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Opinion
Glossary

Cavitation: The phase change from liquid to vapor due to negative pressures.

In xylem, cavitation typically results from the expansion of gas bubbles,

occurring when xylem tensions exceed the inward pressure due to the

curvature of the bubble’s gas/water interface.

Maxwell’s demon: An imaginary being invented by James Clerk Maxwell as a

thought experiment to explore the second law of thermodynamics. As

envisioned, the demon was capable of sorting molecules between two

connected gas filled boxes such that fast molecules accumulate in one box

while slow molecules accumulate in the other. The net result of the demon’s

actions is to create a temperature difference between the two connected boxes,

thus violating the second law of thermodynamics. Also known as the sorting

demon.

Phloem girdling: Process of removing of narrow band of bark and cambium

from a woody plant stem, interrupting sugar transport from leaves to roots.

Pit membranes: The porous primary cell wall layer within bordered pits that

separates adjacent xylem vessels. The major role of pit membranes is to

prevent embolism from spreading between xylem conduits.

Tissue pressure: Pressure exerted by living cells on surrounding tissues that

physically constrain their expansion.
Embolism results in a dramatic loss of xylem hydraulic
transport capacity that can lead to decreased plant pro-
ductivity and even death. The ability to refill embolized
conduits despite the presence of tension in the xylem
seems to be widespread, but how this occurs is not
known. To promote discussion and future research on
this topic, we describe how we believe refilling under
tension might take place. Our scenario includes: (i) an
osmotic role for low-molecular weight sugars; (ii) an
apoplastic sugar-sensing mechanism to activate refill-
ing; (iii) the contribution of vapor transport in both the
influx of water and removal of entrapped gases; and (iv)
the need for a mechanism that can synchronize recon-
nection to the transpiration stream through multiple
bordered pits.

Xylem embolism repair
A reduction in xylem transport capacity due to cavitation
represents a major challenge for plants experiencing high
evaporative demand or low soil water availability. The
impact of cavitationonplantproductivity,however,depends
onwhether these gas-filled (embolized) conduits are perma-
nently removed from the transpiration stream. Embolism
repair due to root pressure has long been known to occur [1],
but requires both high soil water availability and the cessa-
tion of transpiration for the production of positive pressures
throughout the xylem. By contrast, the ability to refill embo-
lized conduits while the bulk of water in the xylem remains
under tension [2–4] would allow plants to restore hydraulic
conductivity during periods with high demand for water
transport capacity. On the surface, embolism repair under
tension seems to violate the laws of thermodynamics [5,6].
Not surprisingly, the first observations of embolism repair
under tension [2–4] weremet with both intense interest and
some skepticism [7], prompting a number of conceptual
papers that sought to explain how gas-filled conduits could
be refilled despite the surrounding tissues remaining at
water potentials less than zero [5,6]. To date, an increasing
number of studies document the existence of refilling using
approaches that includes both destructive [8–13] and in vivo
techniques [14–16], and in some cases observations of refill-
ing have been linked to physiological treatments, such as
phloem girdling [4,17], starch dynamics [17–20], and the
activity ofmembrane transporters [14,21,22]. Nevertheless,
many of themajor biophysical questions concerning refilling
under tension remain unanswered [23].
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Understanding how embolism repair under tension
occurs is critical for evaluating the costs and constraints
of transporting water in a metastable state. Furthermore,
without thermodynamically sound mechanistic hypothe-
ses to guide future research efforts, the specter of Max-
well’s demon [24] (see Glossary) will continue to haunt this
field. In 1999, we [5] identified three issues that must be
addressed if we are to understand how refilling under
tension takes place: (i) the origin of the driving force that
impels water into cavitated conduits, (ii) the source and
pathway of water for refilling, and (iii) the physical nature
of the hydraulic compartmentalization that separates
refilling from functional conduits. To this, we add an
urgent need for integrating such biophysical questions
with themolecular approaches (i) that can connect refilling
with the underlying activities of xylem parenchyma and (ii)
have the power to elucidate signaling pathways involved in
triggering refilling. Here, we outline a concise scenario
(Figure 1) for embolism refilling that incorporates new
research and ideas that have emerged over the past dec-
ade. Our goal is to provide a conceptual framework that
will provoke discussion, organize existing information and
provide a useful guideline for future studies of xylem
refilling under tension.

Driving force for refilling
We begin with the assumption that the driving force for
refilling is generated osmotically [5,6,25–27]. Although
several papers have proposed ‘‘tissue pressure’’ [28,29]
Xylem embolism: Gas-filled xylem conduits that block water transport through

the xylem.
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Figure 1. Embolism refilling scenario. (a) Living cells in contact with vessels release a small but steady amount of soluble carbohydrates into the xylem. (b) Starch stored in

xylem parenchyma serves as a sugar capacitor. (c) These solutes are normally swept away by the transpiration stream, keeping concentrations at very low levels, (d) but

accumulate in a vessel that has cavitated. (e) Sugar accumulation and the associated increase in apoplastic solute concentration triggers signaling pathways (f) for refilling

that regulate sugar and (g) water membrane transport, as well as (h) sugar metabolic activity. (i) The accumulation of solutes results in water movement from xylem

parenchyma cells by osmosis, forming droplets with high osmotic activity on internal vessel walls. (j) The partially non-wettable walls of xylem conduits prevent these

droplets from being removed by suction from still-functional vessels. (k) Condensation of water vapor provides a second pathway by which water refills cavitated conduits,

allowing adjacent conduits to provide water for refilling. (l) As the high osmotic droplets grow to fill the vessel, the embolus is removed both by forcing gas into solution

and by pushing gas through small pores through the vessel walls to intercellular spaces. (m) The flared opening of the bordered pit chamber acts like a check valve until the

lumen is filled, thus preventing contact with the highly wettable bordered pit membranes. Reconnection occurs once the pressure in the lumen exceeds that of the entry

threshold into the bordered pit chambers; a hydrophobic layer within pit membranes might provide the needed simultaneity among multiple bordered pits.
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or other non-osmotic mechanisms [25] as a driving force, a
thermodynamically consistent proposal for how this could
work has not been forthcoming. By contrast, osmotically
driven refilling involves only components and physiological
processes known to operate in ways capable of generating
the necessary water inflow [19,30,31]. In 2003, Uve Hacke
and John Sperry [27] proposed that refilling involves high-
molecular weight solutes that act osmotically across pit
membranes. This hypothesis is appealing insofar as it
obviates the need for a mechanism to hydraulically isolate
the refilling conduit. However, such large molecular com-
pounds have not been observed in xylem sap. Furthermore,
packing constraints limit the osmotic potential that could
be generated using molecules that do not move freely
across pit membranes. The maximum osmotic potential
that can be generated using 10 nm diameter particles,
where 10 nm represents the median pore size in pit mem-
branes [32,33], is <5 kPa (calculated using the Van’t Hoff
relation: osmotic potential=cRT) [34].

As candidates for refilling, low-molecular weight osmo-
tica require a mechanism to achieve hydraulic isolation
between embolized and functional vessels. One hypothesis
is that air trapped within bordered pits and maintained by
the convex curvature of air–water interfaces in the pit
channel isolates refilling conduits from adjacent sources
of apoplastic water [5,35,36]. With such an isolating mech-
anism in place, osmotica used in refilling can be arbitrarily
small. Because ionic osmotica (e.g. K+) [8,37] have not been
observed using X-ray elemental analysis in concentrations
sufficient to generate the needed osmotic pressures, our
scenario focuses on low-molecular weight sugars as the
principle osmoticum driving refilling [19]. Sugar concen-
trations in xylem sap have been little studied, but their
involvement in refilling is consistent with observed
dynamics of starch content in stems that undergo embo-
lism-refilling cycles [17–20]. Furthermore, the amount of
starch stored within stems corresponds well to what would
be needed for refilling. For example, to create an osmotic
concentration equivalent to –1.0 megapascal [MPa]
throughout the xylem of Populus trichocarpa, a species
that exhibits significant refilling under tension, requires
�1 mg of starch per gram of fresh stem weight, a value
within the range observed in P. trichocarpa stems (unpub-
lished data). This calculation assumes that the starch is
fully converted into hexose sugars and that the Van’t Hoff
relationship holds.

One aspect of refilling under tension which is not in
question is that it is an energy requiring process that
requires the involvement of living cells. Consistent with
this is the observation that treatments which alter the
activity of plasma membrane proton pumps have marked
effects on embolism repair [4,6,20]. Phloem girdling also
leads to a marked decrease in refilling [16,17], an obser-
vation that has been interpreted in terms of the potential
role of the phloem in supplying energy, osmotica and/or
water needed for refilling [4–6]. More recent studies, in
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which both circumferential (girdling) and vertical cuts
block refilling, have been interpreted as supporting a role
for tissue pressure [17,23,38]. An alternative perspective is
that damage to the phloem might result in a systemic
wound response that prevents the upregulation [17] of
sugar secretion required for refilling rather than the sever-
ing of an essential supply line.

Mechanisms of embolism detection
Embolism formation is a discrete event, raising the ques-
tion of how repair processes are activated. One possibility
is that embolism repair is set in motion by physical attri-
butes associated with cavitation [16,17]. Tests of the hy-
pothesis that vessel wall vibrations trigger embolism
repair show a significant effect on starch depolymerization
in vascular-associated cells of water stressed stems in
response to ultrasonic stimulation [18]. This hypothesis
deserves further examination, including the refinement of
experimental methods to better match both the duration
and intensity of the mechanical perturbations resulting
from cavitation. However, the fact that cavitation is a
transient event suggests to us that other mechanisms
should also be explored. In our opinion, a sensing mech-
anism that relies on a sustained signal that can be ampli-
fied following cavitation is likely to provide a more robust
mechanism for launching the physiological responses of
xylem parenchyma.

Chemical sensing could provide such a mechanism for
detecting cavitation. We propose that a continual, albeit
small, amount of sugar ‘‘leaks’’ from xylem parenchyma
cells. In functional vessels, secreted sugars will be carried
away with the transpirational stream maintaining a low
concentration of sugar in parenchyma walls. Upon cavita-
tion, apoplastic sugar concentrations will increase, rising
quickly to levels much higher than would occur even if
transpiration ceased but the vessel remained water-filled,
providing a detectable signal strictly associatedwith embo-
lism. Although extracellular membrane sugar sensors
have not been reported in plants, they exist in other
organisms [39]. A membrane-based sensing mechanism
could provide the information necessary for a cell to alter
its metabolic activity to produce the higher rates of sugar
secretion needed to account for observed rates of refilling.

A model for gas removal
Whether naturally formed or experimentally induced,
embolism can be removed within a relatively short time,
sometimes less than an hour [20], although in some studies
embolism repair requires up to 12 h [40]. Even when
embolism is artificially induced using external pressuriz-
ation to more than 2 MPa, this pressure can dissipate and
give way to water in a very short time [4]. This suggests
that much of this air is pushed out of the vessel in the gas
phase, as numerical simulations of embolism repair invol-
ving gas being forced into solution and diffusing through
wet walls cannot account for the observed rates of refilling
[35,41,42]. Thus, we propose that vessel walls have inter-
linked gas-filled channels that permit the movement of
gases. These passages must be of sufficiently small
diameter that they do not seed cavitation, yet sufficiently
numerous to support the needed permeability. In addition,
532
they must be at least partially hydrophobic [43] if they are
to remain gas-filled. We have previously shown that the
interior xylem walls are partially wettable [43] (contact
angle �508), and scanning electron microscope images
show that water can ‘‘bead’’ up on the interior vessel
surfaces [44]. The surface properties of xylem secondary
walls are hypothesized to maintain an air-gap within
bordered pits, thus isolating hydraulically a refilling con-
duit from adjacent, functional ones [35]. They might also
contribute to the ability of gases to be removed directly
through conduit walls by preventing water from spreading
over the interior surface of the vessel and thus prevent gas
in the xylem lumen from exiting via gas-filled pores in the
xylem walls.

Previous studies have described pressure thresholds for
refilling based on the requirements for gas dissolution
[40,42]. If dissolution is the primary pathway for gas
removal, then the pressure thresholds predicted for both
water vapor and air-filled conduits will certainly hold.
However, the possibility that gases might exit through
conduit walls might allow embolism repair to take place
at lower pressures than predicted for the dissolution of air,
depending on the permeability of conduit walls. At the
upper end, the geometry and surface properties of the
bordered pits is thought to place a limit on how much
pressure could be sustained without prematurely making
contact with adjacent conduits [5,43].

Water vapor transport: a new pathway providing inflow
of water
The accumulation of high osmotic activity water within
refilling vessels can only occur if water is not pulled away to
adjacent conduits along the hydraulic pressure gradient.
Although mechanisms to block water flow through the
relatively large channels leading into bordered pits have
been proposed [5,43], it is possible that small, water-filled
pores exist within vessel walls. Estimates of wall hydraulic
permeability from previously embolized vessels are
reported to be �2.26�10–7 m MPa–1s–1 [41]. Thus, the
refilling rate per 1 mm of vessel length and 50 mm in
diameter with 1.0 MPa hydrostatic difference across the
wall must exceed 4.75�10–5 mm3 s–1. It is widely assumed
that the water required for refilling is provided by the
phloem via parenchyma cells and that water channels and
their activity play a key role [18,19,22]. However, whether
xylem parenchyma are capable of supplying water for
refilling at the required rate has not been addressed.
Assuming cell membrane hydraulic conductivity between
2.6�10–8 and 5.1�10–6 m MPa–1 s–1, as reported for maize
parenchyma cells [45], and living cells in contact with
vessels over �25% of wall surface, the osmotic pressure
gradient across the membrane would have to be between
�40 and �0.2 MPa just to balance the estimated leak
across the vessel perimeter. For the higher membrane
permeability coefficients, these values appear feasible.
However, the fact that water would have to flow through
other living cells and potentially cross multiple mem-
branes after being supplied by phloem makes it unlikely
that a sufficiently large osmotic gradient can be generated
for fast refilling to occur. This calls into question the
assumption that water is supplied only via living cells.
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We propose a new pathway by which water enters
refilling vessels: vapor transport from adjacent vessels
and fibers. Including vapor driven water transport in
the refilling model does not eliminate a physiological role
of xylem parenchyma cells but it reduces the burden
placed on the radial transport of water from phloem to
xylem and thus helps account for observed rates of refill-
ing. Kinetic analyses of water condensation due to energy
imbalance in soil crevices [46] show that rate of conden-
sation with a constant pressure gradient around 1.0 MPa
is in the range of �5�10–4 mm3 s–1. At this rate, the time
required for refilling 1 mm in length of a 50-mm diameter
vessel would be only�4 s. Actual rates of water inflow due
to vapor transport and condensation are likely to be some-
what lower as differences in chemical potential between
water-filled conduits and the refilling conduits could be as
much as an order of magnitude less (i.e. 0.1 MPa), and
morphological and thermal consideration of embolized
vessels might further reduce the condensation rate.
Nevertheless, increasing the time estimates even twofold
still suggests that the evaporation–condensation process
cannot be omitted in the physical understanding of refill-
ing. This pathway for water entry into refilling conduits
would allow water for refilling to be drawn directly from
functional vessels or nonfunctional reservoirs of water in
wood fibers [47,48] bypassing any membrane limitations,
as well as the need for yet further levels of biological
control.

Synchronized hydraulic reconnection across multiple
bordered pits
The valve-like activity of the bordered pit structure
[5,39,41,43] is thought to be an important component of
the refilling process, but the problem of simultaneous
reconnection among hundreds of bordered pits remains a
significant unknown. Bordered pit membranes are
designed to facilitate water flow, thus potentially endan-
gering the refilling process if contact between adjacent
vessels is made prematurely. The solution might lie in
the structure and chemical heterogeneity of bordered pit
membranes themselves. Recent analysis of pit membrane
structure demonstrates substantial variation between
their properties, including thickness (10 s to 100 s of
nm), density (fully opaque to thin sieve-like membranes)
and the presence of different density layers [49]. These
properties might impact hydraulic permeability, stretch-
ing [32], surface properties, and spatial and temporal
aspects of membrane penetration by water with conse-
quent effects on the required level of simultaneity to assure
functional refilling under tension.

Future research directions
Significant progress has been made towards the goal of
understanding of refilling embolized vessels in transpiring
plants. This new knowledge allows us to formulate this
comprehensive perspective that addresses all aspects of
refilling, a process that sits squarely on the interface
between physics and biology. However, the formulation
of this scenario will represent a major step forward, only if
it stimulates new research into the many unknowns ident-
ified here. In particular, we anticipate that progress would
be made from exploring physiological and physical
elements of the refilling process, including:
� controls on sugar metabolism in stems of plants pre-,

during and post-stress;
� signaling pathways associated with refilling;
� theoretical and experimental tests of micro-environ-

mental properties in refilling vessels;
� physicochemical properties of bordered pit membranes.

The self-healing of xylem embolism represents a critical
component of how plants respond to resource limitations.
We believe that the future research in this area will
illuminate the remaining areas of uncertainty and, by
doing so, eliminate a role for a Maxwellian demon in the
refilling of xylem embolism.
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