2013) and are predicted to form 14 plasma 
membrane-spanning helices. Potentially, a secondary active transport process is 
responsible for the BOR-mediated efflux of B (Parker and Boron 2013). The sub-
strate used by HvBOT1, a sodium-dependent BOR transport protein from barley, 
was demonstrated to be the borate anion H4BO4

− (Nagarajan et al. 2015). H4BO4
− 

represents highly likely also the substrate of other BOR proteins. BOR-type trans-
porters and NIP-II group AQPs cooperatively regulate B influx and efflux in a 
species-dependent manner. In rice, OsNIP3;1 – but not OsBOR1 – is expressed in 
the stele, while in the exodermis and endodermis, the genes are co-expressed 
(Nakagawa et al. 2007). In contrast, in A. thaliana AtBOR1 and AtNIP5;1 together 
control the radial transport of B to the vascular system in various cell types together, 
and are co-expressed in the endodermis (Takano et al. 2008, 2010).

A responsive metalloid transport system is of biological importance because 
plants can face sudden changes in the availability of these elements. Several 
AtNIP5;1 gene homologs, the products of which are both able to channel H3BO3 
and are known to be important for B uptake, are transcriptionally upregulated when 
the availability of B is limiting but downregulated when B is in oversupply (Takano 
et al. 2006; Tanaka et al. 2008; Hanaoka et al. 2014; Zhou et al. 2015; Martínez-
Cuenca et al. 2015). The AtNIP5;1 5′-UTR is particularly important both for the 
induction of AtNIP5;1 transcription and for its mRNA degradation under B-sufficient 
conditions (Tanaka et al. 2011). A similar regulatory role has been suggested for the 
almost identical 5′-UTR of OsNIP3;1 in B-deficient conditions and after B resup-
ply. While the molecular basis for this upregulation is unknown, an 18 bp sequence 
within the AtNIP5;1 5′ UTR has been shown to be responsible for the rapid desta-
bilization of AtNIP5;1 mRNA when the plants are oversupplied with B, shortening 
the mRNA’s half-life to about 30 % compared to plants grown under B-limiting 
conditions (Tanaka et al. 2011). This specific 18 bp sequence also influences the 
abundance of other tested downstream mRNA sequences in a B concentration-
dependent manner (Tanaka et al. 2011), leading to the suggestion that a number of 
genes are regulated via a B-dependent mRNA (de-)stabilization or translational 
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efficiency mechanism. It remains to be shown if the mRNA destabilization is caused 
by a direct interaction between H3BO3 and the ribose sugar component of the RNA, 
as ribose moieties can chemically interact with H3BO3 or via other yet unknown 
mechanisms.

4.2  �NIP-Mediated Transport of Silicon

Si is a non-essential element for most plants, but it does exert some highly beneficial 
effects on growth and productivity (Ma et al. 2002; Ma and Yamaji 2015). The pres-
ence of silica in plant tissue has been associated with an enhancement to certain 
plants’ tolerance to drought, salinity, extreme temperature stress, and nutrient 
imbalance, as well as providing physical strength to the stem and leaves, thereby 
increasing lodging resistance in the field (Ma and Yamaji 2015). In addition, small 
herbivores typically avoid feeding on grasses that deposit significant quantities of 
silica in their leaves and digest them rather inefficiently. High silica contents also 
protect plants from fungal pathogens. The element has been designated as quasi-
essential for rice (Epstein 1994), and Si fertilizers (the bioavailable form is silicic 
acid [H4SiO4]) are widely used in rice production in various continents (Ma and 
Yamaji 2015). The tissue concentration of Si in the aerial part of the plant varies 
across species from 0.1 % to 10 % of dry weight and by 5–10 % from rice cultivar 
to rice cultivar (Ma and Takahashi 2002).

The first higher plant Si transporter to be identified was OsNIP2;1 (syn. OsLsi1) 
(Ma et al. 2006). The low-silicon (lsi) mutant displays severe Si deficiency symp-
toms; the mutated gene product differs from that of the wild type by a single residue. 
The substitution of ala132 by thr132 significantly alters the protein conformation, 
resulting in a loss of its channel functionality. RNAi-induced suppression of 
OsNIP2;1 expression in cv. Nipponbare reduces Si uptake considerably, producing a 
phenotype resembling that of the lsi1 mutant (Ma et al. 2006). The wild-type gene 
product localizes to the exodermis and endodermis and to root zones, which are 
decisive for and intimately associated with Si uptake. The expression of OsNIP2;1 in 
frog oocytes results in a de novo capacity to transport H4SiO4, but not glycerol or 
water (Ma et al. 2006). OsNIP2;1 is a NIP-III AQP, a class of protein typically char-
acterized by an ar/R selectivity filter comprising gly, ser, gly, and arg. The small size 
of these four residues leads to the formation of a pore diameter that is somewhat 
larger than those produced by NIP-I and -II proteins. Once Si is taken up by rice 
roots, more than 95 % of it is translocated from the roots to the shoots (Ma and 
Takahashi 2002). In the shoot, OsNIP2;2 is responsible for the unloading of H4SiO4 
from the xylem sap into the cytoplasmic leaf space (Yamaji and Ma 2009). This pro-
tein is polar-localized to the adaxial side of xylem parenchyma cells in the leaf sheath 
and blade (Yamaji and Ma 2009). Transpirational water loss drives the gradual 
polymerization of H4SiO4 into amorphous silica, which is deposited as a double layer 
beneath the cuticle (Ma and Takahashi 2002). In OsNIP2;2 knockout plants, H4SiO4 
accumulates in the leaf guttation sap, and an altered pattern of silica deposition in the 
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leaf is observed (Yamaji and Ma 2009). NIP-III isoforms permeable to H4SiO4 and 
important for the uptake and distribution of Si have been identified in barley (HvLsi1 
[HvNIP2;1] and HvLsi6 [HvNIP2;2]: Chiba et al. 2009; Yamaji et al. 2012), wheat 
(TaLsi1: Montpetit et  al. 2012), maize (ZmLsi1 [ZmNIP2;1] and ZmLsi6 
[ZmNIP2;2]: Mitani et al. 2009a), cucumber (CsiT-1 and CsiT-2: Wang et al. 2015), 
pumpkin (CmNIP2;1: Mitani et al. 2011), and soybean (GmNIP2;2: Deshmukh et al. 
2013).

OsNIP2;1, HvNIP2;1, ZmNIP2;1, and TaLsi1 channels are present mainly in the 
root and are known to be required both for the uptake of H4SiO4 into the plant and 
for its transport toward the vasculature (Ma et al. 2006; Montpetit et al. 2012; Mitani 
et  al. 2009a; Chiba et  al. 2009). OsNIP2;2, HvNIP2;2, ZmNIP2;2, GmNIP2;1, 
GmNIP2;2, CmNIP2;1, CSiT1, and CSiT2 transcripts are all detectable in both the 
root and the shoot; the function of their products in rice, barley, and maize is con-
sidered to lie in xylem unloading in the leaf sheath and blade (Yamaji and Ma 2009; 
Yamaji et al. 2012; Mitani et al. 2009a); an additional function in rice is the inter-
vascular transfer of nutrients at the nodes (Yamaji and Ma 2009; Yamaji et al. 2015).

While the abovementioned NIP-IIIs all share a capacity to transport H4SiO4, the 
various orthologs differ from one another with respect to both their spatial expres-
sion and their transcriptional response to specific stimuli. For example, OsNIP2;1, 
OsNIP2;2, GmNIP2;1, and GmNIP2;2 are all downregulated by the presence of 
H4SiO4 (Ma et  al. 2006; Yamaji and Ma 2009; Deshmukh et  al. 2013), whereas 
ZmNIP2;1, TaLsi1, and HvNIP2;1 are nonresponsive (Chiba et  al. 2009; Mitani 
et al. 2009a; Montpetit et al. 2012). OsNIP2;1 is abundant in the exodermis and 
endodermis in primary and lateral roots where casparian strips exist (Ma et  al. 
2006); both HvNIP2;1 and ZmNIP2;1 are active in the epidermis, hypodermis, and 
cortex (Chiba et al. 2009; Mitani et al. 2009a); CmNIP2;1 is ubiquitous throughout 
the root (Mitani et al. 2011); OsNIP2;2/Lsi6 homologs in rice, barley, and maize are 
deposited throughout the root tip and in xylem parenchyma in the leaf (Yamaji et al. 
2008; Yamaji et al. 2012; Yamaji and Ma 2009; Mitani et al. 2009a). The herbaceous 
perennial horsetail (Equisetum arvense) is one of the highest accumulators of Si in 
the plant kingdom (Chen and Lewin 1969). It encodes nine NIPs (EaNIP3;1 through 
9), of which EaNIP3;1, EaNIP3;3, and EaNIP3;4 have each been shown to be per-
meable to H4SiO4 and to feature a distinct amino acid residue composition in their 
selectivity filter, namely, composed of ser, thr, ala, and arg (Grégoire et al. 2012).

The composition of cereal and horsetail Si channel ar/R selectivity filters is too 
variable for it to be usable as a diagnostic for Si transporters. Nonetheless, an in 
silico analysis has identified a phenylalanine in TMH6 and a polar serine/threonine 
residue in TMH5 that are shared by all Si-permeable NIP-III group proteins while 
being absent from all other NIPs (Pommerrenig et  al. 2015). However, whether 
these residues are indeed critical for H4SiO4 selectivity has yet to be experimen-
tally verified.

NIP-III group channels are encoded by the genomes of both Liliopsida and 
Magnoliopsida species, including the Gramineae, Arecaceae, Musaceae, Solanaceae, 
Rosaceae, Cucurbitaceae, Leguminosae, Vitaceae, Rubiaceae, and Rutaceae, as well 
as in the species Amborella trichopoda, which has been placed at, or near the base of, 
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the angiosperm lineage (Ma and Yamaji 2015). A. thaliana lacks any NIP-III genes. 
Note that the presence of a NIP-III gene(s) does not correlate with an enhanced 
capacity to accumulate Si. For example, NIP-III group isoforms are produced by 
tomato, which is a non-accumulator (Mitani and Ma 2005). Thus, NIP-IIIs likely 
fulfill also other physiological functions – an example is the previously mentioned 
barley HvNIP2;1 protein, associated with B tolerance (Schnurbusch et al. 2010).

NIP channels are not the only plant proteins able to transport Si. The Lsi2-type 
transporters have been designated as putative anion transporters (Ma et al. 2007; 
Mitani et al. 2009b; Mitani-Ueno et al. 2011; Yamaji et al. 2015); they form 11 pre-
dicted plasma membrane-spanning helices and remove Si from the cell via a sec-
ondary active process driven by the establishment of a proton gradient across the 
plasma membrane (Ma et al. 2007). In rice, an Lsi2 homolog governs the uptake and 
transport of H3AsO3/H2AsO3

− and its translocation into the grain (Ma et al. 2008). 
Lsi2-type transporters are found in many Magnoliopsida (including A. thaliana) 
and Liliopsida species (Ma and Yamaji 2015). The function of the A. thaliana homo-
log (encoded by At1g02260) is still unknown. The cooperation of Lsi2-type trans-
porters and NIP-III channels is required for cell-to-cell Si transport (reviewed by 
Ma and Yamaji 2015). In some cases, NIP channels and Lsi2-type efflux transport-
ers are located within the same cell type but with opposite polarity; in other cases, 
they appear in adjacent cell layers. A mathematical modeling approach has calcu-
lated that the polar localization of the two transporter types (NIPs and Lsi2-type 
transporters) at the exodermis and endodermis is optimal with respect to an energy 
efficient and high capacity Si uptake into the rice root (Sakurai et al. 2015).

4.3  �NIP-Mediated Transport of Arsenic

As is an acutely toxic and carcinogenic though relatively abundant and highly bio-
available metalloid, which can enter the human food chain via contaminated water 
or plant biomass (mainly via staple crops) (Meharg and Zhao 2012). The most com-
mon forms present in soil are H2AsO4

− and H3AsO3. In well-aerated (oxidative) 
soils, the former type predominates, while the latter type is associated with hypoxic 
(reducing) conditions. Both forms are readily taken up by plants (Meharg and Zhao 
2012). Arsenate (H2AsO4

−) and phosphate (H2PO4
−), the salts of arsenic acid 

(H3AsO4) and phosphoric acid (H3PO4), share a similar tetrahedral structure, pKa, 
molecular volume, and electrostatic behavior. Thus, being chemical analogs, 
H2AsO4

− can readily replace H2PO4
−, entering the plant via phosphate transporters 

(Zangi and Filella 2012). High affinity phosphate transporters are unable to distin-
guish between the two compounds (Zangi and Filella 2012; Li et al. 2015). Once 
taken up, H2AsO4

− forms As-adducts which are typically short-lived and nonfunc-
tional compared to the physiologically functional P-adducts; an example is the for-
mation and rapid autohydrolysis of H2AsO4

−-ADP, initiating a futile cycle which 
uncouples oxidative phosphorylation and interferes with enzymes regulated by 
phosphorylation (Finnegan and Chen 2012). As most arable soils are not hypoxic, 
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most of the As taken up by plants is in the form H2AsO4
−. Shortly after entering the 

root, it is enzymatically or nonenzymatically reduced to H2AsO3
− and then proton-

ated to form H3AsO3 (Finnegan and Chen 2012). The reduction of H2AsO4
− to 

H2AsO3
− is a common detoxification strategy used by most organisms, including 

plants (Bienert and Jahn 2010b). In the form H2AsO3
−/H3AsO3, As is more easily 

transported than H2AsO4
−, but its toxicity is enhanced by its ready reactivity with 

sulfur groups, thereby inactivating enzymes for which their functionality depends 
on cysteine residues or dithiol cofactors (Finnegan and Chen 2012). In non-
hyperaccumulators, most of the H2AsO3

−/H3AsO3 taken up is chelated by glutathi-
one or a metallothionein and sequestered into root cell vacuoles by the action of 
ABC transporters; alternatively it can be effluxed out of the cells (Li et al. 2015). 
The H2AsO3

−/H3AsO3 which is neither compartmentalized nor effluxed is distrib-
uted throughout the plant either actively by members of the secondary active 
Si-transporting Lsi2-type transporter family or passively along a concentration gra-
dient by NIPs which transport Si and B (see elsewhere in this chapter; Pommerrenig 
et al. 2015; Li et al. 2015).

In bacteria, fungi, fish, and mammals (including humans), H3AsO3 is transported 
by specific GLPs (reviewed in Bienert and Jahn 2010a; Maciaszczyk-Dziubinska 
et al. 2012; Mukhopadhyay et al. 2014). Evidence supporting the involvement of 
AQPs in As transport has been obtained from kinetic uptake studies of the rice root 
(Meharg and Jardine 2003). In particular, when H2AsO3

− was supplied to rice roots, 
As uptake can be partially inhibited by alternative AQP substrates (such as glycerol 
and antimonite) or by the AQP inhibitor HgCl2 (Meharg and Jardine 2003). 
Consequently, Meharg and Jardine postulated already in 2003 that H3AsO3 is trans-
ported across plant plasma membranes via MIPs/AQPs. In 2008, three studies inde-
pendently and congruently demonstrated in direct uptake experiments that certain 
plant NIPs are permeable to H3AsO3 (Isayenkov and Maathuis 2008; Bienert et al. 
2008a; Ma et al. 2008). The effect of exposing plants to NaAsO2 and As trioxide 
(As2O3) on uptake and growth implies strongly that the uncharged H3AsO3 molecule 
permeates plant NIPs (NaAsO2 and As2O3 form H3AsO3 in aqueous solution). A 
detailed study has shown that H3AsO3 shares several physicochemical and structural 
characteristics with the canonical NIP substrate glycerol, further supporting the idea 
that it is transported in planta through AQP channels (Porquet and Filella 2007).

A number of rice (OsNIP2;1, OsNIP2;2, and OsNIP 3;2), A. thaliana (AtNIP5;1, 
AtNIP6;1, and AtNIP7;1), and Lotus japonicus (LjNIP5;1 and LjNIP6;1) proteins 
have been tested for their ability to abolish the As tolerance displayed by certain S. 
cerevisiae yeast strains (Fig. 2); all of them significantly increase the level of sensi-
tivity to NaAsO2 (Bienert et al. 2008a). When the yeast is cultured on a medium 
containing H2AsO4

−, the NIP proteins also facilitate the efflux of the H3AsO3 gener-
ated in vivo through enzymatic reduction of H2AsO4

− (Bienert et al. 2008a), clearly 
demonstrating the bidirectional flux of H3AsO3 carried out by plant NIPs.

The physiological consequences of NIP-mediated H3AsO3 transport have been 
revealed by exposing an Osnip2;1 knockout rice line (defective in Si uptake) to 
H2AsO3

−. The accumulation of As in the mutant’s shoot and root is reduced by, 
respectively, 71 % and 53 % compared to that recorded for a wild-type plant grown 
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in a medium lacking H4SiO4 (Ma et al. 2008). The presence of H4SiO4 reduces As 
uptake in the wild type but not in the Osnip2;1 mutant plants, indicating a competi-
tively inhibited flux of the two substrates through the native OsNIP2;1 channel. A 
short-term uptake assay has demonstrated that As uptake by the mutant is 57 % less 
than that of the wild type (Ma et  al. 2008). The conclusion is that OsNIP2;1 is 
responsible for H3AsO3 uptake in planta (Ma et al. 2008). The addition of H2AsO4

− 
to the growth medium promotes OsNIP2;1-mediated H3AsO3 efflux (Zhao et  al. 
2010b). The suggestion here was that NIPs are able to reinforce As detoxification by 
effluxing H3AsO3 out of the roots after its intracellular formation through the reduc-
tion of H2AsO4

−, provided that the rhizosphere environment is permissive. When 
challenged with organic (methylated) molecules involving As, the Osnip2;1 mutant 
takes up only half the amount of either monomethylarsonic acid (CH5AsO3) or 
dimethylarsinic acid (C2H7AsO2) taken up by wild-type plants (Li et al. 2009). The 
heterologous expression of OsNIP2;1 in frog oocytes has shown that this NIP facili-
tates both the influx and efflux of H3AsO3, as well as that of CH5AsO3 and C2H7AsO2 
(Ma et al. 2008; Li et al. 2009). The indications are therefore that OsNIP2;1 repre-
sents an important bidirectional channel for a range of uncharged As species and 
represents the major uptake pathway for these species into rice.

A screen of an EMS mutagenized population of A. thaliana was used by Kamiya 
et al. (Kamiya et al. 2009) to identify individuals compromised for root growth in 
the presence of H3AsO3/H2AsO3

−. The three selected mutants all carry a mutation in 
the AtNIP1;1 coding sequence. The heterologous expression of each of the mutant 
alleles in frog oocytes has shown that they specify a nonfunctional As-impermeable 
AtNIP1;1 channel. The abundance of wild-type AtNIP1;1 transcript was 20 times 
higher in the root than the shoot, and a promoter-GUS fusion analysis showed that 
the AtNIP1;1 promoter is active in the stomata, the root-hypocotyl junction, the lateral 
root tip and stele, and the primary root stele (Kamiya et al. 2009). These data suggest 
that AtNIP1;1 contributes to As uptake into Arabidopsis roots. Similarly, AtNIP3;1 has 
been shown to participate in both As uptake and root-to-shoot translocation in plants 
subjected to H3AsO3 stress (Xu et  al. 2015). Several independent Atnip3;1 loss-of-
function mutants display a clear improvement in their level of H3AsO3 tolerance, as 
expressed by their aerial growth and their reduced ability to accumulate As in the shoot 
(Xu et  al. 2015). The Atnip3;1/Atnip1;1 double mutant exhibits a strong degree of 
H3AsO3 tolerance; its root and shoot continue to grow even in the presence of normally 
toxic levels of H3AsO3. AtNIP3;1 promoter activity is confined largely to the root, 
although not in the root tip (Xu et al. 2015). The overall conclusion is that AtNIP3;1 
participates in H3AsO3 uptake and root-to-shoot translocation (Xu et al. 2015).

Studies based on a range of heterologous expression systems have demonstrated that 
members of all three functional NIP subclasses have the ability to channel uncharged 
As species. The outcome of expressing the rice (OsNIP1;1, OsNIP2;1, OsNIP2;2, and 
OsNIP3;1) and A. thaliana (AtNIP1;1, AtNIP1;2, AtNIP5;1, and AtNIP7;1) genes in 
frog oocytes is an increased influx of H3AsO3, moreover the expression of AtNIP3;1, 
HvNIP1;2, HvNIP2;1, HvNIP2;2, and OsNIP3;3 in yeast enhances the cells’ sensitiv-
ity to H3AsO3 providing additional evidence for the H3AsO3 permeabilities of NIPs 
(Fig. 2; Ma et al. 2008; Kamiya et al. 2009; Katsuhara et al. 2014; Xu et al. 2015).
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A QTL mapping study in rice, based on a cross between the H2AsO4
− tolerant cv. 

Bala and the sensitive cv. Azucena, was able to identify three genomic regions har-
boring genes determining the tolerance of the former cultivar (Norton et al. 2008). 
Analysis of the progeny suggested that an individual needs only to inherit any two 
of the three tolerance loci from cv. Bala for it to be tolerant. One of the three QTL 
regions harbored two genes which were differentially regulated when the plants 
were exposed to As stress: one encodes an aminoacylase and the other is OsNIP4;1; 
both are more actively transcribed in the tolerant parent (Norton et al. 2008). The 
latter gene is particularly significant as NIPs are implicated in the transport of 
H3AsO3 into the root. However, the heterologous expression of OsNIP4;1 – unlike 
that of other NIPs – in an As-sensitive yeast cell line does not increase their H3AsO3 
sensitivity (Katsuhara et al. 2014). The mechanistic basis of OsNIP4;1 on H3AsO3 
tolerance remains to be determined.

OsNIP3;1, required for the uptake and translocation of H3BO3 (Hanaoka et al. 
2014), also transports H3AsO3 when expressed in frog oocytes (Ma et  al. 2008). 
OsNIP3;1 is downregulated in response to an elevated supply of H3AsO3/H2AsO3

− 
but not of H2AsO4

− (Chakrabarty et al. 2009). As-responsive downregulation may 
help to lower the level of OsNIP3;1-mediated As root uptake under B-deficient con-
ditions. All acquired information on As transport mechanisms controlling As fluxes 
into and within plants, particularly to edible plant parts such as rice grains, is highly 
valuable for the development of breeding strategies or the engineering of minimal-
As-accumulating plants.

Two independent analyses have failed to identify any QTL linked to either 
OsNIP2;1 or OsNIP3;1 associated with the grain content of either H2AsO3

−/
H2AsO4

− or C2H7AsO2 (Kuramata et al. 2013; Norton et al. 2014). However, one 
QTL region (harboring OsNIP2;2) has been identified as contributing to the methyl-
ated As content of the grain (Kuramata et al. 2013). When tested at the seedling 
stage, both the shoot and root As contents in an OsNIP2;2 knockout line are indis-
tinguishable from those recorded in the wild type (Ma et al. 2008). Since OsNIP2;2 
is expressed in the node below the panicle after the onset of grain filling (Yamaji and 
Ma 2009), it has been suggested that differences in the grain C2H7AsO2 content are 
due to a genotype-dependent transport efficiency and/or expression of OsNIP2;2 
(Kuramata et  al. 2013). Carey et  al. (Carey et  al. 2010; Carey et  al. 2011) have 
shown that C2H7AsO2 is highly mobile in the panicle vascular system and is readily 
translocated into the grain. Whether OsNIP2;2 is permeable to either CH5AsO3 or 
C2H7AsO2 remains to be shown.

So far, the indication is that the toxic metalloid As (both in its reduced and 
uncharged forms) transport in plants is handled largely by NIPs. Whether NIP-
mediated H3AsO3 transport is simply an adventitious nonphysiological side activity, 
as a consequence of the compound’s structural similarity to that of certain other 
essential metalloid nutrient substrates, or whether it has evolved as a genetically or 
physiologically implemented detoxification strategy along the lines of the GLPs in 
microbes, still remains to be resolved. Given that plants are sessile, it may well be 
that, in addition to their efflux activity from the root, the involvement of NIPs in As 
cell-to-cell translocation adds to the final compartmentalization of As-phytochelatin 
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complexes in vacuoles of specific As-tolerant cell types (Moore et al. 2011) and/or 
an ability to protect As-sensitive cells. The latter two hypothesized roles of NIPs 
may also be supported by the observation that when AtNIP1;2- and AtNIP5;1-
mediated As transport are disrupted in planta, the level of H3AsO3 tolerance is not 
increased, even though the tissue As content is markedly lowered (Kamiya et al. 
2009). These findings indicate that H3AsO3 tolerance cannot be solely explained by 
a decreased As content in plants. The importance of gaining a better understanding 
of the regulation and mode of As transport has practical importance, as it will guide 
breeding strategies to selectively route As fluxes to targeted locations within or out-
side of crop plants depending on the objectives (i.e., accumulation, enrichment in, 
or exclusion from certain tissues) and to generate crop varieties that take up little or 
no As or at least do not translocate it to the edible parts of the plant.

4.4  �NIP-Mediated Transport of Antimony

Trivalent and pentavalent Sb species have no known physiological role for plants, 
rather they are toxic (Kamiya and Fujiwara 2009). Homologous and heterologous 
expression systems have been used to show that various NIPs (Bienert et al. 2008a, 
b; Kamiya and Fujiwara 2009) and mammalian and microbial GLPs (reviewed by 
Maciaszczyk-Dziubinska et al. 2012) facilitate the movement of trivalent uncharged 
Sb species. The expression of AtNIP5;1, AtNIP6;1 and AtNIP7;1, LjNIP5;1 and 
LjNIP6;1, and OsNIP3;2 and OsNIP2;1 in a metalloid-tolerant yeast mutant abol-
ishes the tolerance when the transformants were exposed to C8H4K2O12Sb2 (potas-
sium antimonyl tartrate) (Bienert et  al. 2008a, b). The two independent 
AtNIP1;1 T-DNA insertion mutants mentioned above in the context of tolerance to 
H3AsO3 are also able to both maintain root growth in the presence of toxic levels 
of C8H4K2O12Sb2 and limit the accumulation of Sb (Kamiya and Fujiwara 2009). 
As the knockout of other NIPs (such as AtNIP1;2 and AtNIP5;1) expressed in the 
root do not reduce Sb sensitivity, it is likely that AtNIP1;1 is responsible, at least 
in part, for regulating and mediating the entry of Sb (Kamiya and Fujiwara 2009). 
Thus, NIPs belonging to each of the three functional subgroups NIP-I (AtNIP1;1), 
NIP-II (AtNIP5;1, AtNIP6;1, AtNIP7;1, LjNIP5;1, LjNIP6;1, and OsNIP3;2), and 
NIP-III (OsNIP2;1) facilitate the transport of Sb across plant membranes (Fig. 2). 
The Sb concentrations used in yeast and A. thaliana toxicity assays (up to 100 μM) 
do not occur in natural soils (Bienert et al. 2008a; Kamiya and Fujiwara 2009). 
Nevertheless, localized pollution associated with certain industrial activity has led 
to heavy loading with Sb2O3, so knowledge of Sb transport mechanisms is of rele-
vance in the context of phytoremediation measures based on either Sb hyperaccu-
mulators or on crop plants able to restrict the quantity of Sb translocated to edible 
parts. The likelihood is that the involvement of NIPs in the transport of trivalent Sb 
is an adventitious feature of these channels, which are presumed to have evolved as 
a means of transporting metalloids of physiological significance such as boric acid 
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or silicic acid. Various microbial GLPs have also proven to be Sb permeable 
(reviewed by Maciaszczyk-Dziubinska et  al. 2012; Zangi and Filella 2012; 
Mukhopadhyay et al. 2014; Mandal et al. 2014), even though there is no known 
biological requirement for this element. The nonspecificity of AQP/GLP channels 
is exploited in some cases in order to infiltrate curative drugs into parasitic or 
abnormal cells (notably cancerous cells). For example, Sb-containing drugs used 
to kill certain protozoan parasites are effectively taken up by the target organism 
via their AQP transport systems (Mandal et al. 2014). Two of the major drugs used 
to combat leishmaniasis are the pentavalent antimonials sodium stibogluconate 
(Pentostam) and meglumine antimoniate (Glucantime) (Mukhopadhyay et  al. 
2014). One of the five AQPs of Leishmania major (LmAQP1) is known to be 
involved in the as yet mechanistically non-understood uptake process of these 
drugs. Both experimentally induced and naturally occurring mutations in LmAQP1 
have been shown to reduce the uptake of Sb and hence increase the parasite’s toler-
ance of the drugs (Mandal et al. 2014).

A similar scenario applies with respect to the arsenical drug melarsoprol, which 
enters the target cell via an AQP; drug resistance arises when the AQP is mutated to 
a form that hinders the free passage of the drug (Baker et al. 2012; Alsford et al. 
2012). As pointed out in a recent review (Pommerrenig et al. 2015), it has been sug-
gested that antimonous acid (H3SbO3) is the form of Sb generally permeating 
through NIPs and other GLPs when C8H4K2O12Sb2 (antimony potassium tartrate) is 
provided as the source of Sb source in toxicity assays. This conclusion is largely 
based on the physicochemical similarity of H3SbO3 with H3AsO3 (Porquet and 
Filella 2007). Salts of H3SbO3 formally exist. In water, they form a gelatinous pre-
cipitate, which is formed by antimony trioxide (Sb2O3 * H2O) which is itself poten-
tially formed by C8H4K2O12Sb2. However, the uncharged H3SbO3 is suggested to be 
metastable and, thus, does not occur in nature in significant quantities (Vink 1996). 
Some doubt remains therefore as to the form of Sb that permeates AQPs. Therefore, 
scientific efforts should be initiated to assess which Sb species permeates AQPs.

4.5  �NIP-Mediated Transport of Germanium

Due to the absence of any known biological function and the rarity of Ge in most 
soils, the permeability of certain NIPs to this element is again likely a serendipitous 
effect of the structural similarity of Ge compounds to those formed by other physi-
ologically significant metalloids. The bioavailable forms of Ge are the polar tetrahe-
dral ortho-acid (H4GeO4) and the nonpolar, planar meta-acid form (H2GeO3), the 
chemical properties of which resemble, respectively, H4SiO4 and H3BO3 (Fig. 1). 
Neither of these forms has been exhaustively quantified in natural soils, the rhizo-
sphere, or within plant tissue. The element is present in many silicate minerals in 
quantities of up to a few ppm; an estimate of the mean soil Ge concentration is 
1.6 mg kg−1 (Rosenberg 2009). The dissociation behavior of germanic acid (pKa1=9) 
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resembles that of H3BO3 and H4SiO4, suggesting that at physiological pH, the preva-
lent form is non-charged and therefore capable of being transported by NIPs (Fig. 1). 
It has been long assumed that the uptake and translocation properties of Ge are simi-
lar to those shown by Si (Nikolic et  al. 2007, Takahashi et  al. 1976a, b). Plants 
containing high amounts of Si (particularly grasses) tend to be more sensitive to 
excess Ge than those containing little Si (Nikolic et al. 2007). The Ge concentration 
in soil-grown plants ranges from 0.01 mg kg−1 (Magnoliopsida species) to 1 mg kg−1 
(Poaceae species), reflecting the more effective H4SiO4 transporter machinery pres-
ent in grasses (Ma and Yamaji 2015), which comprises the NIP-IIIs and the Lsi2-
type efflux transporters. The former facilitate the passive transport of Si across the 
plasma membrane between the apoplast/soil solution and plant cells down concen-
tration gradients (Ma et al. 2006), while the latter are responsible for the efflux of Si 
from the cell (Ma et al. 2007).

Long before the discovery of Si and Ge transporters (Ma et al. 2006, 2007) and 
the molecular basis for the dual transport functions of NIPs and Lsi2-type transport-
ers was described (reviewed by Ma and Yamaji 2015), existing knowledge of the 
chemical similarity between Si and Ge hydroxylated compounds was exploited in 
the use of Ge as an Si analog in toxicity screens (Ma et al. 2002; Nikolic et al. 2007). 
This form of screen was used to identify the rice lsi mutants (Ma et  al. 2002). 
Subsequent mapping approaches identified the underlying responsible NIP aquapo-
rin (OsNIP2;1 and OsNIP2;2) and Lsi2-type transporter (OsLsi2 and OsLsi3) genes 
(Ma et  al. 2006; Ma et  al. 2007; Yamaji and Ma 2009; Yamaji et  al. 2015). The 
radioactive 68Ge isotope and the non-radioactive isotopes in the form of germanic 
oxide (GeO2) are frequently used as chemical tracer analogs for studying Si trans-
port features of certain NIPs in planta as well as in the S. cerevisiae and Xenopus 
laevis frog oocyte heterologous expression systems (Ma et al. 2006; Nikolic et al. 
2007; Schnurbusch et al. 2010; Mitani-Ueno et al. 2011; Gu et al. 2012; Hayes et al. 
2013; Bárzana et al. 2014). A genome-wide association mapping study in rice has 
shown that some Ge sensitive loci coincide with known QTL underlying Si or As 
accumulation, but none map in the vicinity of either OsNIP2;1 or OsNIP2;2 
(Talukdar et al. 2015). A QTL associated with Ge sensitivity lies within 200 Kbp of 
OsLsi2. OsNIP4;1 (Os01g02190) is located within the genomic region of the 
detected loci. OsNIP4;1 is strongly expressed in the inflorescence and particularly 
in the anthers (Liu et al. 2009). However, substrate selectivity data are not available, 
making it difficult to interpret its function with respect to Ge tolerance. The chemi-
cal similarities between the nonpolar, planar H3BO3 and H2GeO3 have prompted 
Hayes et al. (Hayes et al. 2013) to use Ge treatment as a surrogate for the effect of 
B toxicity on barley and wheat. A barley cultivar showing a mild reaction to the 
presence of GeO2 is also tolerant to high levels of B; the underlying basis for B 
tolerance is a very low transcript abundance of HvNIP2;1, the gene implicated as 
encoding a B and Si transporter (Schnurbusch et al. 2010).

In summary, the nonspecific selectivity of NIP-IIIs being permeable to Si, B, and 
Ge represents a valuable feature, allowing to use Ge as a suitable tracer in science 
to mimic and characterize Si and B transport processes or to screen graminaceous 
crop populations for altered functions of NIP-III channels and related proteins 
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(Hayes et  al. 2013). Ge is an important element for the semiconductor industry. 
However, unlike most metalloids and metals, it is not generally found in concen-
trated form in nature, so it has been suggested that plant accumulators could be 
exploited to extract it from contaminated but also agricultural soils. In this context, 
NIPs could potentially be engineered to increase the efficiency of the extraction 
process, allowing Ge to be recovered from biomass grown for the purpose of phy-
tomining. Ge could then be extracted from, e.g., plant digestates of bioenergy crops 
or from straw or other not used plant residuals as a second add-on “yield” value.

4.6  �NIP-Mediated Transport of Selenium

Se is essential in the human and animal diet, but is not essential for plant growth. 
The biologically active form of Se is the derived amino acid selenocysteine, which 
is inserted into bacterial, archeal, and eukaryotic mRNA by a specific tRNA. Because 
of the lower reduction potential of selenocysteine compared to cysteine itself, this 
compound has an important role in the catalytic sites of glutathione peroxidases and 
thioredoxin reductases, which act as protectants against oxidative stress (Lobanov 
et  al. 2009). Vegetables and fruits represent the major source of dietary Se. The 
content of Se within plant tissue is rather low, presumably because it has no benefit 
for the plant; nevertheless, the element is readily taken up from the soil (Pilon-Smits 
and Quinn 2010). Thus, a suggested strategy to counteract Se deficiency in the diet 
is Se biofortification of staple crops, which would require the selection of Se accu-
mulators or effective translocators of Se into the edible part of the plant.

The most prominent forms of soil Se are selenite (HSeO3
−) and selenate 

(HSeO4
−), with the latter predominating in well-aerated soils. The similar structure 

and pKa values of selenate and sulfate result in the former being recognized and 
transported by sulfate transporters (Sors et al. 2005). The cross talk between sele-
nate and sulfur metabolism makes this transport system unfavorable in the context 
of biofortification, as modifications to sulfur transport may have detrimental effects 
on a range of important traits, thereby outweighing any advantages of enhanced Se 
accumulation (Bienert and Chaumont 2013). H2SeO3 is a diprotic weak acid with 
pka1 and pka2 vales of 2.57 and 6.6, respectively, so that at physiological pHs it exists 
predominantly in the form of both HSeO3

− and SeO3
2− (Fig. 1). Phosphate transport-

ers (such as rice OsPT2) have been implicated in the active uptake of HSeO3
− into 

the root (Zhang et al. 2014). Under acidic conditions, selenous acid (H2SeO3) pre-
dominates (Fig. 1). The standard AQP inhibitors HgCl2 and AgNO3 both inhibit the 
uptake of H2SeO3 into the rice and maize root (Zhang et al. 2012; Zhang et al. 2010). 
Supplying HSeO3

− in a kinetic study of Se uptake into the maize root has shown 
that, when grown in an acidic (pH 3) medium, uptake is mostly in the form H2SeO3 
(Zhang et al. 2010). Se uptake kinetics follow a linear trend which may suggest that 
the limiting step is a channel-mediated transport mechanism.

The first plant H2SeO3 transporter to be identified was OsNIP2;1 (Zhao et  al. 
2010); when grown in the presence of HSeO3

−, the loss-of-function mutant Osnip2;1 
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accumulates significantly less Se in its shoot and xylem sap than does the wild type. 
In contrast, the mutant and the wild type accumulate an equal amount of Se when 
grown on a medium supplemented with HSeO4

−. Further experiments have revealed 
that H2SeO3 is most likely the Se form transported by OsNIP2;1 (Zhao et al. 2010a). 
The ability of OsNIP2;1 to transport Se has been further demonstrated by heterolo-
gously expressing it in yeast (Zhao et al. 2010a). NIPs may be involved in the inter-
cellular transport of Se as well as in its uptake. Once HSeO4

− is taken up, it is 
reduced to HSeO3

− in both the chloroplast and the cytoplasm, before being further 
reduced to the Se2− ion and hence incorporated into selenocysteine or selenomethio-
nine; these amino acids can be nonspecifically incorporated into proteins instead of 
cysteine, leading to toxicity (Pilon-Smits and Quinn 2010). Still unresolved is 
whether (1) NIP isoforms of plant species other than rice are permeable to Se, (2) 
the permeability of NIPs to H2SeO3 is a feature of only the H4SiO4-permeable NIP-
III isoforms present in both Liliopsida and Magnoliopsida species, and (3) the engi-
neering of NIPs could represent viable means of directing Se flux in staple crops.

5  �PIP-Mediated Metalloid Transport in Plants

On the basis of their sequence, the PIPs are the most homogeneous of the plant 
AQPs and also the most numerous (Anderberg et  al. 2012). Two PIP subgroups 
(PIP1 and PIP2) are recognized and share a sequence identity above 50 %. The 
PIP1s have a longer N terminal and a shorter C terminal domain than the PIP2s, as 
well as having a shorter extracellular loop A (Chaumont et al. 2001). PIP1 and PIP2 
genes behave differently when heterologously expressed in frog oocytes: in general, 
only PIP2s are able to induce a significant level of transmembrane water movement 
(Fetter et al. 2004; see chapter “Heteromerization of Plant Aquaporins”). When a 
PIP1/PIP2 pair cloned from several section Liliopsida and Magnoliopsida species 
is co-expressed in frog oocytes, their products interact to modify their trafficking 
into and/or stability within the host membrane, thereby cooperating to synergisti-
cally increase water permeability (see chapter “Heteromerization of Plant 
Aquaporins”). A combination of physiological and molecular genetic evidence indi-
cates that PIP water channels are highly important for the plant’s water homeostasis 
(Maurel et al. 2015; Chaumont and Tyerman 2014). A small number of PIPs have 
been shown to be permeable to molecules other than water, including H2O2 and urea 
(reviewed by Maurel et al. 2015), and of note in the context of this chapter, they also 
transport uncharged metalloid species.

5.1  �PIP-Mediated Transport of Boron

Direct evidence for the involvement of PIPs in B transport is fragmentary. Maize 
ZmPIP1;1 was the first plant AQP shown to have the capacity to transport H3BO3: 
the heterologous expression of ZmPIP1;1 in frog oocytes results in a 30 % increase 
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in B permeability over that achieved in control oocytes or those expressing ZmPIP3 
(renamed ZmPIP2;5), AtNLM1, or EcGlpF (Dordas et al. 2000). The H3BO3 perme-
ability of plasma membranes isolated from squash (Cucurbita pepo) vesicles is par-
tially inhibited by the AQP inhibitors HgCl2 and phloretin and is reversibly rescued 
by treatment with 2-mercaptoethanol. As mentioned earlier, this sort of compound-
dependent on-off transport behavior is indicative of AQP-mediated transport. 
Dordas et al. (2000) have suggested that some H3BO3 enters the plant cell via pas-
sive diffusion through the plasma membrane lipid bilayer, while the rest is trans-
ported through PIP1 channels. Therewith this study provided the first experimental 
indication that plant AQPs are involved in metalloid transport and particularly in B 
transport. Subsequently, it has been shown that transferring either maize plants or 
transgenic tobacco plants overexpressing GFP:ZmPIP1 to a B-deficient medium for 
about 1 h results in the rapid disappearance of ZmPIP1 channels from the root apex 
cell plasma membrane (Goldbach et al. 2002). The implication is that the ZmPIP1 
product cannot be directly involved in B uptake under B-deficient conditions, since 
otherwise its upregulation would have been expected, as is the case for AtNIP5;1 
(Takano et al. 2006). Instead, the removal of B-permeable proteins from the plasma 
membrane may serve to prevent an undesirable loss of B from the root. A possible 
hypothesis is that the B permeability shown by certain PIPs only functions when the 
supply of B is non-limiting; alternatively, it may be that the removal of PIPs from 
the plasma membrane is independent of any potential H3BO3 channeling activity 
associated with these membrane pores. Based on yeast toxicity growth assays, 
H3BO3 permeability has also been inferred for the grapevine PIP isoforms 
VvTnPIP1;4 and VvTnPIP2;3 (Sabir et al. 2014).

The barley HvPIP1;3 and HvPIP1;4 resemble ZmPIP1;1 at the sequence level, 
and localize to the plasma membrane in both heterologous and native expression 
systems, in contrast to many PIP1s derived from other species (see chapter 
“Heteromerization of Plant Aquaporins”). The B permeability of these PIP1s has 
been investigated using a yeast toxicity growth assay (Fitzpatrick and Reid 2009). 
Both proteins increase the sensitivity of the yeast cells to exogenously supplied B, 
and an analysis of the cellular B content has confirmed that both are capable of 
mediating the uptake of B (Fitzpatrick and Reid 2009). The quantitative response of 
these HvPIP1s to a variation in the external concentration of B is unclear, since the 
transcription of their genes is unresponsive to the B nutritional status of the plant. In 
contrast, the transcription of both OsPIP2;4 and OsPIP2;7 does respond to the rice 
plant B nutritional status: they are downregulated in the shoot and strongly upregu-
lated in the root when the external concentration of B is raised (Kumar et al. 2014). 
The heterologous expression of OsPIP2;4 and OsPIP2;7 in a yeast mutant fre-
quently used to assess As permeability results in an increased sensitivity to B and in 
a significantly higher accumulation of B.  When these proteins are constitutively 
expressed in A. thaliana, the plants produce more biomass and longer roots when 
being exposed to high levels of B but do not accumulate either more or less 
B.  However, a short-term kinetic uptake assay has suggested that the stems and 
roots of the OsPIP2-expressing plants contain more B than do those of the wild type 
(Kumar et al. 2014). While the outcomes of heterologous expression clearly imply 
that certain PIPs are permeable to B, it remains to be demonstrated that the observed 
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differences in B content of plants derive from a capacity of the PIPs to transport B, 
rather than reflecting a secondary effect of an AQP function unrelated to B transport. 
For example, a PIP-mediated change in the flux of water will alter the plant water 
status and hence its transpiration rate. As the transport of B within the plant depends 
strongly on the volume of the transpiration stream, an altered tissue B status can 
occur independently of active B uptake. The failure to measure tissue Ca in the 
above study is unfortunate, since B and Ca share a similar mobility through the 
xylem and distribution within the plant. A critical experiment would be to demon-
strate whether or not plants experiencing a dissimilar B transport and PIP protein 
amount are also differentiated with respect to transpiration rate. Why ZmPIP1;3/
PIP1;4 and ZmPIP2;2 are impermeable to B despite sharing a high level of sequence 
similarity with ZmPIP1;1 remains a puzzle (Bárzana et  al. 2014). In brief, the 
assumption is that certain PIP1 and PIP2 isoforms possess residual permeability to 
H3BO3 sufficient to facilitate its transmembrane transport when expressed in a het-
erologous expression context; however, irrefutable evidence for their participation 
in B transport in plants is still lacking.

5.2  �PIP-Mediated Transport of Arsenic

To date, the only claim that PIPs can be permeable to H3AsO3 was made by Mosa 
et  al. (Mosa et  al. 2012), who were able to demonstrate the downregulation of 
OsPIP1;2, OsPIP1;3, OsPIP2;4, OsPIP2;6, and OsPIP2;7 in the root and shoot in 
response to H2AsO3

− treatment. The heterologous expression of OsPIP2;4, 
OsPIP2;6, and OsPIP2;7 in frog oocytes caused increased As uptake, and the con-
stitutive expression of OsPIP2;4, OsPIP2;6, and OsPIP2;7 in A. thaliana results in 
an enhancement to the plant’s tolerance toward H2AsO3

−, in contrast to the expecta-
tion that the transgene products should have increased the uptake of As (Mosa et al. 
2012). The transgenic plants, however, show no evidence of an increased accumula-
tion of As in either their shoot or their root.

The responsiveness of PIPs to As stress is a feature displayed by a number of 
plant species. As in rice, the abundance of five Brassica juncea PIP1 and eight PIP2 
transcripts is reduced by exposing the plants to H3AsO3/H2AsO3

− stress (Srivastava 
et al. 2013). Whether the observed variation was influenced, even in part, by diurnal 
cycling (which is known to affect PIP expression, see review by Heinen et al. 2009) 
cannot be ascertained. A subsequent whole genome transcriptome profiling of B. 
juncea subjected to H3AsO3/H2AsO4

− stress has identified PIP1;1 and PIP2;2 as 
both being significantly downregulated by the stress (Srivastava et al. 2015). The 
stress also decreases the tissue water content of the plants, which inhibits seedling 
growth; at the same time increases are induced with respect to the production of 
reactive oxygen species, the extent of lipid peroxidation and in the level of root 
oxidation (Srivastava et al. 2013). Given that reactive oxygen species act to down-
regulate PIP2 in the root (Hooijmaijers et al. 2012) and to drive the internalization 
of plasma membrane-localized PIPs (Wudick et al. 2015), it has yet to be resolved 
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whether the altered state of PIP transcription is a direct effect of the As stress or 
whether it is rather a secondary effect, generated, for example, by a raised level of 
reactive oxygen species.

While direct uptake assays in heterologous expression systems provide a line of 
evidence suggesting the permeability of specific PIPs to metalloids, it remains puz-
zling why orthologous isoforms, despite their sharing a high degree of overall 
sequence homology and being 100 % identical in the regions of the protein known 
to determine selectivity (the NPA motifs and the ar/R selectivity filters) and reach 
the plasma membrane in the heterologous expression systems, are nevertheless 
impermeable to As and other metalloids.

6  �TIP-Mediated Metalloid Transport in Plants

The TIPs are localized in the tonoplast (the vacuolar membrane). Vacuolar subtypes 
are characterized by a specific set of TIP isoforms dependent on the developmental 
stage of the plant and the cell differentiation status (Jauh et  al. 1999). The TIPs 
make an important contribution to cellular osmoregulation, turgor, osmo-sensing, 
cell growth, and vacuolar differentiation, thanks to their capacity to transport water 
across the tonoplast (reviewed in Maurel et al. 2015). The various TIP subgroups are 
highly variable with respect to sequence, especially within their ar/R selectivity 
filter, resulting in a broad substrate spectrum, including urea (Liu et al. 2003, Soto 
et al. 2008), NH3 (Jahn et al. 2004; Loqué et al. 2005), glycerol (Gerbeau et al. 1999; 
Li et  al. 2008), H2O2 (Bienert et  al. 2007) and various metalloids (as discussed 
below). It has been suggested that these transport functions are additive to the water 
transport function.

6.1  �TIP-Mediated Transport of Boron

The heterologous expression of maize ZmTIP1;2 in yeast increases the host cells’ 
sensitivity to the presence of H3BO3 in the growth medium and increases H3BO3 
flux in an iso-osmotic swelling assay when being expressed in frog oocytes (Bárzana 
et al. 2014). No attempt has been made so far to test whether this increased B per-
meability can be explained by a rise in the passive transmembrane diffusion of 
H3BO3 through the lipid bilayer induced by an increased rate of water transport. The 
substrate selectivity of the grapevine TIPs VvTnTIP1;1 and VvTnTIP2;2 has been 
assessed by expressing them in yeast, and both proteins strongly induce the cells’ 
sensitivity to externally supplied B (Sabir et al. 2014). The potential physiological 
significance of these vacuolar-localized proteins to plant B homeostasis has not 
been investigated, either in conditions of B under- or oversupply. The A. thaliana 
pollen-specific gene AtTIP5;1 appears to be induced by B stress, and its ectopic 
expression in the rest of the plant significantly increases the level of the plant 
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tolerance to normally toxic levels of B (Pang et al. 2010). The interpretation of these 
outcomes might be that the plant is able to sequester B into the vacuoles when B is 
oversupplied. While the pollen specificity of AtTIP5;1 has been ascribed to the high 
demand for B during pollen germination and pollen tube growth, the way in which 
AtTIP5;1 affects the transport of B within the pollen remains to be demonstrated. 
There is no convincing molecular or physiological evidence as yet for the involve-
ment of TIPs in B homeostasis.

A QTL mapping approach targeting B efficiency in A. thaliana has been 
described by Zeng et al. (Zeng et al. 2008). The focus was on a trait referred to as a 
“B efficiency coefficient” (BEC), defined as the ratio between the seed yield of a 
given genotype grown under limiting B conditions and its seed yield when grown 
under non-limiting conditions. Five QTL have been identified, of which three  – 
including the largest effect one named AtBE1–2 – map within the same genomic 
region as a QTL for seed yield under limiting B conditions. The AtBE1–2 harboring 
region also contains the BOR1 homolog BOR5 (At1g74810) and AtTIP3;1 
(At1g73190), while the AtBE2 region contains AtTIP4;1 (At2g25810). The implica-
tion is that at least two TIPs may well contribute to B efficiency, although as yet 
neither TIP gene product has been associated with B homeostasis. No NIP gene 
maps within any of QTL regions associated with either BEC or seed yield under 
limiting B conditions. Transcription profiling of contrasting B deficiency-tolerant 
citrus rootstocks has revealed that again a TIP4;1 gene variant is substantially 
upregulated within the first 24 h of exposure to B deficiency but only in the tolerant 
genotype (Zhou et al. 2015). The significance of B to vacuolar function (if any) and 
the B storage capacity of different vacuole types remain obscure.

6.2  �TIP-Mediated Transport of Arsenic

The As hyperaccumulator fern species Pteris vittata tolerates high concentrations of 
As in the growth substrate. The species reduces H2AsO4

− to H2AsO3
−, which is then 

moved into the lamina of its fronds, where it is stored as free H3AsO3/H2AsO3
−. Few 

of the proteins contributing to these transport processes have yet been described. 
Indriolo et al. (Indriolo et al. 2010) have isolated the genes PvACR3 and PvACR3;1, 
which encode proteins similar to the active ACR3 H2AsO3

− efflux permease present 
in yeast. Like its yeast ortholog, PvACR3 actively transports As and localizes it to 
the vacuolar membrane in the gametophyte, where it is presumably detoxified. He 
et al. (He et al. 2015) have transformed a P. vittata cDNA library into yeast in an 
attempt to identify further As transporting proteins via a functional complementa-
tion assay. The screen has revealed PvTIP4;1 gene, which encodes a protein perme-
able to H3AsO3/H2AsO3

−. Within its native species, PvTIP4;1 transcription is largely 
confined to the roots. Unlike other TIP family members, PvTIP4;1 localizes to the 
plasma membrane rather than to the tonoplast. The capacity of PvTIP4;1 to trans-
port As has been explored in both yeast and A. thaliana. Its heterologous expression 
in yeast results in an increased sensitivity to externally supplied H2AsO3

− and in an 

M.D. Bienert and G.P. Bienert



323

increased uptake of As; furthermore, the mutation of the cysteine residue in the R3 
position of its ar/R selectivity filter abolishes its ability to transport As (He et al. 
2015). The constitutive expression of PvTIP4;1 in A. thaliana boosts the accumula-
tion of As and causes H2AsO3

− sensitivity.
The conclusion is that certain TIPs are As permeable and that As sequestration is 

probably adopted for physiological As detoxification. Evidence, albeit indirect, 
showing that some TIPs can influence membrane permeability to metalloids has 
arisen from a study of the hydrangea (Hydrangea macrophylla) TIP1 HmPALT1, 
which, when heterologously expressed in yeast, facilitates the transmembrane diffu-
sion of a not determined form of the Al3+ ion (Negishi et al. 2012). The form of Al 
transported across the tonoplast may be aluminum hydroxide (H3AlO3), an 
uncharged compound which shares some physicochemical similarities to certain 
AQP-channeled metalloid species.

7  �XIP-Mediated Metalloid Transport in Plants

7.1  �XIP-Mediated Transport of Boron

The plant and fungal AQP subfamily denoted as XIPs was first discovered by 
Danielson and Johanson (2008). While XIPs occur in many sections, Magnoliopsida 
species, the Brassicaceae spp. (including A. thaliana), and Poaceae lack any XIPs 
(Abascal et al. 2014). It is possible that other AQP isoforms have adopted the func-
tion of XIPs in these taxa. Based on the nature of their selectivity filter, the XIPs 
resemble the NIPs more closely than they do either the TIPs or the PIPs (Bienert 
et al. 2011). Their absence from both A. thaliana and rice, the two leading model 
plant species, reasons that little is known of their physiological role in plants. Initial 
studies support the notion that XIPs are not highly permeable to water, but favor 
larger uncharged solutes (Bienert et al. 2011; Lopez et al. 2012). The expression of 
six Solanaceae XIPs (NtXIP1;1α and NtXIP1;1β, StXIP1;1α and StXIP1;1β, 
SlXIP1;1α and SlXIP1;1β) in yeast results in an increased sensitivity to externally 
supplied H3BO3 (Bienert et al. 2011), suggesting the permeability of XIPs to H3BO3. 
The evidence supports the idea that the XIPs contribute to metalloid transport in 
plants, but this suggestion needs experimental confirmation. Whether XIPs facili-
tate the transport of other metalloids such as H3AsO3 or H4SiO4 remains to be seen.

8  �Outlook

Given the rarity of At, Po, and Te and the lack of any biological significance for any 
of these metalloids in most organisms, any potential AQP-mediated transport asso-
ciated with them is unlikely to be of any biological importance (Pommerrenig et al. 
2015). At present, whether uncharged forms of these trace elements are transported 
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in planta by AQPs is unknown. A number of challenges and open questions associ-
ated with plant AQP-mediated metalloid transport need to be addressed to comple-
ment the present knowledge. These are: (1) Which plant AQPs are permeable to 
which metalloid(s)? (2) Which metalloid-permeable AQPs are physiologically and 
actively involved in metalloid metabolism or response reactions? (3) How are plant 
AQPs regulated at the transcriptional and posttranslational level in response to met-
alloid exposure? (4) How do plant AQPs cooperatively orchestrate the transport of 
a given metalloid in one plant species? (5) What sequence motifs determine the 
metalloid selectivity of an AQP? (6) How can the ability of AQPs to transport and 
modify metalloid level and distribution be exploited to generate plants showing 
tolerance to either a high or a low level of metalloid? The answers to these questions 
will bear on the potential of plants to be exploited for certain agricultural conditions, 
for phytoremediation, for phytomining, or for biofortification. Finally, it will be 
interesting to analyze in an evolutionary and ecophysiological context when and 
where the ability of plant AQPs to channel metalloids was transformed into a main 
channel function.
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Plant Aquaporins and Mycorrhizae:  
Their Regulation and Involvement in Plant 
Physiology and Performance

J.M. Ruiz-Lozano and R. Aroca

Abstract  The establishment of a mycorrhizal symbiosis can change plant aquaporin 
gene expression and protein accumulation. However, the regulation of plant aquapo-
rins seems to be dependent on the plant and fungal species involved in the symbiosis. 
The implications of such regulation on plant water relations, plant physiology and 
plant performance under optimal or stressful conditions have been the subject of 
intensive investigation in the last years. Results from different studies suggest that 
mycorrhizal symbioses act on host plant aquaporins and alter both plant water rela-
tions and plant physiology in order to cope better with stressful environmental condi-
tions such as drought. The fungal aquaporins have been related to water transport in 
the fungal mycelium and in the internal exchange membranes at the symbiotic inter-
face. Indeed, it is generally observed that mycorrhizal plants exhibit higher osmotic 
and hydrostatic root hydraulic conductance under drought stress conditions. 
Moreover, mycorrhizal plants also grow to a greater extent than non-mycorrhizal 
plants under drought conditions, indicating that the changes induced by the symbio-
sis on plant aquaporins contribute to enhance the plant tolerance to drought. These 
effects are likely to be the result of the combined action of different aquaporins regu-
lated by the mycorrhizal symbiosis (including PIPs, TIPs, NIPs and SIPs), influenc-
ing the transport of water and, most probably, also of other solutes of physiological 
importance for the plant under drought stress conditions.

1  �Introduction

The term mycorrhiza applies to a mutualistic symbiosis between roots of most 
higher plants and a group of soil fungi belonging to the phyla Glomeromycota, 
Basidiomycota or Ascomycota (Varma 2008). There are several types of mycorrhi-
zal symbiosis, according to the plant and fungus involved and the morphological 
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characteristics of the structures formed during the association. The most abundant 
are the arbuscular mycorrhizal (AM) symbiosis, which are formed by almost 80 % 
of terrestrial plants, including many important agricultural species. The fungi 
involved develop specialized structures called arbuscules inside the root cells, where 
there is an exchange of nutrients between both symbionts (Genre et  al. 2005). 
Another type of abundant mycorrhiza is the ectomycorrhizal symbiosis, involving 
an important number of tree species (Wang and Ding 2013). In ectomycorrhizae, the 
fungi form a Hartig net, where resources are exchanged with the host plant root 
(Agerer 2001). By the mycorrhizal association, the plant receives soil nutrients 
(especially phosphorus) and water, while the fungus receives a protected ecological 
niche and plant-derived carbon compounds for its nutrition (Varma 2008).

During the establishment of a mycorrhizal symbioses (especially during the AM 
symbiosis), plant root cells undergo extensive morphological alterations in order to 
accommodate the presence of an endophytic symbiont, with most of these changes 
concerning vacuolar or cytoplasmic membrane systems. In fact, during the formation 
of the AM symbiosis, the plant plasma membrane extends to form a novel periarbus-
cular membrane, which closely surrounds the fungal hyphae resulting in an esti-
mated three- to tenfold increase in the outer plant cell surface area (Genre et al. 2005, 
2008). In addition, both AM and ectomycorrhizal symbioses have been shown to 
alter root hydraulic properties (Muhsin and Zwiazek 2002b; Khalvati et al. 2005; 
Lehto and Zwiazek 2011; Bárzana et al. 2012). Thus, Krajinski et al. (2000) already 
hypothesized a variation of expression affecting genes that encode membrane-asso-
ciated proteins, and it is not surprising that the establishment of a mycorrhiza can 
change plant aquaporin gene expression and protein accumulation. The implications 
that such regulation has on plant water relations, plant physiology and plant perfor-
mance under optimal or stressful conditions have been the subject of intensive 
research.

2  �Arbuscular Mycorrhizal Symbiosis and Plant Aquaporins

Research on regulation of host plant aquaporins by AM symbiosis is relatively 
recent. The first report on the modulation of aquaporin genes by the AM symbiosis 
was provided by Roussel et  al. (1997) followed by Krajinski et  al. (2000), who 
found mycorrhiza-induced expression of TIP (tonoplast intrinsic protein) aquapo-
rins in parsley and Medicago truncatula, respectively. Downregulation of host plant 
aquaporins was described by Ouziad et al. (2006), who showed a decrease in the 
expression of PIP (plasma membrane intrinsic protein) and TIP aquaporins by 
mycorrhizal colonization in tomato plants. Uehlein et al. (2007) found PIP and NIP 
(nodulin26-like intrinsic protein) aquaporin genes from Medicago truncatula that 
were also induced by mycorrhization. These authors related the mycorrhiza-induced 
change in expression of the two genes with physiological changes in the plant roots, 
i.e. the symbiotic exchange processes located at the periarbuscular membrane 
(Uehlein et  al. 2007). In any case, in the studies mentioned above, plants were 
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cultivated under optimal conditions, and the question of host plant aquaporin regu-
lation under water deficit conditions remained unresolved. Thus, Porcel et al. (2006) 
cloned genes encoding PIPs from soybean and lettuce, and their expression pattern 
was studied in AM and non-AM plants cultivated under well-watered or drought 
stress conditions. The starting hypothesis in this study was that if AM fungi can 
transfer water to the root of the host plants, the plant should increase its permeabil-
ity for water and aquaporin genes should be upregulated in order to allow a higher 
rate of transcellular water flow. However, the results obtained showed that the PIP 
genes studied were downregulated in both plant species under drought stress and 
that such downregulation was even more severe in plants colonized by G. mosseae 
than in non-AM plants (Porcel et al. 2006). The expression of GmPIP2 gene from 
soybean was analysed in a time course, and it was found that in AM plants the 
downregulation of GmPIP2 occurred before than in non-AM plants. It was pro-
posed that such an effect of the AM symbiosis advancing the downregulation of 
GmPIP2 gene may have physiological importance to cope with drought stress. In 
fact, according to Aharon et al. (2003) and Jang et al. (2007), the overexpression of 
PIP aquaporins in transgenic tobacco and Arabidopsis improves plant vigour under 
favourable growth conditions, but the overexpression of such PIP genes had a nega-
tive effect during drought stress, causing fast wilting. Hence, the decreased expres-
sion of plasma membrane aquaporin genes during drought stress in roots of AM 
plants can be a regulatory mechanism to limit water loss from cells (Barrieu et al. 
1999; Porcel et al. 2006).

The expression of four PIP aquaporin genes in roots from Phaseolus vulgaris 
was analysed in mycorrhizal and non-mycorrhizal plants subjected to drought, cold 
or salinity in order to illustrate the complexity of the response of aquaporin genes to 
AM fungi (Aroca et al. 2007). Three of these PIP genes showed differential regula-
tion by AM symbiosis under the specific conditions of each stress applied. In fact, 
PvPIP1;1 expression was slightly inhibited by G. intraradices inoculation under 
drought stress conditions, while non-mycorrhizal plants did not change its expres-
sion pattern. Cold stress inhibited PvPIP1;1 expression similarly in AM and non-
AM plants. Finally, salinity raised expression of PvPIP1;1 in both groups of plants, 
but the enhancement was considerably higher in AM plants. The expression of 
PvPIP1;2 was inhibited by the three stresses in the same way in AM and non-AM 
plants. In contrast, PvPIP1;3 expression showed important differences in AM and 
non-AM plants according to the stress imposed. This gene was clearly induced in 
non-AM plants under drought stress but inhibited in AM plants. Under salinity the 
expression of this gene was also induced in both groups of plants, especially in 
AM. Under cold stress the behaviour was the opposite since it was inhibited in non-
AM plants and induced in AM. The expression of PvPIP2;1 was induced in non-
AM plants under drought stress but was downregulated in AM plants. The response 
of PvPIP2;1 expression to cold stress was not significant for any of the two plant 
groups and, again, the gene was considerably upregulated under salinity, especially 
in AM plants. Thus, the expression of each PIP gene analysed responded differently 
to each stress, and this response also depended on the AM fungal presence. These 
results point to the possibility that each PIP gene analysed could have a different 
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function and regulation by AM symbiosis under the specific conditions of each 
stress studied (Aroca et al. 2007).

When root hydraulic conductivity (Lp) was measured in P. vulgaris plants, it was 
found that the regulation of root hydraulic properties by AM symbiosis was strongly 
correlated with the amount of PIP2 protein and its phosphorylation state, resulting 
in enhanced Lp values under drought, cold and salinity stresses in AM plants (Aroca 
et al. 2007).

Giovannetti et al. (2012) focused on two putative aquaporin genes, LjNIP1 and 
LjXIP1, which were found to be upregulated in a transcriptomic analysis performed 
on roots of Lotus japonicus colonized by the AM fungus Gigaspora margarita. 
Using a laser microdissection approach, they demonstrated that LjNIP1 was specifi-
cally expressed in arbuscule-containing cells, whereas LjXIP1 transcripts were 
present in both non-colonized cortical cells from mycorrhizal roots and in cortical 
cells from non-mycorrhizal roots. The potential role of LjXIP1 remains to be eluci-
dated. In contrast, functional experiments with yeast protoplasts demonstrated that 
LjNIP1 can transport water. On the basis of these functional results for LjNIP1, of 
its localization in the inner membrane system of arbusculated cells and of expres-
sion timing, it was proposed that LjNIP1 protein was potentially involved, directly 
or indirectly, in cell turgor regulation, in facilitating colonized cell adaptation to 
osmotic stresses and/or in the actual transfer of water from the fungus to the plant 
(Giovannetti et al. 2012).

Recently, Liu et al. (2014) conducted an experiment in which AM and non-AM 
rice plants were subjected to different temperature and exogenous trehalose treat-
ments. Trehalose was used since it has been shown to act as important abiotic stress 
protectant and as a signalling molecule. Thus, authors of this study wanted to eluci-
date if trehalose might stimulate the expression of fungal and plant aquaporin genes 
and if trehalose might also stimulate AM fungal and rice root water uptake. The 
results showed that AM fungal inoculation enhanced rice root water uptake at both 
normal and low temperatures. At low temperature, AM rice plants showed higher 
expression levels for several plant PIPs than non-AM rice plants. Application of 
exogenous trehalose demonstrated that trehalose could regulate AM fungal and rice 
water absorption by inducing the expression of several OsPIPs and a fungal aqua-
porin gene. It was concluded that one of the mechanisms by which AM fungi 
improve plant resistance to low temperature was a fungal-enhanced trehalose accu-
mulation in rice, which could act as a signal inducing fungal and host plant aquapo-
rins expression that then maintained better water relations in mycorrhizal plants at 
low temperatures (Liu et al. 2014).

2.1  �Arbuscular Mycorrhizal Fungal Aquaporins

The AM fungi also have aquaporin genes. Aroca et al. (2009) cloned the first aqua-
porin from an AM fungus (GintAQP1). Although the functionality of this aquaporin 
could not be demonstrated, authors found evidence supporting the idea that fungal 
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aquaporins could compensate the downregulation of host plant aquaporins caused 
by drought. Also, they found that GintAQP1 expression was upregulated in parts of 
the mycelium that were not osmotically stressed by NaCl, while other parts of the 
mycelium were stressed. This suggests possible communication between unstressed 
and stressed mycelium. More recently, Li et al. (2013) have described two func-
tional aquaporins (GintAQPF1 and GintAQPF2) from the same AM fungus 
(Rhizophagus intraradices). GintAQPF1 was localized in the plasma membrane, 
whereas GintAQPF2 was localized both in plasma and intracellular membranes. 
Both aquaporins could transport water, as shown by heterologous expression in 
yeast protoplasts, and the expression of the two genes in arbuscule-enriched cortical 
cells and extraradical mycelia of maize roots was enhanced significantly under 
drought stress. Thus, the two AM fungal aquaporins were related to water transport 
in the extraradical mycelium and in the periarbuscular membrane (Li et al. 2013). In 
any case, future research is needed to understand the role of AM fungal aquaporins 
for the fungus or for the symbiosis, under optimal and water deficit conditions.

2.2  �Regulation of Aquaporins by the AM Symbiosis 
Under Drought Stress Conditions and Influence 
on the Transport of Water and Other Solutes 
of Physiological Importance

Although many aquaporins are highly selective for water, the selectivity filters of 
plant aquaporins show a high divergence (Sui et al. 2001), suggesting wide func-
tional diversity for these proteins (Bansal and Sankararamakrishnan 2007) (See 
chapter “Structural Basis of the Permeation Function of Plant Aquaporins”). Thus, 
it has become increasingly clear that some aquaporins do not exhibit a strict speci-
ficity for water and can transport other small neutral molecules such as urea (Liu 
et  al. 2003), ammonia (Loque et  al. 2005), carbon dioxide (CO2) (Uehlein et  al. 
2003), boric acid (Mitani et  al. 2008), hydrogen peroxide (H2O2) (Bienert et  al. 
2007), silicic acid (Ma and Yamaji 2006) and some other molecules with physiolog-
ical significance (Bienert et  al. 2008), highlighting the paramount relevance of 
aquaporins for plant physiology.

The function and regulation of aquaporins have been intensively integrated to 
explain the remarkable hydraulic properties of plants. However, the identification of 
aquaporin substrates other than water, as mentioned above, has opened the possi-
bilities for the involvement of aquaporins in many other processes of physiological 
significance for plants (Chaumont and Tyerman 2014; Li et al. 2014). In the mycor-
rhizal symbiosis, the importance of aquaporins for both water and nutrient exchange 
was recognized by Maurel and Plassard (2011) and supported recently by results 
obtained with AM maize plants (Bárzana et al. 2014), elaborated upon below.

The first report of involvement of a host plant aquaporin in the functioning of 
AM symbiosis under drought stress by a mechanism unrelated to water transport 
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was provided by Porcel et al. (2005). They studied the effects of reduced expression 
of the PIP aquaporin-encoding gene NtAQP1  in mycorrhizal NtAQP1-antisense 
tobacco plants under well-watered and drought stress conditions. The study aimed 
at elucidating whether or not the impairment in NtAQP1 gene expression affected 
the AM fungal colonization pattern, as well as to find out if such impairment had 
any effect on the symbiotic efficiency of two AM fungi. The reduction of NtAQP1 
expression had no effect on root colonization, suggesting that either NtAQP1 func-
tion is irrelevant for the process of root colonization or that the impairment in 
NtAQP1 gene expression had been compensated for by changes in the abundance or 
the activity of other aquaporin isoforms. In contrast, when Porcel et al. (2005) mea-
sured the symbiotic efficiency of the two AM fungi (in terms of plant biomass pro-
duction), they observed that under drought stress, mycorrhizal wild-type plants 
grew faster than mycorrhizal NtAQP1 antisense plants. This indicates that the sym-
biotic efficiency of both AM fungi was greater in wild-type than in antisense plants 
and that the transport meditated by NtAQP1 seems to be important for the efficiency 
of the symbiosis under drought stress conditions (Porcel et  al. 2005). This was 
related to the fact that NtAQP1 allows CO2 passage and is involved in plant growth 
promotion (Uehlein et al. 2003).

Recently, Bárzana et al. (2014) conducted an investigation aimed at elucidating 
in which way the AM symbiosis modulates the expression of the whole set of 
aquaporin genes present in maize, both under optimal water conditions and under 
different drought stress scenarios. An additional objective was to characterize 
those aquaporins showing regulation by the AM symbiosis, in order to shed fur-
ther light on the molecules that could be involved in the mycorrhizal responses to 
drought. The AM symbiosis regulated the expression of a wide number of aqua-
porin genes in the host plant (16 genes out of 36 existing in maize), comprising 
members of the different aquaporin subfamilies (Bárzana et al. 2014). Several of 
these AM-regulated aquaporins (ZmPIP1;3, ZmPIP2;2, ZmTIP1;1, ZmTIP1;2, 
ZmNIP1;1, ZmNIP2;1 and ZmNIP2;2) were functionally characterized in heter-
ologous expression systems with Xenopus laevis oocytes and by yeast comple-
mentation. It was shown that they can transport water, but also other molecules of 
physiological importance for plant performance under both normal and stress 
conditions (glycerol, urea, ammonia, boric acid, silicon or hydrogen peroxide). 
The regulation of these genes depended on the watering conditions and on the 
severity of the drought stress imposed. The different aquaporin regulation patterns 
suggest that under short-term drought conditions, the AM symbiosis may stimu-
late further the physiological processes in which these aquaporins are involved, 
but when the drought becomes sustained, the AM symbiosis restricts most of the 
processes in which these aquaporins participate (Fig. 1).

AM maize plants maintained higher values of root water flux than non-AM 
plants. These effects have been related to the increased absorbing surface caused by 
fungal hyphae growing in the soil, combined with the ability of the fungus to take 
up water from soil pores inaccessible to roots (Marulanda et al. 2003; Allen 2009; 
Ruth et  al. 2011). Thus, under such conditions, mycelial water uptake from soil 
pores inaccessible to roots and its transference from AM fungal hyphae to plant 
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cells can be critical to improve water supply to the plant, potentially increasing flow 
via cell-to-cell and apoplastic pathways (Bárzana et al. 2012). In this sense, all the 
maize PIP2s regulated by the AM symbiosis showed capacity to transport water, 
especially ZmPIP2;2, which had a particularly high intrinsic water transport capac-
ity. It has also been proposed that TIPs may provide a quick way for cellular osmotic 
balance by controlling the exchange of water between vacuole and cytosol (Forrest 
and Bhave 2007), playing an important role under osmotic stress conditions 
(Katsuhara et al. 2008). Thus, since TIPs regulate the exchange of water between 
vacuole and cytosol, they may also have an influence on root water flux by affecting 
exchange of water between transcellular and symplastic water pathways. In the 
study with maize, ZmTIP1;1 and ZmTIP1;2 were highly expressed in all treatments 
and in the oocyte system both exhibited a high capacity for water transport. 
Therefore, regulation of PIP and TIP aquaporins was proposed to be a key factor in 
regulation of plant water transport by AM symbiosis (Fig. 1, blue arrows).

Some maize aquaporins, including ZmNIP1;1, ZmTIP4;1 and ZmTIP4;2, were 
shown to have the capacity to transport glycerol. The physiological function of 
glycerol in plants remains unclear, while its utilization is well known in fungi and 
bacteria (Dietz et al. 2011). However, a study has shown a transfer of glycerol from 
host plants to pathogenic fungi (Wei et al. 2004), and Gustavsson et al. (2005) sug-
gested that export of plant-derived glycerol may be also important for symbiotic 
fungi. Thus, ZmNIP1;1, ZmTIP4;1 and ZmTIP4;2 may be important for the AM 
symbiosis or for the plant-fungus interaction under sustained drought stress (Fig. 1, 
green arrows). This would explain why these aquaporins were so finely regulated by 
the AM symbiosis (Bárzana et al. 2014).

Nitrogen is one of the most important nutrients for all living organisms, being 
needed for the synthesis of compounds essential for growth. The ammonium ion 
(NH4

+) and its conjugated base ammonia (NH3) are the potential primary sources of 
N (besides NO3

−) in plant nitrogen nutrition. Transport of urea and NH3/NH4
+ into 

the vacuole would avoid their toxicity in the cytoplasm and/or allow storage of N 
(Wang et al. 2008), and whenever required as an N-source, these compounds could 
be remobilized by a passive, low-affinity transport pathway, such as that provided 
by TIPs (Liu et al. 2003). In maize several TIPs have been shown to transport these 
compounds (Liu et al. 2003; Loque et al. 2005), including ZmTIP1;1 and ZmTIP1;2, 
which were regulated by the AM symbiosis (Bárzana et al. 2014). In the AM sym-
biosis, ammonium is suggested to be the major nitrogen compound transferred to 
the host plant, with urea playing a role as an intermediate solute (Govindarajulu 
et  al. 2005; Tian et  al. 2010; Perez-Tienda et  al. 2011). This suggests that these 
aquaporins could be involved in the fungus-based nitrogen nutrition of the host 
plants (Fig. 1, orange arrows), as was also proposed for ectomycorrhizal fungi 
(Dietz et al. 2011).

Boron and silicon are metalloids with key structural functions in plant cells (see 
chapter “Plant Aquaporins and Metalloids”): boron cross-links the pectin fraction of 
cell walls and polymers of hydrated silica-gel are important for the physical strength 
of plant cells, especially in monocots like maize (Miwa et al. 2009). Most of the 
aquaporins regulated by the AM symbiosis have the capacity to transport boron, and 
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ZmNIP1;1 and ZmNIP2;2 could transport silicon (Bárzana et al. 2014). Thus, the 
regulation of these aquaporins by the AM symbiosis could have structural functions 
in maize plants under abiotic stress conditions, including drought (Fig. 1, red and 
yellow arrows).

Hydrogen peroxide (H2O2) is one of the most abundant reactive oxygen species 
(ROS) continuously produced in the metabolism of aerobic organisms. At low 
concentrations, it acts as a signal molecule controlling different essential pro-
cesses in plants during normal growth and development, but it also functions as a 
defensive signal molecule against various abiotic and biotic stresses (Miller et al. 
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2010). Several aquaporins regulated by the AM symbiosis could transport H2O2, 
especially ZmTIP1;1 (Bárzana et  al. 2014). Bienert et  al. (2007) proposed that 
TIP1s could play a key role as an additional mechanism for the detoxification of 
excess H2O2 generated under stress conditions (Fig. 1, purple arrows). This idea 
fits with the high gene expression and protein content maintained for ZmTIP1;1 
under drought stress conditions. Additionally, the transport and mobilization of 
H2O2 via aquaporins could serve as a regulatory mechanism for membrane inter-
nalization of plant PIPs (Boursiac et al. 2008), with subsequent effects on water 
transport in AM plants.

3  �Ectomycorrhizal Symbiosis and Aquaporins

Most land trees and shrubs establish a symbiosis with ectomycorrhizal (EM) fungi. 
In the EM symbiosis, the fungal hyphae do not penetrate living cells of the root, but 
instead they form a mantle around the roots and a net between epidermal and corti-
cal cells called the Hartig net (Barea et al. 2011). Similar to AM fungi, EM fungi 
also receive carbon compounds from the host plant and they provide to the host 
plant mineral nutrients and water (Guehl and Garbaye 1990; García et al. 2011). 
However, EM fungi are able to grow without the presence of host roots, since they 

Fig. 1  Hypothetical model presenting the role of maize aquaporins in the regulation by the AM 
symbiosis of plant physiology and performance under different growing conditions. Under short-
term drought, the expression of most PIPs in AM plants was kept high or even increased. Also, AM 
fungal hyphae increased the absorbing surface in soil. This, combined with the fungal ability to 
take up water from soil pores inaccessible to roots, allowed AM plants to maintain higher Lp values 
than non-AM plants (as shown in blue arrows). AM fungal aquaporins could be involved in the 
release of water from hyphae to plant. TIPs may also have an influence on Lp by affecting 
exchanges of water between transcellular and symplastic water pathways. The aquaporins regu-
lated by the AM symbiosis can transport a variety of compounds of physiological importance for 
the plant, including glycerol (as shown in green arrows), that may be important for the plant-
fungus interaction under sustained drought stress conditions. Moreover, nitrogen compounds 
(shown in orange arrows) provided by the root and the AMF may be translocated through 
ZmTIP1;1 and ZmTIP1;2 into the vacuole and stored. Under sustained drought, a remobilization 
of N stored in the vacuole may be necessary in non-AM plants, which upregulated ZmTIP1;1 and 
ZmTIP1;2. The B requirements (shown in red arrows) in non-AM plants may be guaranteed by the 
aquaporins that can transport B. In AM plants, the AM fungus may provide directly B to the host 
plant (shown in dashed red arrows), and plant aquaporins involved in B transport are downregu-
lated in order to avoid toxicity due to an excess of B. In plants, Si can mechanically impede pen-
etration by fungi and, thereby, a diminution of Si uptake (shown in yellow arrows) in mycorrhizal 
plants can be expected. Thus, mycorrhization reduced the expression of ZmNIP2;1 and ZmNIP2;2 
(transporting Si). In non-AM plants, ZmNIP2;2 increased its expression under sustained drought 
conditions, probably to avoid plant lodging. TIP1s (for instance, ZmTIP1;1) could play a key role 
in the detoxification of excess H2O2 generated under stress conditions. Additionally, the mobiliza-
tion of H2O2 via aquaporins could serve as a regulatory mechanism for membrane internalization 
of plant PIPs (as shown in non-AM roots under sustained drought), with subsequent decrease of 
water transport

﻿Plant Aquaporins and Mycorrhizae



342

are capable of obtaining carbon compounds from external sources due to hydrolytic 
enzyme activities (Tedersoo et al. 2012; Moore et al. 2015).

As for AM fungi, EM fungi also increase abiotic stress tolerance of the host 
plant, including higher tolerance to drought and salt stress (Yi et al. 2008; Kipfer 
et  al. 2012), both of which can cause dehydration of plant tissues (Aroca et  al. 
2012). In this part of the chapter, it will be first described how EM symbiosis modi-
fies plant water relations and more precisely root water uptake. Later, the effects of 
EM symbiosis on plant aquaporin regulation will be summarized, and finally the 
regulation of the EM fungal aquaporins under different environmental conditions 
will be mentioned. Moreover, the regulation of aquaporins and water relations in 
the ectendomycorrhizal (EDM) symbiosis will be briefly described. In this sym-
biosis, the fungus forms a mantle and a Hartig net but also forms intracellular 
structures, although the cell walls of both partners remain unaltered (Dexheimer 
and Pargney 1991).

3.1  �Water Relations in EM Plants

EM symbioses enhance drought and salinity tolerance of the host plants (Yi et al. 
2008; Kipfer et al. 2012), and also regulate differentially leaf transpiration rate (E) 
and root water uptake, changing leaf water status. Under non-stressful conditions, 
Xu et al. (2015) found that white spruce (Picea glauca) trees inoculated with the 
EM fungus Laccaria bicolor had higher E and leaf water potential than non-
inoculated trees. The inoculated plants also presented higher root water uptake 
capacity in terms of root hydraulic conductance normalized on a root volume basis. 
However, Calvo-Polanco and Zwiazek (2011) did not find any differences in E or 
root hydraulic conductance between trees (jack pine or white spruce) inoculated or 
not with the EM fungus Suillus tomentosus under optimal growth conditions. So, 
the response of E and root hydraulic conductance to EM symbiosis may be depen-
dent on the combination of tree-fungus species. In fact Muhsin and Zwiazek (2002a) 
found previously the same results as Xu et al. (2015) in white spruce trees but using 
Hebeloma crustuliniforme as the EM fungus. Similarly, the fungus L. bicolor only 
increased root hydraulic conductance and E in white spruce trees, but not in Ulmus 
americana, Populus tremuloides or Betula papyrifera trees (Table 1). From Table 1, 
it can be inferred that under optimal growth conditions, EM symbioses rarely mod-
ify E (2 cases out of 11), although E was never decreased. On the other hand, 
increased root hydraulic conductance is not always matched with increased 
E. Unfortunately, in most cases, leaf water status was not determined, so it is diffi-
cult to correlate changes in root hydraulic conductance and E by EM symbiosis with 
changes in leaf water status.

Under osmotic stress (drought or salinity), the behaviour of root hydraulic con-
ductance and E in EM plants is also species dependent. Thus, the EM fungus 
H. crustuliniforme increased root hydraulic conductance in white spruce and aspen 
(P. tremuloides) trees, but not in B. papyrifera trees under salt stress (Table 2). Most 
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interesting is that the same EM fungus H. crustuliniforme had no effect on root 
hydraulic conductance in aspen trees under optimal growth conditions, but increased 
it under salt stress (Yi et al. 2008; Tables 1 and 2). Again, there is no relationship 
between changes in root hydraulic conductance and E caused by EM symbiosis 
under osmotic stress (Table 2). Also, the growth promotion caused by EM symbio-
sis under osmotic stress was not always related to changes in root hydraulic conduc-
tance or E (Table 2), indicating that other mechanisms are behind the better 
performance of EM plants under osmotic stress, such as better antioxidative mecha-
nisms (Alvarez et al. 2009), synthesis of specific proteins linked to EM symbiosis 
(Kraj and Grad 2013) or better nutritional status (Danielsen and Polle 2014).

3.2  �Root Water Uptake in EM Plants

Although root hydraulic conductance is one factor that determines root water uptake 
(U), root hydraulic conductance and U do not always correlate (Aroca et al. 2001; 
Doussan et al. 2006), potentially because root hydraulic conductance is typically 
determined in detached root systems (Li and Liu 2010) and the influence of leaf 
transpiration is lost. Vandeleur et al. (2014) found that shoot topping reduced root 
hydraulic conductance from 30 to 60 % depending on the plant species. Moreover, 
root hydraulic conductance is frequently measured in roots removed from their sur-
rounded soil, and the soil hydraulic conductance factor is missing as well as the 

Table 1  Effects of EM symbiosis on leaf transpiration rate (E), root hydraulic conductivity (Lp), 
plant growth and leaf water status (LWS) of trees growing under optimal growth conditions

Plant species Fungal species E Lp Growth LWS Source

Picea glauca Laccaria bicolor ↑ ↑ → ↑ Xu et al. (2015)
P. glauca Suillus tomentosus → → → ? Calvo-Polanco and 

Zwiazek (2011)
Pinus banksiana S. tomentosus → → ↑ ? Calvo-Polanco and 

Zwiazek (2011)
Ulmus americana Hebeloma 

crustuliniforme
→ ↑ → ? Calvo-Polanco et al. 

(2009)
U. americana L. bicolor → → → ? Calvo-Polanco et al. 

(2009)
Populus 
balsamífera

H. crustuliniforme → ↑ → → Siemens and Zwiazek 
(2008)

P. tremuloides L. bicolor → → ↑ ? Yi et al. (2008)
P. tremuloides H. crustuliniforme → → → ? Yi et al. (2008)
Betula papyrifera L. bicolor → → → ? Yi et al. (2008)
B. papyrifera H. crustuliniforme → → → ? Yi et al. (2008)
P. glauca H. crustuliniforme ↑ ↑ ↑ ? Muhsin and Zwiazek 

(2002a)

The direction of the arrows indicates the direction of the change. ↑, increase; ↓, decrease; →, no 
change; ?, non-recorded
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potential hydraulic lift mechanism (the water that is absorbed by deeper roots and 
released into upper soil layers) (Doussan et  al. 2006). Therefore, besides root 
hydraulic conductance, U determinations are essential to really ascertain if EM 
symbiosis actually enhances capacity of host roots to take up water. Bogeat-
Triboulot et al. (2004) found an increase of U in Pinus pinaster trees inoculated 
with the EM fungus Hebeloma cylindrosporum. At the same time, EM trees had 
also higher root hydraulic conductance normalized on a root area basis and had an 
elevated amount of soil adhering to the roots, perhaps facilitating root water absorp-
tion. In this case, the root hydraulic conductance was determined by the high pres-
sure flow meter (HPFM) technique, in which the roots remain in the soil and not 
disturbed. However, in a previous study, Colpaert and Van Assche (1993) found a 
negative effect on U by EM inoculation in Pinus sylvestris trees, but accompanied 
by a reduction in plant growth, which indirectly may decrease U, because aerial 

Table 2  Effects of EM symbiosis on leaf transpiration rate (E), root hydraulic conductivity (Lp), 
plant growth and leaf water status (LWS) of trees growing under stressful conditions

Plant species Fungal species Stress E Lp Growth LWS Source

Picea glauca S. tomentosus 10 % 
Polyethylene 
glycol

→ → → ? Calvo-
Polanco and 
Zwiazek 
(2011)

P. glauca S. tomentosus 60 mM NaCl → → → ? Calvo-
Polanco and 
Zwiazek 
(2011)

Pinus 
banksiana

S. tomentosus 10 % 
Polyethylene 
glycol

↓ → → ? Calvo-
Polanco and 
Zwiazek 
(2011)

P. banksiana S. tomentosus 60 mM NaCl → → ↑ ? Calvo-
Polanco and 
Zwiazek 
(2011)

Populus x 
canescens

Paxillus involutus Stopping 
watering

→ ↑ ↑ ↑ Beniwal 
et al. (2010)

Populus 
tremuloides

Laccaria bicolor 25 mM NaCl → → ↑ ? Yi et al. 
(2008)

P. tremuloides Hebeloma 
crustuliniforme

25 mM NaCl → ↑ → ? Yi et al. 
(2008)

Betula 
papyrifera

L. bicolor 25 mM NaCl → → → ? Yi et al. 
(2008)

B. papyrifera H. crustuliniforme 25 mM NaCl → → → ? Yi et al. 
(2008)

P. glauca H. crustuliniforme 25 mM NaCl ↑ ↑ ↑ ? Muhsin and 
Zwiazek 
(2002a)

The direction of the arrows indicates the direction of the change. ↑, increase; ↓, decrease; →, no 
change; ?, non-recorded
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parts demanded less water. Measuring U in intact trees is necessary to understand 
the effects of EM on plant water relations as a whole.

The transport of water from root epidermal cells to root xylem vessels can follow 
three paths, namely, apoplastic, symplastic and transcellular (see chapter 
“Aquaporins and Root Water Uptake”). Since symplastic and transcellular paths 
cannot be discriminated empirically, the sum of both is called the cell-to-cell path. 
The apoplastic path corresponds to water circulating through cell walls, and cell-to-
cell path corresponds to water flowing by the plasmodesmata and crossing cell 
membranes (plasma membrane and/or tonoplast) (Steudle and Peterson 1998). 
Since EM fungal mycelia penetrate root apoplastic spaces, EM symbiosis may mod-
ify the proportion of water flowing through each root pathway.

In earlier studies, Behrmann and Heyser (1992) found no evidence supporting 
that EM symbiosis enhanced the transport capacity of the apoplastic path using dif-
ferent apoplastic tracers. However their results could be limited to the EM associa-
tion studied (Pinus sylvestris-Suillus bovinus association). In contrast, Muhsin and 
Zwiazek (2002b) found evidence supporting that EM symbiosis enhanced root 
hydraulic conductance by increasing the amount of water flowing via the apoplastic 
path. This conclusion was based on studies of the inhibition of root hydraulic con-
ductance by HgCl2, since root hydraulic conductance of EM roots presented less 
inhibition than that of non-mycorrhizal plants. Anyway, these results could change 
depending on the pH of the soil solution, since the differences in the proportion of 
apoplastic water flow between EM and non-EM plants depend on the root medium 
pH, being more pronounced at extreme pH (Siemens and Zwiazek 2011). Vesk et al. 
(2000) found that EM sheaths could be very impermeable to water, so under these 
circumstances the cell-to-cell pathway should predominate, since apoplastic access 
to water will be limited by fungal structures. In this sense, Lee et al. (2010) and Xu 
et al. (2015) found that hydraulic conductivity increased for root cortical cells of 
EM trees compared to non-EM trees, indicating that the cell-to-cell path could be 
enhanced by the EM symbiosis. All the above results should be taken with caution, 
since most probably it depends on the species involved in the EM symbiosis.

3.3  �Aquaporin Regulation by EM Symbioses

Since root hydraulic conductance is governed in part by aquaporins, and more pre-
cisely the cell-to-cell path (Maurel et al. 2008), EM symbioses may regulate aqua-
porin expression and activity of the host trees. The activity of aquaporins has been 
estimated by using different chemicals that inhibit aquaporins, which could also 
affect fungal aquaporin activity. As mentioned above, Muhsin and Zwiazek (2002b) 
found that aquaporin activity was downregulated by the symbiosis between Ulmus 
americana and Hebeloma crustuliniforme partners using HgCl2 as an inhibitor of 
aquaporin activity, indicating that flow via the apoplastic path may have increased. 
However, using the same aquaporin inhibitor, no enhancement of aquaporin activity 
in the symbiosis between Pinus banksiana and Suillus tomentosus partners was 
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observed (Lee et al. 2010). However the use of HgCl2 could have side effects that 
can interfere with the root hydraulic conductance measurements. Aquaporin activity 
is enhanced by phosphorylation of different serine residues (Johansson et al. 1998; 
Azad et al. 2008) (see also chapter “Plant Aquaporin Posttranslational Regulation”). 
However, the phosphorylation state of aquaporins in EM plants has not been assayed 
yet, although it has been determined in AM plants (Aroca et al. 2007; Calvo-Polanco 
et al. 2014; Bárzana et al. 2015).

The influence of EM symbioses on the expression of specific aquaporins of the 
host plant has been studied. Downregulation of the expression of two PIP genes 
out of eight by the symbiosis of the EM fungus Laccaria bicolor in Picea glauca 
roots has been reported (Xu et al. 2015). However, in this study EM symbiosis 
enhanced root hydraulic conductance (at both whole root and cell levels), so it is 
possible that such enhanced root hydraulic conductance could be mediated by 
aquaporins of the EM fungus or by an increase in water flow through the apoplas-
tic path. In addition, post-translational modification could take place (see chapter 
“Plant Aquaporin Posttranslational Regulation”) and enhance aquaporin activity 
in EM roots. Two other studies reported an upregulation in the expression of sev-
eral PIP genes in EM roots. Tarkka et al. (2013) found an increase in the expres-
sion of five PIPs and one SIP (small and basic intrinsic protein) aquaporin genes 
in Quercus robur roots inoculated with the EM fungus Piloderma croceum using 
RNA-seq technique, but no measurement of root hydraulic conductance was per-
formed. Marjanovic et al. (2005) found also an increase in the expression of one 
PIP (PttPIP2;5) gene in poplar (Populus tremula x tremuloides) roots inoculated 
with the EM fungus Amanita muscaria. Interestingly, this PIP gene had high 
capacity of transporting water when expressing in Xenopus laevis oocytes, and 
their expression correlated with higher root hydraulic conductance in EM trees. 
Obviously, more work is needed in order to establish the function of plant aqua-
porins in the regulation of root hydraulic conductance by EM symbiosis. These 
studies should include the use of plants with altered levels in the expression of 
specific aquaporins.

As commented above, EM fungi have their own aquaporins as do AM fungi. 
Dietz et al. (2011) found seven aquaporin genes in the L. bicolor genome, three of 
them having a high water and ammonia transport capacity when expressed in 
Xenopus laevis oocytes. Most recently, Nehls and Dietz (2014), analysing the 
genome of 480 fungal species, found around 50 putative orthodox aquaporin genes 
accounting for several EM fungal species. These findings point to the potential role 
of EM fungal aquaporins in the water relations of host plants. Hence, when white 
spruce trees were inoculated with L. bicolor strains overexpressing JQ585595 L. 
bicolor aquaporin, they showed enhanced root hydraulic conductance under optimal 
growth temperatures, but lower under suboptimal temperatures (Xu et  al. 2015). 
Moreover, it has been found that one L. bicolor aquaporin (LbAQP1) is essential in 
the formation of the Hartig net in trembling aspen trees (Navarro-Ródenas et al. 
2015) and this was related to the capacity of this aquaporin to transport NO, H2O2 
and CO2 that could act as signalling molecules. Obviously, more studies are 
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necessary in other EM fungal species to understand the possible role of fungal aqua-
porins in EM symbiosis.

3.4  �Aquaporins and Ectendomycorrhizal (EDM) Symbiosis

Ectendomycorrhizal (EDM) symbiosis also may increase plant host tolerance to 
environmental stresses, although this symbiosis has been less studied. Morte et al. 
(2010) found that symbiosis with the fungus Terfezia claveryi (desert truffle) was 
essential for the survival of Helianthemum almeriense plants under arid conditions. 
In a previous greenhouse study, T. claveryi-inoculated plants showed higher leaf 
water potential, transpiration rate and net photosynthesis rate than non-inoculated 
plants (Morte et al. 2000). Similar results were found by Turgeman et al. (2011) in 
the symbiosis between Helianthemum sessiliflorum and Terfezia boudieri.

Regarding root hydraulic properties modified by EDM symbiosis, Siemens and 
Zwiazek (2008) found no effect of Wilcoxina mikolae inoculation on root hydrau-
lic conductance of balsam poplar (Populus balsamifera) trees. Unfortunately no 
other studies examining the effect of EDM symbiosis on root hydraulic properties 
have been published to date. Nevertheless, Navarro-Ródenas et al. (2013) found 
that T. claveryi inoculation modified the expression of H. almeriensis aquaporins, 
although a defined trend was not observed, since each aquaporin responded differ-
ently. As for the other mycorrhizal fungi, EDM fungi also possess their own aqua-
porins. Navarro-Ródenas et al. (2012) cloned one aquaporin from the EDM fungus 
T. claveryi. This aquaporin was able to transport water and CO2 when expressed 
in Saccharomyces cerevisiae, and its expression responded to an osmotic stress 
applied in vitro.

4  �Conclusions

Based on the reviewed literature, we propose that AM symbioses act on host plant 
aquaporins in a concerted manner to alter both plant water relations and physiology 
and allowing the plant to cope better with stressful conditions (Fig. 1). In support of 
this idea, it is generally observed that AM plants exhibit higher root hydraulic con-
ductance under drought stress conditions. Moreover, AM plants also grow more 
than non-AM plants under drought conditions, indicating that, apart from the 
improved P nutrition, all these changes induced by the AM symbiosis on plant aqua-
porins contributed to the enhanced plant tolerance to drought (Bárzana et al. 2014). 
These effects are likely the result of the combined action of the different aquaporins 
regulated by the AM symbioses (including PIPs, TIPs, NIPs and SIPs), influencing 
the transport of water and, most probably, also of signalling molecules and other 
solutes of physiological importance for the plant under drought stress conditions. In 
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EM symbioses the regulation of plant aquaporins seems to be highly dependent on 
the plant and fungal species involved in the symbiosis. Moreover, the regulation of 
root hydraulic conductivity has been related also to the activity of the EM fungal 
aquaporins and with increases in water flow via the apoplastic pathway.

5  �Perspectives

There is a broad consensus that it is necessary to analyse the diversity of plant 
aquaporin isoforms, of their substrates and their cellular localizations in order to 
understand their physiological functions with respect to whole plant hydraulics, 
plant development, nutrient acquisition and plant responses to various environ-
mental stresses (Gomes et al. 2009; Li et al. 2014). The main objective of future 
research should be to identify those aquaporin isoforms regulated by the AM sym-
biosis having a key influence on the capacity of roots to transport water or the 
capacity for the transport in planta of other solutes. Moreover, the role of fungal 
aquaporins during formation and functioning of AM symbioses requires future 
investigation. For that, the localization of these aquaporins in the fungal mycelium 
is of great interest.

More integrative physiological studies are also needed to understand the role of 
aquaporins in EM and EDM symbioses. These studies should include measure-
ments of the rate of whole root water uptake normalized to root surface area and 
plant water status. Also, the phosphorylation state of aquaporins in roots of EM and 
EDM plants should be determined, as well as the use of plants with altered expres-
sion levels of specific aquaporins. Although the study of L. bicolor aquaporins has 
increased our knowledge about the role of fungal aquaporins in the EM symbiosis, 
the study of aquaporins from other EM (EDM) fungi is necessary.
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