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stimulus of Lpr in Arabidopsis. Since both NaCl and SA treatments 
increased the accumulation of ROS in roots, it was hypothesized 
that H2O2 or other ROS may have a central role in the regulation of 
root water transport in response to various biotic or abiotic stimuli. 
When Arabidopsis roots were treated with mM concentrations of 
exogenous H2O2, Lpr was inhibited within minutes by up to 90%. 
These findings are consistent with previous reports showing that 
ROS can downregulate water transport in cucumber and maize roots 
or in the algae Chara corallina.4-7 H2O2 and possibly other derived 
ROS may modulate the Lpr through signaling mechanisms or by a 
direct oxidative gating of aquaporins. The latter hypothesis, which 
has been favored in previous studies by Steudle and colleagues,6,7 
was investigated by Boursiac et al., by functionally expressing 
aquaporins in Xenopus oocytes and by testing their sensitivity to 
external H2O2. The results show that Arabidopsis aquaporins are 
insensitive to direct oxidation by H2O2 or hydroxyl radicals. Thus, 
these and complementary pharmacological analyses on excised roots 
rather support a role for H2O2 as a second messenger that connects 
environmental stimulus perception to water transport regulation in 
plant roots. The additional finding that H2O2 can be transported 
by aquaporins8,9 opens the possibility of intricate loop mechanisms 
whereby these proteins may interfere with their own regulation. For 
example, active PIP aquaporins could facilitate the diffusion within 
the cell of NADPH-oxidase derived apoplastic H2O2, which in turn 
would activate signaling pathways acting on PIP activity and/or 
subcellular localization.

In a previous study, we monitored the subcellular localization of 
AtPIP1;2 and AtPIP2;1, two of the most abundant PIPs in roots, by 
expression in transgenic Arabidopsis of fusions with the green fluores-
cent protein (GFP).10 We observed that a 100 mM NaCl treatment 
induced in 2–4 hours an increased intracellular labeling which was 
interpreted as an intracellular relocalization of the two aquaporins.10 
In our more recent study, both a 150 mM NaCl and a 0.5 mM 
SA treatments induced an intracellular labeling by GFP-PIP1;2 
and PIP2;1-GFP fusions, with a “fuzzy” pattern or at the level of 
spherical bodies. Preventing the NaCl- or SA-dependent accumula-
tion of ROS with exogenous catalase was able to almost completely 
counteract the effects of the two stimuli on the localization pattern 

Aquaporins, which facilitate the diffusion of water across 
biological membranes, are key molecules for the regulation of water 
transport at the cell and organ levels. We recently reported that 
hydrogen peroxide (H2O2) acts as an intermediate in the regulation 
of Arabidopsis root water transport and aquaporins in response to 
NaCl and salicylic acid (SA).1 Its action involves signaling pathways 
and an internalization of aquaporins from the cell surface. The 
present addendum connects these findings to another recent work 
which describes multiple phosphorylations in the C-terminus of 
aquaporins expressed in the Arabidopsis root plasma membrane.2 
A novel role for phosphorylation in the process of salt-induced 
relocalization of AtPIP2;1, one of the most abundant root aqua-
porins, was unraveled. Altogether, the data delineate reactive 
oxygen species (ROS)-dependent signaling mechanisms which, 
in response to a variety of abiotic and biotic stresses, can trigger 
phosphorylation-dependent PIP aquaporin intracellular trafficking 
and root water transport downregulation.

Plants can regulate their water uptake capacity i.e. their root 
hydraulic conductivity (Lpr) on a short term (minutes to hour) 
basis through regulation of plasma membrane (PM) aquaporins 
of the Plasma membrane Intrinsic Protein (PIP) subfamily.3 It has 
been known for a long time that salt stress (NaCl), as many other 
abiotic stresses such as cold, anoxia or nutrient deprivation, induces 
an inhibition of Lpr in many plant species.3 In the recent study 
by Boursiac et al. (2008),1 we identified SA as a new inhibitory 
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first cytoplasmic loop (loop B) and Ser274 at the C-terminus, 
as important for modulating the water transport activity of this aqua-
porin after expression in Xenopus oocytes. A role for these two sites 
in aquaporin gating was also deduced from the atomic structure of 
SoPIP2;1.14 Whereas Ser280 in AtPIP2;1 corresponds to Ser274 in 
SoPIP2;1, the functional role of sites equivalent to Ser283 in AtPIP2;1 
had not been considered previously in any other PIP. To our knowl-
edge, the study by Prak et al., provides the first evidence in plants 

of the PIP2;1-GFP fusion. In addition, the inhibition of Lpr by SA 
was also counteracted at 33% by the catalase treatment. Altogether, 
the data stress the importance of an ROS-induced relocalization of 
aquaporins in the regulation of root water transport. Yet, we still 
miss quantitative data and complementary pharmacological evidence 
to determine the exact contribution of aquaporin relocalization with 
respect to other aquaporin regulatory mechanisms.

Another recent work by our group has, however, provided deeper 
insights into the mechanisms of stress-induced relocalization of 
aquaporins in plants.2 Our group identified by mass spectrometry 
multiple adjacent phosphorylation sites (up to 4 in the case of 
AtPIP2;4) in the C-terminus of aquaporins expressed at the root 
plasma membrane.2 Phosphorylation of AtPIP2;1, which shows a 
simpler profile with only two sites at Ser280 and Ser283, was studied 
in closer detail by site-directed mutagenesis and expression in trans-
genic Arabidopsis of GFP-PIP2;1 fusions. A Ser283Ala mutation, 
which mimics a constitutively dephosphorylated Ser283, induced 
a marked intracellular accumulation of GFP-PIP2;1 in resting 
conditions. Because no phenotype was observed after a Ser280Ala 
mutation, the data suggest a specific role for Ser283 phosphorylation 
in the proper targeting of the protein. When plants were treated by 
100 mM NaCl for 2 to 4 hours, the wild type (WT) and Ser280Ala 
mutant forms of GFP-PIP2;1 showed similar intracellular staining, 
in both “fuzzy” structures or spherical bodies. On the contrary, the 
Ser283Ala mutant did not label any spherical body. Interestingly, a 
Ser283Asp mutation that mimics a constitutively phosphorylated 
Ser283 resulted in a salt-induced labeling of spherical bodies similar 
to the one observed with WT GFP-PIP2;1 whereas no “fuzzy” 
staining was observed. Therefore, the phosphorylation status of 
Ser283 seems to determine the redistribution of AtPIP2;1 towards 
fuzzy structures (non-phosphorylated Ser283) or spherical bodies 
(phosphorylated Ser283). Although the nature of these intracellular 
structures remains to be identified, we now consider the possibility 
that the spherical bodies correspond to the late endosome/prevacu-
olar compartment that orientates aquaporins towards a degradation 
pathway whereas the fuzzy structures may act as a storage compart-
ment for subsequent relocalization of PIP aquaporins to the PM, and 
rapid recovery of the PM water permeability. Although we favor the 
idea that the intracellular labeling shown by GFP-PIP2;1 in response 
to salt originates from aquaporins relocalized from the PM, newly 
synthesized proteins may also contribute to this pattern.

Prak et al., also developed an absolute quantification method 
to show that the phosphorylation profile of AtPIP2;1 at the root 
plasma membrane was altered upon 100 mM NaCl and 2 mM 
H2O2 treatments. Whereas NaCl decreased the abundance of phos-
phorylated Ser283, H2O2 enhanced the overall phosphorylation of 
the AtPIP2;1 C-terminus. These observations add another level of 
complexity to the mechanisms of stimulus-induced and phosphory-
lation-dependent relocalisation of plant aquaporins uncovered in our 
group. Although one of the primary effects of NaCl is undoubtedly 
an accumulation of ROS, the difference in phosphorylation patterns 
observed in response to H2O2 and NaCl treatments may come from 
quantitative and kinetic differences in ROS patterns between the two 
treatments or from additional regulations activated by salt.

We note that phosphorylation of PIP aquaporins had already 
been investigated in detail.11-13 In particular, studies with spinach 
SoPIP2;1 has pointed to two phosphorylation sites, Ser115 in the 

Figure 1. Tentative model of regulation of root hydraulic conductivity (Lpr) 
through reactive oxygen species (ROS) signaling. Multiple biotic and abiotic 
stimuli such as NaCl or salicylic acid can induce an intra- and/or extracellu-
lar accumulation of ROS by acting on their production, degradation or trans-
port. The stimulus-induced ROS in turn activate signaling pathways involving 
protein kinases and cytosolic calcium. These events result in changes in the 
phosphorylation and subcellular localization patterns of plasma membrane 
(PM) aquaporins (PIPs). In particular, endocytosis can direct PIPs towards 
various intracellular compartments for subsequent recycling at the PM or 
degradation. Phosphorylation can interfere with this routing process, but also 
determines the intrinsic water transport activity (gating) of PM localized PIPs. 
The possibility exists that signaling components directly act on PIP gating, 
recycling or degradation through phosphorylation- and endocytosis-indepen-
dent pathways (not shown). In addition, transport of H2O2 by PIP aquaporins 
may provide retroactive effects of aquaporins on upstream signaling events. 
Aquaporin activity at the PM determines root cell water permeability, which 
contributes to most of Lpr in Arabidopsis. The overall scheme shows how 
stress-induced ROS signaling results in an inhibition of PIP aquaporin activity 
and, as a consequence, in an overall downregulation of Lpr.
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for a role of phosphorylation on the relocalization of aquaporins and 
highlights the importance of multiple phosphorylations sites in the 
C-terminus of aquaporins, as has been recently shown in human 
Aquaporin-2.15,16

Overall, the advance provided by our two recent studies delin-
eates a working model (Fig. 1), whereby multiple abiotic and biotic 
stresses, which all induce an accumulation of ROS, activate common 
signaling pathways to downregulate root water transport. We have 
provided evidence that some of these pathways are calcium- and/
or protein kinase-dependent. One regulatory mechanism triggered 
by these pathways is the relocalization of aquaporins into intracel-
lular “fuzzy” structures or bigger spherical bodies. For AtPIP2;1, 
the sorting between these structures is determined in part by the 
phosphorylation status of Ser283, which ultimately may control the 
cellular fate of the protein for degradation or remobilization to the 
PM. A coming challenge will be to determine how this and other 
cellular mechanisms quantitatively contribute to the integrated regu-
lation of water transport at the cell and tissue (whole root) levels. 
Another avenue for future research will be to identify the molecular 
components involved in upstream ROS-dependent cell signaling and 
aquaporin phosphorylation. These studies will tell us how the regula-
tion of root water uptake in parallel to the regulation of transpiration 
allows the plant to preserve its water status when it is continuously 
challenged by multiple stresses.
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