
Plants are among the thirstiest of crea-
tures. Of the more than 60 trillion
tonnes of water that cycles each year

from the land to the atmosphere, nearly
two-thirds passes through the bodies of liv-
ing land plants1. Plants require these large
amounts of water because their mode of
acquiring carbon dioxide exposes their inte-
rior to the drying power of the atmosphere.
Without water, forests become stunted,
agricultural yields decline, and house plants
shrivel and die. Yet, as is so often the case,
too much of a good thing can also be a
problem. Flooding typically reduces both
photosynthesis and growth, and, in the
short term, can even cause plants to wilt.
This paradox of famine in the midst of
plenty arises from the fact that flooding
causes roots to become less permeable to
water. On page 393 of this issue2, Tournaire-
Roux and colleagues elucidate a cascade of
molecular events that links the low oxygen
levels associated with flooding, via changes
in the pH inside cells, to this decrease in
root permeability.

The large-scale movement of water from
roots to leaves takes place almost entirely
through spaces that are not bounded by cell
membranes. Only as water enters roots is
there substantial evidence that this ‘transpi-
ration stream’ flows through living cells. The
ease with which water can traverse root cells
is, to a large degree, governed by the presence
of highly selective channel proteins known as
aquaporins, specifically those of a subgroup
known as ‘plasma membrane intrinsic pro-
teins’(PIPs).These proteins are present in the
plasma membranes of root cells and enhance
the membranes’permeability to water3.

Because of the key role of aquaporins in
water uptake by roots4, changes in the con-
ductance of individual water channels — a
process referred to as ‘gating’ — are likely to
be involved in mediating the effects of flood-
ing. Previous studies have shown that aqua-

porins can be gated by various factors,
including enzymatic modification with
phosphate groups3, intracellular calcium
levels5,6 and, most recently, protons5–8. But
the molecular mechanisms that underlie the
regulation of aquaporin permeability —
including how it might be connected to
flooding — have until now remained elusive.

Gases diffuse around 10,000 times more
slowly through water than through air, with
the result that roots in flooded soils quickly
become exposed to conditions of low oxy-
gen.Early cellular responses to oxygen depri-
vation include a marked decrease in pH in
the cell interior, or cytosol. Tournaire-Roux
et al.2 have now investigated whether these
changes are linked to changes in the per-
meability of roots to water. Using roots of
the model plant Arabidopsis thaliana, the
authors manipulated the pH in the cytosol of
root cells in one of three ways: by decreasing
the availability of oxygen; by inhibiting res-
piration; and by loading the roots with acid.
In all cases, decreases in cytosolic pH were
associated with a decrease in root permeabil-
ity. Altering the pH outside root cells did not
have this effect.

Do decreases in cytosolic pH alter root
permeability by affecting the conductance of
PIP-type aquaporins? To test this hypothesis,
Tournaire-Roux and colleagues inserted
aquaporins into the plasma membrane of
immature frog eggs. Osmotic swelling assays
showed that water influx through most PIP-
type aquaporins was selectively blocked by
cytosolic acidification. In contrast, the activ-
ity of an aquaporin from  vacuoles (an intra-
cellular compartment) was insensitive to
changes in pH. By using a series of mutant
proteins,Tournaire-Roux et al. demonstrated
that charged amino acids (particularly 
histidine at position 197) in the cytosolic
vestibule of the aqueous pore are responsible
for the observed pH sensitivity of the 
PIPs. These findings provide a detailed

news and views

NATURE |VOL 425 |25 SEPTEMBER 2003 |www.nature.com/nature 361

explanation for the mechanisms by which
root permeability to water is downregulated
in response to anoxia.

What is still unclear, though, is why a
plant — flooded or otherwise — would ever
choose to restrict water flow through its
roots. Roots acclimate to waterlogged soils
primarily by forming large gas-filled spaces
in the root cortex that provide a low-
resistance path for oxygen diffusion9. So 
the physiological significance of Tournaire-
Roux and colleagues’ findings may lie in 
the possibility that reductions in root per-
meability can enhance this morphological
acclimation of flooded roots.

This may not be as far-fetched as it seems.
Air spaces in the root are formed when 
specific cells in the root cortex undergo 
programmed cell death; the cue for this is a
build-up of the gaseous hormone ethylene9.
Flooding leads to an increase in ethylene
concentrations in roots,both because anoxia
activates an enzyme called ACC synthase, the
key biosynthetic enzyme for ethylene, and
because waterlogged soils retard the diffu-
sion of the gaseous hormone away from the
root. But ethylene accumulation is also
affected by the rate at which ACC,the precur-
sor to ethylene, is transported away from 
the roots in the transpiration stream10. So
downregulation of root permeability could
theoretically provide a mechanism that, by
reducing the flow of water through roots,
accelerates the build-up of ethylene and the
transformation of the root into a form that is
appropriate for dealing with flooding.

Whether or not this indeed occurs
requires further experiments using the sort 
of genetically modified plants made possible
by Tournaire-Roux and colleagues’ findings.
Plants with pH-insensitive aquaporins could
now be engineered, allowing researchers to
test whether a decrease in root permeability is
required to signal the need for the formation
of air spaces.But for now, it is satisfying to see
that the paradoxical thirstiness of flooded
plants has been placed on firmer ground. n
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Flooding reduces the ability of roots to absorb water. The molecular
basis for this paradox involves the regulation of water-channel 
proteins by the pH inside root cells.

switch must be increased while still keeping
its magnetic response at an adequate level.
There is no lack of challenges ahead, but
Kiselev et al.1 have shown that we are on the
right path. n
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