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Abstract

A COMPOSITE TRANSPORT MODEL is presented which explains the variability in the ability of roots to take

up water and responses of water uptake to different factors. The model is based on detailed measurements of
'root hydraulics’ both at the level of excised roots (root hydraulic conductivity) Bpd root cells (membrane

level; cell Lp) using pressure probes and other techniques. The composite transport model integrates apoplastic
and cellular components of radial water flow across the root cylinder. It explains why the hydraulic conductivity

of roots changes in response to the nature (osmotic vs. hydraulic) and intensity of water flow. The model provides
an explanation of the adaptation of plants to conditions of drought and other stresses by allowing for a ‘coarse
regulation of water uptake’ according to the demands from the shoot which is favorable to the plant. Coarse
regulation is physical in nature, but strongly depends on root anatomy, e.g. on the existence of apoplastic barriers
in the exo- and endodermis. Composite transport is based on the composite structure of roots. A ‘fine regulation’
results from the activity of water channels (aquaporins) in root cell membranes which is assumed to be under
metabolic and other control.

Variability of root hydraulics the root cylinder (Steudle and Peterson, 1998). For a
given plant, both hydraulic resistances are variable for
Water supplied to the plant by the root contributes to different reasons. Reasons of the variability of radial
the overall water balance of the shoot. Despite this hydraulic resistance of roots are complex. They are
important function of roots, relatively little is known  closely related to the complex structure of roots. The
about the processes that govern or even regulate rootphenomenon has been known for a long time (Brewig,
water uptake. There is much evidence that the force 1937: Brouwer, 1954: Fiscus, 1975; Kramer and
driving water across roots is usually provided by the Boyer, 1995; Passioura, 1988; Steudle, 1989, 1994;
tension (negative pressure) created by transpiration Steudle and Frensch, 1996; Steudle and Peterson,
from the shoot and extending to root xylem (Steudle, 1998). However, no satisfactory model(s) have been
1995; Tyree, 1997). Hence, the force driving water presented so far to explain the finding which is crucial
across the root cylinder is usually a gradient in hydro- for our understanding of plant water relations.
static pressure. However, there are conditions under  There are changes in root hydraulic conductiv-
which the root acts as an osmometer rather than justity which are due to root development and aging.
a hydraulic resistor. They occur, when, in the absence Moreover, for a given root, the hydraulic conductance
of transpiration, the uptake of nutrient ions into the (inverse of hydraulic resistance) may vary in response
Xylem causes an osmotic water flow and a build up to external (e.g. drought or salinity) or internal factors
of root pressure. Instead of being dragged up to the such as the nutritional state and water status of the
shoot by negative pressure, the positive root pressureplant or the demand for water from shoot caused by
pushes xylem sap into the shoot under these condi-transpiration. Mechanisms are poorly understood. For
tions. Usually the resistance for axial flow along the the plasticity of root hydraulics, different reasons have
xylem is much smaller than that for radial flow across been discussed, i.e.:
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— changes in root morphology, structure and ana- thought that, because of suberization, these arrays do

tomy,

not contribute much to overall water uptake. However,

— changes in the transport pattern or mechanism of this has been questioned by Kramer some time ago

water flow,
— interactions between water and solute (nutrient)
flow, and
— changes in the activity of water channels.
In the following review these factors are briefly dis-
cussed. A model is put forward which, at least qual-
itatively, explains the variability in root hydraulics.
The model is quite flexible and allows to integrate dif-

(see discussion and literature in Kramer and Boyer,
1995, pp. 184). For technical reasons, it is still difficult
to quantify the uptake of different parts of roots or even
root zones. Different from the situation in the shoot,
much less is known about the ‘*hydraulic architecture
of roots’. This is due to the lack of techniques which
would allow to resolve the hydraulic conductivity of

root zones in an extensive root system sitting in soil

ferent views which have been dsicussed in the past. with sufficient accuracy.

Some recent findings are summarized which support ~ On top of these uncertainties, which are largely
the model. related to transport properties of the root apoplast,
there are open questions with respect water channels
(aquaporins) and how they would contribute to the
overall water permeability of roots. Water channel
activity considerably affects water transport at the cel-
With respect to water permeability, changes in the lular (membrane) level (see below; Azaizeh et al,
suberization of roots are most relevant. Suberization 1992; Frensch et al., 1996; Jones et al., 1983; Steudle
of roots increases with age and during stress (drought,and Jeschke, 1983; Steudle et al., 1987; Zhu and
high salinity, nutrient deprivation, anoxia, etc.). Young Steudle, 1991). For technical reasons, there are, to
roots suberize when they pass through different stagesdate, only a few experimental approaches to measure
of deve|0pment of the endo- and exodermis. During the hydraulic COﬂdUCtiVity at the root cell level and
state |, Casparian bands are forming in radial walls of to relate this to the overall hydraulic conductivity of
the endodermis. During state II, suberin lamellae are the entire organ during different stages of development
laid down in both radial and tangential walls. Even- (Steudle and Jeschke, 1983; Jones etal., 1983; Steudle
tually, cell walls are thickened during state Il which €t al., 1987; Zhu and Steudle, 1991; Azaizeh et al.,
results in the well-known u-shaped cross section of 1992; Frensch et aI., 1996) However, this information
endodermal cells. It has been shown that the exo- is badly needed to work out appropriate models for the
dermis also develops Casparian bands and that thiswater uptake of roots and how this would be controlled
structure then passes through similar states as the enOr regulated under different conditions. Detailed in-
dodermis which includes the formation of passage formation on water transport has to be related to root
cells (Peterson and Enstone, 1996). In young maize anatomy which can be quite variable. There are differ-
roots, the formation of a Casparian band in the exo- €nces in root anatomy and structure between species,
dermis did not affect hydraulic conductivity during habitats and growth conditions. When general con-
state | (Peterson et al., 1993; Steudle et al., 1993). clusions are drawn about transport mechanisms and
However, this may change during later states. For the models are worked out, the strong relation between
exodermis, experiments indicated a strong effect on Structure and function of roots has to be Carefully
the radial hydraulic conductivity (root l.p Zimmer- ~ considered (Steudle and Peterson, 1998).

mann and Steudle, 1998). In recent years, considerable

information has been collected of how changes in root

structure caused by drought, high salinity, anoxia, and Transport pattern and mechanisms

nutrient deprivation are reflected into changes of root

hydraulic properties (Azaizeh et al., 1992; Birner and Besides other factors, changes in transport mechan-
Steudle, 1993; Carvajal et al., 1996; Cruz et al., 1992; ism(s) for water which cause changes in the radial
North and Nobel, 1991; Peyrano et al., 1997; Stavosky water uptake (root hydraulic conductivity, Lp are

and Peterson, 1993). Fairly little is known about the related to the intensity of water flow and to the nature
contribution of older thickened roots to overall water of forces applied to drive water across the root. The
uptake. These roots are covered with several layers of Ohm’s law analogy of water flow (van den Honert,
suberized cells, e.g. in woody species. Usually, it is 1948) may not hold for roots in all cases. This law

Root anatomy
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predicts that water flow across a root would linearly in- which takes into account the structure of roots (or of
crease in proportion to the force driving the flow which  other tissue) and is based on irreversible thermody-
is the gradient in water potential between soil and root namics (Figure 2; Steudle, 1989; 1994; 1997; Steudle
xylem. One would think that the different components and Frensch, 1996; Steudle and Peterson, 1998).
of water potential (hydrostatic and osmotic pressure, The model shows that the different pathways may
matric and gravitational potential) have the same effect be used with different intensity which then results in
on the flow. However, this is not the case. Depending the observed plasticity in root hydraulics. Besides the
on the species used, there are large differences in rootintensity of water flow, the physical nature of driv-
hydraulic conductivity (‘root Lp’) observed either  ing forces is crucial. In the presence of (hydrostatic)
during osmotic (such as during conventional exudation pressure gradients, flow is largely around protoplasts
of an excised root) or hydraulic water flow (such as in (apoplastic), because this path represents a low hy-
transpiring plants). Careful investigations have shown draulic resistance. The data indicate that there should
that the story is tied up with the question of how wa- be some apoplastic flow even across the endodermis,
ter uses the different pathways which are potentially i.e. Casparian bands appear to be somewhat permeable
available in roots (see below). Furthermore, the hy- to water (but not to ions) during state | or even later.
draulic resistance of roots usually decreases when theThis results in a high overall hydraulic conductivity
force (flow rate) increases, i.e. there is a non-linear of the root (root Lp) which is sometimes even larger
relationship between forces and flows. than that of the plasma membrane of individual root
In the root cylinder there are three different path- cells. On the other hand, water flow in the presence
ways (Figure 1). The firstis the apoplastic path around of osmotic gadients is low as would be the case in the
protoplasts. The second path is the symplastic which absence of transpiration and during phenomena such
is through plasmodesmata. When travelling along this as root exudation. Osmotic driving forces only cause
latter path, water stays within the ‘cytoplasmic con- a water movement in the presence of membranes.
tinuum’. Last but not least, we have the transcellular Provided that osmotic gradients applied from outside
or vacuolar pathway which is across membranes. This do not create hydrostatic or matric forces within the
latter route is something special for water. It is due root (Zimmermann and Steudle, 1998), an osmotic
to the high permeability of membranes to water. For water flow across the root has to pass many mem-
ions and other solutes present in plant cells, the con- branes which results in an overall root,Lwhich is
tribution of this component will be usually negligible. much less than that found during hydraulic water flow.
Although there have been attempts to use the pressure
clamp-technique to work out symplastic and transcel-
lular components of water flow (Murphy and Smith, The composite transport model of the root
1998), there are, to date, no approaches to separate
components in a way which is experimentally simple The composite transport model is based on detailed
and straightforward. Therefore, they are summarized measurements of hydrau”c Conductiviw and other
as a ‘cell-to-cell’ or ‘protoplastic’ component. transport properties (salt permeability and reflection
In the usual picture of water transport in roots coefficients) which have been obtained both at the
which is dealt with in textbooks, the flow of wa- |evel of individual cells and entire roots (see reviews:
ter across the root cortex is largely apoplastic. This Steudle, 1989; 1994: 1997: Steudle and Frensch,
changes at the endodermis because of the Caspariangg6:; Steudle and Peterson, 1998). An important
band which interrupts the apoplastic path. There will feature of the model is that there are two parallel path-
be a transcellular transport step at the endodermisways present which exhibit a quite different ‘passive
which is usually thought to rate-limit water transport selectivity’ as expressed by their reflection coefficients
across young roots. In the stele, the situation will be (4). To a first approximation, the cell-to-cell (proto-
then similar to that in the cortex. plastic) path is semipermeable, i.e. it exhibits &
Detailed measurements of root hydraulics have of close to unity. The apoplastic path, on the other
shown that this simple picture has to be modified. hand, does not select between water and solutes (nu-
Depending on the conditions, the relative contribu- trient salts and others). The reflection coefficient here
tion of pathways to the overall uptake or hydraulic (5 ,27°) s, therefore, close to zero. The two pathways
conductivity may change substantially. A ‘compos- interact with each other, and the interaction results in
ite transport model of the root’ has been established phenomena such as a circulation flow of water and a
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Transport pathways
In roots
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Figure 1. Pathways for the movement of water and solutes in roots. The apoplasti@peagfers to the flow around protoplasts. The symplastic
component defines flow from cell to cell via plasmodesntbajaOn the third routgc), water and solutes have to cross cell membranes (two
membranes per cell layer; transcellular path). The transcellular path is important for water, but is of minor importance for solutes. For water,
pathways(b) and(c) cannot be separated experimentally to date. Therefore, they are summarized as a cell-to-cell path. It is usually assumed
that, in roots, the Casparian bands in the exo- and endodermis completely interrupt apoplastic transport. Here, it is, however, indicated that
there may be an apoplastic component of water flow across Casparian bands.

low overall reflection coefficient of the root (as meas- The composite transport model readily explains
ured). An important consequence of the model is that the variability of root hydraulic properties in terms of
the hydraulic resistance of roots of transpiring plants changes in forces which cause a switching between the
will be low, i.e. in the presence hydrostatic pressure pathways used. Along the apoplast, a dependence of
gradients. Moreover, the supply from the root is ad- the hydraulic conductivity on the nature of the driving
justed according to the demands of the shoot. In the force has been discussed as well, to account for some
absence of a demand, there will be only osmotic gradi- of the changes in the overall root Lprhese changes
ents present due to the active uptake of solutes by thein the hydraulics of the apoplast may be brought about
root. These, however, will cause a much smaller root by changes in the water content of cell walls and
Lp, and water flow. The hydraulic resistance of the other things (Steudle and Frensch, 1996). Most inter-
root will be high. As a consequence, losses of wa- estingly, there are species in which root,Lig not

ter to a dry or saline soil will be delayed under these as variable as in others. For example,Rhaseolus
conditions. Hence, composite transport provides some coccineusand barley, the hydraulic and osmotic,Lp
kind of a switching between transport models and a were similar (Table 1). This has been interpreted by a
‘coarse regulation of water flow’ across roots which is  high membrane Lp (ifP. coccineu)sor a rather tight
favorable for the plant. Casparian band (in barley).
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Table 1. Root hydraulic conductivity (Lp), solute permeability (), and reflection coefficientss§,) of roots ofherbaceous (A) and

woody (B) speciess determined with the root pressure probe and other techniques. Where available, hydraulic conductivities of root cell
membranes (cell Lp) are given for comparison. Because of the high cell Lp, there are no differences between osmotic and hydraulic water
flow (Lp,) in barley andPhaseolus coccineuBor maize andPhaseolus vulgarighere are large differences. Differences between osmotic

and hydraulic water flow are much larger for roots of trees than for those of herbs. Tree roist lom average, smaller by an order

of magnitude than that of herbaceous plants. Values ofagpotare significantly lower than unity for solutes for which cell membranes
exhibit ac ¢ of virtually unity. o5, values of tree roots are substantially smaller than those of roots of herbs. The findings are explained by
the composite transport model of the root (see text). (n.m. = not measurable)

Species Root Lp- 10 Root Root reflection Techniques Ref.
(ms1mMpPaly permeability, coefficient,
Pyr 109 (m S_l) ogr (1)
hydraulic osmotic
A. Herbaceous plants
Hordeum 0.3-4.3 0.3- - mannitol: ~ 0.5 Cell and root
distichon, CellLp:12 4.3 pressure probe [€)
primary root
Zea mays, 1-46 0.1-5 sucrose: 3.0 mannitol: 04.-0.7 Cell and root
primary root Cell Lp: 24 NaCl: 6-14 sucrose: 0.54 pressure probe (b) to (e)
NaCl, KCI: 0.5-0.6
Zea mays, 21 2.2 — nutrients: 0.85 Stop-flow technique (f) and (g)
root system and osmotic flow
Allium cepa, 14 0.02— NaN@. KCI, mannitol, NaNQ, Root pressure
primary root 2 0.7 and NENO3: 0.35-0.88  probe (h) to (j)
Phaseolus coccineus,2—8 3-7 mannitol; mannitol: 0.68
coccineus, Cell Lp: 30- 0.15 NaCl: 0.59
primary root 470 NaCl:0.21 KCI: 0.43-0.54
KCI: 0.7-0.9
Phaseolus 30 0.56 nutrients: 1.3 nutrients: 0.98 pressure chamber
vulgaris, and osmotic flow (f) and (k)
root system
B. Woody plants
Picea abies, 6.4 0.017 n.m. NgSOy, KoSOy, Ca(NGs)z:
root system 0.18-0.28
Quercus 0.5-4.8 0.003- n.m. mannitol: 0.19-0.43  Root pressure () to (n)
robur, root 0.062 NaCl, KCI: 0.12-0.35 probe
system
Fagus 0.35-1.6 0.022— n.m. mannitol: 0.29-0.82
sylvatica, 0.11 KCI: 0.22-0.55
root system NacCl: 0.32-0.64

(a) Steudle and Jeschke, 1983; (b) Steudle et al. 1987; (c) Steudle and Frensch 1989; (d) Zhu and Steudle, 1991; (e) Peterson et al., 1993;
(f) Newman, 1973; (g) Miller, 1985; (h) Melchior and Steudle, 1993; (i) Melchior and Steudle, (1995); (j) Steudle and Brinckmann 1989;
(k) Fiscus, 1986; (I) Rudinger et al., 1994; (m) Steudle and Meshcheryakov, 1996; (n) Steudle and Heydt, 1997.



50

Composite transport model of root

root osmotic barrier

- /A -
Outside Inside
(root medium) (root xylem)
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Figure 2. Composite transport model of root (schematical). The root osmotic barrier is comprised of cells (protoplasts) and the apoplast. The
apoplastic path may be interrupted by Casparian bands in the endo- and exodermis (not shown for sake of simplicity). Water and solutes move
along the two parallel pathways (cell-to-cell and apoplastic route). The cell-to-cell path has a high selectivity (reflection coeffi€ient,),

and the apoplastic path a very low selectivity; {P° ~ 0) for solutes. At low rates of transpiration, this results in a circulation flow of water in

the root and in a low overall roet,, (as found experimentally). The model explains variable root hydraulic conductivity which depends on the
nature of the driving force and other things. For further explanation, see text.

Interactions between water and solute flow of xylem sap. In turn, this modifies the force driving
water uptake. As water uptake increases during tran-

As solutes (nutrients) move across the root cylinder, spiration, the concentration of xylem sap is reduced
osmotic concentrations within the apoplastic and pro- at a constant rate of active uptake of nutrients. At
toplastic compartments change. This, in turn, causes sufficiently large rates of uptake, the osmotic driving
a redistribution of water between pathways. The com- force will vanish. Fiscus (1975) analyzed this ‘dilu-
posite transport model accounts for these interactions. tion effect’ quantitatively. He found that the effect may
In the model, the diffusion along the apoplast is taken account for some of the ‘apparent’ variability of root
into account. Along the cell-to-cell path, the diffusive Lp, reported in the older literature. This may be true.
transport of solutes will be usually negligible because However, recent studies with excised root systems of
of the low membrane permeability of solutes (nutri- maize have shown that most of the differences between
ents). Active transport may be important at low rates of osmotic and hydraulic Lpremain even when the dilu-
transpiration. This may be accounted for in the model tion effect is accounted for (Zimmermann and Steudle,
provided that the rates of uptake by cells in different 1998). Thus, there are inherent differences in root Lp
layers is known. which are related to changes in the mechanisms of

Another important point which relates to wa- flow. As pointed out, the differences are physiologic-
ter/solute interactions, is the fact that water uptake ally important, namely, during the adaptation of plants
into the root xylem reduces the osmotic concentration to water stress.
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Role of water channels (aquaporins) in roots: is triggered by environmental factors (Steudle and Henz-
there a fine regulation of water flow? ler, 1995). In pea, water shortage increased the expres-
sion of water channels (Guerrero et al., 1990). In corn

It has been shown that water channels or aquaporinsroots, high salinity reduced the permeability to water
contribute to most of the hydraulic conductivity (wa- ©f both root cells and (to a lesser extent) whole roots
ter permeability) of plant cell membranes (Chrispeels (Azaizeh and Steudle, 1991; Azaizeh et al., 1992).
and Maurel, 1994; Hertel and Steudle, 1997; Maurel, Carvajal etal. (1996) have shown that depriving wheat
1997; Schaffner, 1998; Steudle, 1997; Steudle and Plants of nutrients also decreased root Lagoparently
Henzler, 1995; Schiitz and Tyerman, 1997; Tyerman by affecting the activity of water channels. These find-
et al., 1999). Water channels are transport proteins ings are in line with the observation that treating roots
of a molecular weight of about 30kDa. They be- With mercurials reduced root l.preversibly (Maggio
|Ong to a h|gh|y conserved group of proteins called and JO'y, 1995) At the level of individual internodes
membrane integral proteins (MIPs). MIPs are fairly Of Chara the effect has been documented in great
hydrophobic. Common to all MIPs are six transmem- detail (Henzler and Steudle, 1995; Schytz and Tyer-
brane domains which span the membrane and two man, 1997; Steudle and Henzler, 1995; Tazawa et
smaller hydrophobic loops on either side containing al, 1996; Wayne and Tazawa, 1990) In these exper-
the asparagine-proline-alanine (NPA) motif (Park and iments, water channel activity has been titrated with
Saier, 1996; Reizer et al. 1993). The NPA motif is mercuric chloride or p-chloromercuriphenylsuolfonic
thought to be the part of the pore region creating the acid (p-CMBS). Similarly, high external concentra-
selectivity for water. The entire structure resembles an tions of permeating solutes have been employed to
hour glass (Jung et al., 1994; Walz et al., 1995). The cause a closure of water channelsGhara (Steudle
aquaporin AQP1(CHIP28) forms water channels inthe and Henzler, 1995). Higher plant cells have been also
p|a5ma membrane of red cells and epithe"a (Nie|son used in these latter studies which were performed with
and Agre, 1995; Preston et al., 1992). It has been crys-the aid of the cell pressure probe (Steudle, 1993).
tallized and structurally resolved (Jap and Li, 1995; The results demonstrated that water and the small un-
Cheng et al., 1997; Walz et al., 1997). AQP1 forms charged solutes used different pathways to cross the
tetramers but each monomer is thought to facilitate Plama membrane, as postulated in the presence of se-
water flow (Verkman et al., 1996). The first MIP from lective pores for water which allow for most of the
p|ant5 was cloned and functiona”y expressed in 1993 water flow. However, the quantitative treatment of in-
(y-TIP; Maurel et al., 1993). This has renewed in- teractions between water and solute flows showed that
terest in the biophysics of plant water (Chrispeels and there was some slippage of the small test solutes across
Maurel 1994; Maurel, 1997; Schaffner, 1998; Steudle Water channels which caused some drag of solvent
and Henzler, 1995). It has been shown that, although (water). To date, there are no equivalent experiments
water channels are selective for water, there may be with cells of plant tissue such as with root cortical
some s|ippage of small Organic molecules (Henz|er cells. One would need to measure cell Lp in the pres-
and Steudle, 1995; Hertel and Steudle, 1997). Mer- €nce and absence of functioning channels as well as

curials such as mercuric chloride (HgChave been  the overall root Lp and compare the results. Changes
used to reversibly block the channel function. This inthe expression of water channelsin differentroot tis-

has been demonstrated either in frog oocytes, wheresSue would have to be demonstrated as well (Schéffner,

channel protein was expressed, ofharainternodes ~ 1998). These experiments are underway.

(Chrispeels and Maurel, 1994; Schitz and Tyerman,

1997; Steudle and Henzler, 1995). During tissue trans-

port such as in roots, water channel activity should Fine regulation vs. coarse regulation

affect root Lp and, hence water uptake. However,

from what has been discussed so far, this should de-So far, the results with roots indicate that there is

pend on the flow model, i.e. on the actual contribution a regulation of water uptake along the cell-to-cell

of the cell-to-cell (protoplastic) path to overall water passage, namely, in older suberized roots where the

flow (root Lp,). apoplastic path is blocked. So, water channels may be
It is interesting that water channel activity may looked at as a tool to provide some ‘fine regulation

be controlled by metabolism (e.g. by a phophoryla- of water uptake’ in tissues when the apoplastic path

tion of aquaporins; Johansson et al., 1996) or may be cannot be used (Steudle, 1997; Steudle and Peterson,
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1998). Regulation along the cell-to-cell path may be Summary of recent results
affected by external factors such as high salinity, nu-
trient deprivation, anoxia, and temperature (Azaizeh Some results of root hydraulics are summarized in
and Steudle, 1991; Azaizeh et al., 1992; Birner and Table 1. The table separates between herbaceous and
Steudle, 1993; Carvajal et al., 1996; Henzler et al., woody species. On average, roots from herbs have a
1998; Hertel and Steudle, 1997). It may be mediated root Lp. which is larger by an order of magnitude than
by a phosphorylation of the transport proteins (Johans- that of woody species. This is due to differences in root
son et al., 1996). Future work has to show if this is structure, namely, to the stronger degree of suberiza-
true. This work has to imply both the situ character- tion of woody roots. As for the water, the permeability
ization of transport proteins and the measurement of of woody roots to solutes (permeability coefficients
its function at the cell and root levels. In terms of root of salts, sugars and the like) is substantially smaller
physiology it would be most important to find out the than that of herbs. However, reflection coefficients of
mechanisms which trigger the opening and closing of woody roots (which denote the 'passive selectivity’ of
water channels, i.e. the mechanisms of the gating of a root) were smaller than those of herbs. In terms of
water channels (Tyerman et al., 1999). the composite transport model this is understandable.
In composite transport systems with parallel arrays,
the components (cell-to-cell and apoplastic path) con-
) ) tribute to the overall reflection coefficient according to
Experimental techniques their hydraulic conductances. Since the permeability
of woody roots is lower than that of herbs, the relative
At the level of individual root cells, water transport contribution of the apoplastic bypass is more signific-
(hydraulic conductivity, Lp) has been measured using ant for the former. In tree roots, differences of up to
the cell pressure probe (Steudle, 1993; Steudle et al.,three orders of magnitude have been found between
1987; Zhu and Steudle, 1991; Figure 3). The tip of osmotic and hydraulic water flow (root Lp This re-
the probe (diameter: 2 to Zm) was introduced into ~ markable effect has been explained by the model but
individual cells in different layers of the root which may, in addition, result from changes in the apoplastic
then allowed the monitoring of cell turgor. Cell Lpwas hydraulic conductivity in the presence of pressure
measured after manipulating the equilibrium turgor to gradients (Steudle and Frensch, 1996).
produce a water flow across the membrane which was It should be noted that, besides the water, the apo-
monitored as a ‘pressure relaxation’. The half-time of plastic component of transport could be also important
the process is a measure of Lp. In the same, or in afor the stress hormone abscisic acid (ABA). When
separate experiment, the root pressure probe has bee®BA was applied to the root medium, there was a
employed to measure the overall hydraulic conduct- considerable byass flow of ABA in young maize roots,
ivity of roots (Steudle, 1993; Steudle and Jeschke, i.e. ABA was transported by solvent drag with the
1983; Steudle et al., 1987; Zhu and Steudle, 1991; transpiration stream imitated by a vacuum applied to
Figure 4). Figure 4 also shows how root,Lipas been  the cut end of the excised roots (Freundl et al., 1998;
measured by alternative, steady-state techniques. In1999). Inroots of sunflower, the effect was much smal-
the latter techniques, either pressure gradients haveler. The results indicate that the uptake of ABA present
been applied (pressure chamber, vacuum), or the os-in the soil solution in low concentrations, could con-
motic pressure of the medium was varied (for details, tribute to the xylem concentration of the hormone.
see legend to Figure 4 and Zimmermann and Steudle, Alternatively and more likely, ABA produced in cells
1998). of stressed roots may be delivered to the root apoplast
The root pressure probe has been used to separat@nd then transferred to the shoot with the transpira-
the axial hydraulic resistance of xylem vessels from tion stream. In both cases, the apoplastic flow of ABA
that related to flow across the root cylinder (Frensch will compensate for the dilution caused by water up-
and Steudle, 1989; Melchior and Steudle, 1993) and take. Hence, the root-to-shoot signal of ABA may have
to measure the radial hydraulic resistance of individual an apoplastic component which is directly coupled to
root zones (Frensch et al., 1996). water uptake, i.e. to transpiration.
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Figure 3. Cell pressure probe for measuring the hydraulic conductivity (water permeability) of plant cell membranes. The tip of the microca-
pillary is introduced into the cell so that turgor causes a shift of the oil/water meniscus in the tip which can be manipulated by moving the metal
rod. Pressure relaxations are produced to work out the hydraulic conductivity of the membrane from half-times of the equilibration of turgor
pressure. This requires also the measurement of the elasticity of the cell (also done with the probe) and cell dimensions (cell surface area and
volume).

The integration of views The detailed data obtained so far for root hydraul-
ics (cell and root level) are in agreement with the com-

Composite transport provides an integration of views POsite transport model. Pathways are coupled to each
to explain the variability of root water uptake (hy- other, i.e. water and solutes are exchanged between
draulic conductivity). Changes in root anatomy and Pathways as they move across. The model explains the
structure have been taken into account such as thedifferences found between hydraulic and osmotic wa-
formation of apoplastic barriers (Casparian bands) in ter flow and the variability of root Lpwhich changes
the endo- and exodermis and of suberin lamellae. in response to the nature of the driving force and the
The model may be used to integrate effects of water intensity of flow. Hence, it predicts that root Lmay
channels (aquaporins) which are much discussed atVary aCCOfding to external conditions (aS fOUnd). Itis
present. Water channel activity affects the cell-to-cell Proposed that the variability in root Lpprovides a
(protoplastic) rather than the apoplastic component of ‘coarse regulation’ of water uptake by roots. A ‘fine
overall root Lp. The model may also account for regulation’ may be broughtabout by the action of wa-
changes in the driving forces by a dilution of xy- ter channels along the cell-to-cell path. Present work
lem sap (‘Fiscus-model’; Steudle and Jeschke, 1983; concentrates on the role of water channels during wa-
Steudle et al., 1987). As it stands, it considers par- ter uptake, i.e., the activity of aquaporins is being
allel transport but serial array of tissues could be Mapped in different root tissues. The modes by which
incorporated and axial transport in the xylem (Steudle Water channels are triggered by external and internal
and Peterson, 1998). Special components would beSignals are currently being worked out (drought, salin-
the transport across plasmodesmata (symplastic flow)ity, temperature, nutritional state, heavy metals, etc.).
which has been thought to substantially contribute to The use of transgenic plants and of plants with re-
overall water flow across roots (Zhang and Tyerman, Verse genetics play an important role in these studies
1991). In some models, it has been speculated that(see Tyerman et al., 1999, for references). Another
this component may be affected by pressure gradi- important issue is the separation of series hydraulic
ents across roots (Passioura, 1988). There have beem€sistances in the root cylinder, namely, of those of
attempts to incorporate the interaction between act- the exodermis and endodermis, and how they would
ive solute (nutrient) flow with the water (Steudle, change during root development. Recent data from
1989). However, this extension would require detailed Maize indicate that the development of an exodermis
knowledge of uptake rates and how this would affect May strongly decrease the overall root,L@he re-
osmotic gradients within and across the root cylinder. lative contributions of the cell-to-cell and apoplastic
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Figure 4. Experimental set-up employed to measure water transport and hydraulic conductivity of excised roots (root systems and individual
roots). Different techniques may be used. In one procedure, root exudation is measured while pneumatic pressure is applied to the root system
which is tightly sealed in a pressure chamber. The protruding root base is connected to a calibrated capillary. With valves 1 to 5 open and valve

6 closed, the steady water flow across the root (root system) is measured in response to a pneumatic pressure applied to the root. Alternatively,
a pressure gradient may be set up by applying vacuum (valve 4 open) or pressurized air (valve 2 open) to the cut root base (xylem; valves 1, 5,
6 open; valve 3 closed). In the absence of pressure gradients (all valves open), water flow may be also measured in response to changes in the
osmotic pressure of the root medium. With valve 1 closed and valves 5 and 6 open, the root pressure probe is employed to megsure root Lp

this type of experiment, root pressure builds up within the probe which is then changed to induce a water flow, analogous to the procedure used
for cells (Figure 3). From the subsequent rate of equilibration of root pressure, ro@t éyaluated.
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