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Water ascent in plants: that is used for messuring cell trgor press-
] . uré®’has been used to measure negative press-
i i I $etg. Th
do ongoing controversies et s i
nique?, which traditionally has been used to

h ave a Sou nd baS|Sr) measure xylem pressure, has been called into

question by the pressure probe results. In
numerous studié$**¢ results obtained with

Chunfang Wei, Ernst Steudle and Melvin T. Tyree the pressure bomb have provided support for
the validity of the cohesion-tension theory.

The cohesion-tension theory of the ascent of sap in plants is fundamental to Questions arose from previous work involv-

the understanding of water movement in plants. According to the theory, water ing the xylem pressure probe because:

is pulled upwards by high tensions (low negative pressures) created in the * The xylem pressure probe yieldedval-

xylem vessels and tracheids of higher plants by the evaporation of water ues of>—0.6 MPa (relative to ambient air)

vapour from leaves. However, much lower tensions (less negative pressures) or of >—0.5 MPa in terms of absolute

have been found from direct measurements using a pressure probe. These do pressure (relative to vacufir.

not appear to be compatible with the cohesion-tension theory. As a consequence, * Xylem tension was independent of the tran-

the validity of the cohesion-tension theory has been questioned and alternative spiration rate or responses were small and

mechanisms for sap ascent have been proposed. Recent experiments show slow’™". .

that the conclusions drawn from the pressure probe work were premature. * The pressure bomb technique gave lower

New direct measurements of xylem pressure support the cohesion-tension pressures than those measured by the

xylem pressure profet
The pressure borf? provides an indirect
method of measuring negative pressure in leaf
I n transpiring plants, tensions of up toln a metastable state, water behaves like atylem. An excised leaf is enclosed in a press-

theory and the previous indirect measurements of xylem pressure.

10 MPa (100 bar) or negative pressures afverheated liquid and tends to cavitate. Inre chamber except for the cut base, which

—10 MPa have been proposed from indiplants, cavitation causes an interruption in therotrudes through a rubber seal to the outside
rect measurements. The problem with the free passage of water across the vessels andia(Fig. 1). The leaf is pressurized with com-
higher tensions is that, under these condition&ailure in the water supply to the shoot by thepressed air until a balance pressurg (®
water is in a metastable state rather than iroots. Over the past ten years there has beemeached, at which point water starts to exude
thermodynamic equilibrium. In such aheated debate concerning the validity of thérom the cut base. Although it is assumed that
metastable state a change is ready to occur leghesion-tension theory with regard to saphe pressure of the xylem relative to atmos-
does not occur in the absence of a ‘catalysingscent in the vessels of higher plants. Theheric pressure (= —P,, previous direct
stimulus’ inside the system, such as gas seedshesion-tension theory has been questionedeasurements of,Rvith a pressure probe
(bubbles) or some outside impulse thabecause the xylem pressure)(®f intact have failed to corroborate this assumption.
reduces the activation energy of that procesplants has been measured directly using a Earlier findings that xylem pressures were
high (B, >—0.5 MPa) and that they were
hardly affected by transpiratieh''” were
@) Microscope Rubber seals never corrected in later publications, aIthou_gh
it has been shown that xylem pressure rapidly
reacts to changes in the osmotic pressure
of the root mediudf. This caused some
researchers to suggest that the cohesion-ten-
Micrometer sion mechanism was not the major mechanism

screw for water ascent in plants. As a consequence,

there has been speculation about the different
mechanisms that might be responsible, some
of which are somewhat exoticBecause the
measurements made with the pressure probe
formed the basis for the invention of new the-
ories for long-distance water movement in
Pressure Pressure plants, we concentrate here on the reliability
transducer transducer of these measurements with respect to the
cohesion-tension mechanism. The methods
used to generate these results are presented in
detail elsewher&
Fig. 1.(a) The root of a four-week-old maize plant was placed in a root pressure chamber so
that the xylem pressure in the leaveg (Rn be changed by altering the pneumatic pressure Direct measurement of xylem pressure
(P, in the root chamber, or by changing the illuminatioRr, is measured with a cell pres{  in intact plants
sure probe filled with silicone oil except for the tip, which is filled with water. (b)|A Xylem pressure probes used by other re-
Scholander—-Hammel pressure bomb, which measures xylem pressure in the leaf aftef thesBarchers have differed from ours in that we
has been measured with the pressure probe. use a cell pressure probe filled with silicone oil
instead of with waté? (Fig. 1). The pressure
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Fig. 2. Higher light intensity causes
higher tension in the xylem, becaus
increasing radiation increases the st
matal conductance to water vapour whe
values are<200nE m2s?, and because
higher light intensity increases the dri
ving force on vapour diffusion (the
vapour pressure difference between th
leaf air spaces and ambient air). Led
temperature, and hence the vapour preg
ure of water in the leaf air spaces,
increases as light increases. Weighing th
plant verifies that increasing light inten-
sity causes a higher transpiration rat
(data not showd). In this plant, P
decreases from-0.36 to —0.44 MPa
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Root chamber experiments: test of
the model

When the pneumatic pressure applied to th
root is increased stepwise, there is a nearly 1
relationship between the pressure applied a
the response in Rvhen P<0 (Fig. 4), and a
much lower slope when B0. When xylem
pressure exceeds atmospheric pressure, wa
droplets are exuded from the leaf margins an
the stem, a phenomenon known as ‘guttation
The lower slope during guttation is caused b
the low resistance of the water leakage fron

xylem vessels through guttation pathways;

about 90% through stomates and 10% throud
hydathodes (stomata-like pores by whic
small vessels terminate — data not shown). Th
direct measurements in the extended range
P, are in line with an electrical analogue of
water flow in plant&®’, Kirchhoff's rules and
Ohm’s law apply. We have modeled the wate|
flow on the hydraulic architecture of maize
plants (Fig. 5). The driving force is the differ-
ence between the water potential of the so
() + the applied pneumatic pressure)(P
and the pressure at the evaporative surfag
The model prediction matches the results i
Fig. 4. The finding that the water flow acrosg

the plant can be viewed as a catenary prétess

provides further evidence for the validity of
the cohesion-tension thedryThese results
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e Fig. 3.Comparison between xylem press-
of ures (F) measured with the pressure
probe and the balance pressures me
ured with a pressure bomb,YPThere is
good agreement as expected from the
pressure-bomb theory. Xylem pressurgs
measured with the pressure bomb afe
somewhat smaller for transpiring leaves
(unfilled circles) compared with non-
transpiring leaves (filled circles). The
€. effect is due to the fact that in a transpir
N ing leaf, water potential gradients
develop that cause a more negative ove
all leaf water potential and xylem press|
ure potential during equilibration in the
Scholander—Hammel pressure bdiib

=
]

add to other recent evidence that favours

and then to—0.56 MPa when the light
intensity was increased from 150 tg
200nE m?s *and then to 26QE m 2s ™.
The experiment demonstrates that xyle
tension is strongly dependent on th
transpiration rate and that response
are rapid, which is in agreement with th
cohesion-tension theory.

the cohesion-tension theory using indirect
measurements of xylem pressure. In thes@ressures are generated in the system because
a centrifugation technique rather than thehe volume reduction of oil is bigger than that
Scholander—Hammel bomb was used to velf glass. Negative pressure cannot be created
ify the existence of high xylem tensions inwith the aid of the movable rod in the probe
transpiring planté® (Fig. 1) because the movement of that piston
immediately causes cavitatidhsThe system
Limitations of the xylem pressure probe filled with silicone oil can withstand negative
Compared with earlier measureméht§®®  pressure te-1.6 MPa before cavitation (Fig. 6).
probe has a capillary with a tip diameter othe range of Fvalues measured with the pressWith water, a maximum value of about
5 um. Xylem pressures were recorded downire probe has almost doubled fref.5 MPa  —0.7 MPa is obtainéi At maximum values,
to P, = —1 MPa (10 bar). Pwas clearly to nearly—1.0 MPa. Experimentally, this is cavitation occurs spontaneously after a short
dependent on the transpiration rate, which wadifficult to achieve because any gas-seedingeriod of time. However, at pressures just
varied by varying the light intensity (Fig. 2). (which would cause cavitation) has to be carebelow the maximum, the system can be main-
We demonstrated thai, Rapidly responds to fully excluded. Liquids under tension are notained for several hours. This suggests that
transpiration, a finding which has been queseasy to handle. Our experience indicates thaavitations are caused by gas seeds already
tioned in earlier experiments usinthe experimental difficulties (i.e. the handling of present on the surfaces. It is known that the
pressure proié”. There is a good agreementnegative pressures) play a key role durinformation of new seeds of critical size, either
between xylem pressure measured with thdirect measurement. Few measurements hairebulk solution or on surfaces is a rare e¥efit
pressure probe and the balance pressure of theen reported to verify the range over whictAssuming that cavitation is caused by gas
same leaves measured with the pressure borttie xylem pressure probe can measure negseeds in the system, the critical tension at which
technique (Fig. 3). However, there is a slightive pressure without cavitation. Our resultscavitation occurs can be calculated from the
difference between transpiring and non-tranindicate that using silicone oil in the probecapillary pressure equation, [i.e,,P= 27/,
spiring leaves. This is because during transpchamber might cope with these negativevhere 7 is the surface tension of the oil
ration, pressure gradients are built up within theressures better than wafehis might be (r = 2.5 102N m™ at 20C) and 2r the
leaf, which come into equilibrium when thebecause silicone oil is more adhesive to thdiameter of the bubbles]. When the pressure
leaf is cut for the pressure bomb measuremererspex surfaces in the pressure probe, addference between the interior of the gas bubble
Although the phenomenon is well-knot¥#f,  this effect might override the effect of the(which is largely identical to the oil vapour
it has been ignored in many cases. It has nothitiggher surface tension of water comparegressure) and the liquid exceedg Ravitation
to do with the questioned large differences bewith that of silicone oil. To measure the ten-occurs. A critical pressure of-1.6 MPa
tween the pressure bomb values and the directjle strength of pressure probes, the tip of th@il-filled probe) means that the maximum
measured values of Rs postulated in the pipette of an oil-filled probe is sealed and thédubble size (2r) is 63 nm. The maximum
recent xylem pressure probe literafofe'’ capillary is locally cooled (Fig. 6). Negative pressure of—0.7 MPa (water-filled probe;
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Fig. 4. The response of xylem pressure
(P,) to pneumatic pressure applied to th
root (R) is linear. Filled circles indicate
decreasing P unfilled circles indicate
increasing P When Ris negative (below
atmospheric), the slope of this response|is
close to unity (slope= 0.850; F = 0.997). Leaf
When R is positive (above atmospheric) base
the slope is significantly smaller than
unity. This is because of guttation (the
exudation of water droplets from the leaf
margins and the stem, which occurs whe
the xylem pressure exceeds atmospheric
pressure), when the hydraulic resistang
of this pathway is much lower than that
of the root and other tissues where mog
of the drop in pressure occurs.

Pressure probe, Py

=~/

Guttation pathway, fi,g
(rectified liquid flow)

fi= fi,v + fi,g
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Vapour diffusion pathway
fiv = Aj gLAX

—

Water movement through
stomates and leaf air spaces

T=7.3X 102N m*at 20C) correlates with a
bubble of 420 nm [i.e. the bubble size that causes
cavitation is much smaller than or similar to the
wavelength of visible light (400-800 nm)].

Nevertheless, gas seeds are much too smalltv i 5 gjectrical analogue of sap flow in maize plantiil P are the pressures of theobe
be visible. Thus, if the pressure probe is used and root chamber, respectively. The discrete components of the electrical analogue consist of
to measure pressures-12 MPa (the lowest | resistors, rectifiers and constant current sources for vapour diffusion. R represents the hydraulic
value estimated from pressure bomb Bata| resistances of the plant parts. Rectifiers represent the pathway of gutiglitgutation is

the maximum size of the air bubbles that could the exudation of water droplets from the leaf margins and the stem, and occurs when the

= Wsoil * Pg
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exist in the probe would b€8 nm. xylem pressure exceeds atmospheric pressure). The vapour diffusion yate ¢bntrolled
by leaf vapour conductance Jgleaf area (A, and the vapour concentration difference
Conclusions between the leaf and the aikX). R, values were measured using a high-pressure flaw-

metef®, and a computer program was written to solve the steady-state water flow thriough

It appears that air-seeding limits the applica- each discrete component in the model (data not shown). The model predictions adfige with

tion of the probe for the direct measurement
of plant xylem under high tension. This impor
tant point has been overlooked throughout the
recent discussion about the validity of thefor sap ascent, has no experimental basis. Thehen working in the field or in a greenhouse
cohesion-tension theory. Unfortunately, limi-technique cannot be used in the range of pressther than under laboratory conditions. Tech-
tations of the technique have led to claims thaires (tensions) that are required. At presenmjcal improvements to the pressure probe tech-
the cohesion-tension theory is invalid. the cell pressure probe can be used to measunigueare necessary: such as the proper exclusion
Because of the higher surface tension afylem pressures down tel MPa (-10 bars). of gas seeding in the equipment, which largely
water compared with silicone oil, filling the Within this range of pressures, the result®riginate from air (gas) seeding through hydro-
pressure probe with water might reduce thebtained are in agreement with the cohesiorphobic cracks (fissures) in the surfaces within
tendency for gas seeding. However, this is ndgension theory. Similar results have beerhe probe or from hydrophobic adhesion failure
true. It appears that the adhesion of liquids tobtained with the Scholander—-Hammel bomlof seeds at these surfa®e® Sufficient
internal surfaces and the presence of gas seddsdirect measurement of xylem pressure) anduppression of these effects is required. One
on these surfaces play an important role, as héise pressure probe. Other limitations mighpossibility would be a drastic reduction of the
been demonstrated in other experimental sygxplain why previous pressure probe resultsurface area within the probe (i.e. reducing the
tems>?>%" This limits the application of the indicated a lower limit of—0.5 MPa (5 size of the probe). Another would be the use of
pressure probe to high tension ranges. Ounars). In some studies only subatmosphericlean’ materials (which tend to have no gas
results demonstrate that the conclusions drawpressures have been repoffédThe most seeds at the surfaces) and the creation of a strong
from recent pressure probe experiments thairobable limitation is air seeding through anteraction (adhesion) with the liquid used (water,
indicate that the cohesion-tension theory iteak at the point of probe insertion into thesilicone oil or another liquid). However, these
invalid or is, at least, not the major mechanismylem, but additional limitations might occur requirements are difficult to realise.
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Water Deficits: Plant Responses from Cell to
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8 12| 30s 20 Wei, C.et al. Direct measurement of xylem
a - L — pressure in leaves of intact maize plants: a test
-1.6 - of cohesion-tension theory taking into account
T T T hydraulic architecture?lant Physiol.
Cavitation Cavitation Cavitation (in press)

21 van den Honert, T.H. (1948) Water transport in
plants as a catenary procedscuss. Faraday

Fig. 6. Measurement of pressure probe tensile strength. Probes and micropipettes (Fig| 1) areSoc.3, 146-153
filled with silicone oil and sealed with glue. Negative pressures are created by cooling th2 Holbrook, N.M.et al.(1995) Negative xylem
probe capillary from the outside using dry ice (arrows). The example demonstrates thatpress-pressures in plants: a test of the balancing
ure probes can withstand negative pressures of dowrli#® MPa (16 bars). Upon cavi- pressure techniquSgcience270, 1193-1194
tation (bubble formation) the pressure jumps to a value above vacuum (i.. to a value closetPpockman, W.Tet al. (1995) Sustained and
the vapour pressure of the silicone oil as predicted). Data of the critical tension (tensile gjgnificant negative water pressure in xylem,
strength) varies somewhat between different probes and fillings, and appears to depend uporn . ,re378 715-716
impurities and other materials within the probes that can cause gas-seeding. This expgrim '

o . eydt, H. and Steudle, E. (1991) Measurement of
demonstrates that cavitation can be reversed by pressurizing the probe for a short perio _ . )

negative pressure in the xylem of excised roots,

time (heating?.
Planta184, 389-396
25 Fisher, J.C. (1948) The fracture of liquids,
J. Appl. Phys19, 1062-1067
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