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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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