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down to a portion of root or to the tissue level. These 
advances pave the way for a better comprehension of 
the dynamics of water uptake by roots in the soil.
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Introduction

The plant root system is a highly complex and spe-
cialized organ, which serves as an anchor and forages 
for nutrients and water in heterogeneous soil environ-
ments. Water uptake by roots, which is the main, if not 
the unique, source of water for most land plants has 
been the object of extensive experimental and theo-
retical studies. Yet, this process still raises key issues 
for the years to come. Besides showing some appar-
ent paradox with the laws of physics (Couvreur et  al. 
2021), the mechanisms which allow roots to function 
and acclimate under an ever-changing and challenging 
environment remain poorly known. Drought and flood-
ing, in particular, are major sources of yield loss (Lynch 
2007; Maurel and Nacry 2020). Thus, understanding 
how plants take up water may help finding solutions 
to mitigate the impact of these stresses. In addition, 
water transport in shoots has been extensively used to 
decipher or even predict plant responses to stresses and 
climate change effects (Anderegg 2015; Powell et  al. 
2017; Liu et al. 2020). Adding a better comprehension 
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on root hydraulics to such knowledge will allow to 
expand further our possibilities of action.

During uptake by roots, water is transported radi-
ally from the soil to the root stele (Steudle 1989). 
Radial water flow occurs via three main pathways: 
apoplastic (i.e. water passes along the cell walls), 
symplastic (i.e. water passes from cell to cell through 
plasmodesmata) and/or transcellular (i.e. water 
crosses cells and cell membranes) (Maurel et  al. 
2015). Water is then loaded into the xylem vessels 
where it moves upward and is redistributed along the 
plant axis to the leaves and other sink organs, to sup-
port transpiration, growth and development.

In a first representation, water transport through-
out a root system can be understood as the conse-
quence of motive forces acting on hydraulic cir-
cuits. The overall force energizing the flow comes 
from the difference in free energy of water (aka 
water potential) between the xylem at the base of 
the root and the soil. The hydraulic properties of a 
root system follow from the integration, at molec-
ular, tissue and organ levels, of all anatomical 
and architectural components that mediate water 
transport. Since the root is a usually hidden organ 
that is hardly accessible to the experimentation in 
its natural functioning mode, a lot remains to be 
uncovered. For example, many components of the 
water paths in the root have been identified qualita-
tively from studies at the organ level, but capturing 
their exact position within the whole root and their 
quantitative contribution still requires more efforts. 
The difficulties lie in the fact that a root system is 
an intricate assembly of molecules, structures, tis-
sues and branches.

This review addresses the physical principles 
and various biological components that determine 
whole root water transport. After a brief theoreti-
cal introduction, we put a special emphasis on how 
root water transport can be experimentally meas-
ured, what is known about the underlying molecu-
lar actors, and how elementary water transport pro-
cesses are addressed and scaled up in numerical/
mathematical models. These approaches ultimately 
aim at understanding and predicting the hydrau-
lic functioning of the whole organ. The signaling 
mechanisms and physiological regulations that act 
on root water transport have been addressed in sev-
eral recent reviews (Scharwies and Dinneny 2019; 
Maurel and Nacry 2020; Maurel et al. 2021).

Current experimental approaches

This section aims at providing the reader with a 
minimal theoretical knowledge, to understand how 
hydraulic properties can be experimentally deter-
mined at root cell and organ levels. A more general 
overview (Lambers and Oliveira 2019) or a more fun-
damental description of plant water relations (Dainty 
1963) can be found elsewhere. The commonly used 
techniques are described below while the most recent 
methods, involving modeling, will be mentioned later 
on.

Theoretical bases of root water transport

The movement of water through a semipermeable 
barrier can be described as:

where Jv is the flow of water (m3.s−1), Lp is the 
hydraulic conductance of the barrier (m3.s−1.Pa−1), 
∆p is the hydrostatic pressure difference across the 
barrier (Pa), σ is the reflection coefficient, R is the 
gas constant (m3.Pa.K−1.mol−1), T is the temperature 
(K), and ∆cs is the difference in solute concentration 
across the barrier (mol.m−3). The last terms of the 
equation, σRT∆Cs, refer to the osmotic potential dif-
ference between the two compartments separated by 
the barrier. Since active transport of water by means 
of putative pump proteins plays, if any, a very mar-
ginal role (Zeuthen 2010), the movement of water 
is represented as passive (Tomkins et al. 2021). The 
equation above was first established for biological 
membranes (Kedem and Katchalsky 1958), and was 
subsequently experimentally extended to whole root 
systems (Dalton et al. 1975; Fiscus 1975). In the lat-
ter case, the root is assimilated to a single barrier 
that separates the soil solution from the lumen of the 
xylem vessels.

Root Lp, also referred to as Lo in the literature, can 
be described as:

where Lpr is the root hydraulic conductivity (m.s−1.
Pa−1) and S the root surface (m2). Other traits related 
to the size of the root system can be used, such as the 
total root length, or the root weight or volume. While 

(1)Jv = Lp(Δp − �RTΔcs)

(2)Lp = Lpr.S
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measuring Lp already provides valuable information 
on the hydraulic capacity of a root system, distin-
guishing Lpr and S allows to describe the respective 
contributions of the exchange surface and the intrin-
sic water permeability (hydraulic conductivity) of the 
organ.

Whole organ

The water transport capacity of a root system can be 
assessed by either direct measurements or a combi-
nation of experimental measurements with inverse 
modeling. A quick survey of the recent literature 
(< 2  years) mentioning root hydraulic parameters 
revealed > 40 studies on species as diverse as the 
model plants Arabidopsis and maize, various shrubs, 
or the extremophile Eutrema salsugineum. In addi-
tion, more than half of these studies relied on meas-
urements with pressure chambers, followed by the 
HPFM/HCFM (High Pressure Flow Meter/ Hydrau-
lic Conductance Flow Meter), exudation, and finally 
the root pressure probe. These classical methods have 
been in use for many decades and shown to provide 
similar results (exudation was not compared though) 
(Li and Liu 2010). Other methods exist, such as the 
xylem pressure probe (Wegner and Zimmermann 
2009), but are less commonly used. Here, we describe 
the principles and general procedure of the classical 
methods, and some of their limitations. A general 
overview can be found in Table 1.

The common representation behind these methods 
is the assimilation of a root system to a “simple bar-
rier”, as described in Eqs. 1 and 2. Thus, Lpr repre-
sents the integration of all water transport paths pre-
sent throughout the root system. They include the cell 
walls and other apoplastic barriers, the membranes, 
the plasmodesmata, the xylem vessels, and their vari-
ations along the various root branches and develop-
mental stages. These paths cannot be deconvoluted 
without additional hypotheses or complementary 
measurements.

Pressure chambers

Description and procedure  The technique relies 
on a motive force in the form of a hydrostatic pressure 
gradient applied to a root placed in a tank, and uses 
the outgoing flow to calculate Lp (Passioura 1988). 
The chamber itself is designed in stainless steel and 

can accommodate tenth of MPa of hydrostatic pres-
sure. The root (grown hydroponically, aeroponically, 
or in a pot) is placed in the tank filled with a solution. 
A hole in the lid allows the protrusion of the base of 
the root from the chamber (Fig. 1A). A critical aspect 
for soft tissues is to allow a tight seal around the pro-
truding root without compressing the xylem vessels, 
which would otherwise generate a resistance arte-
fact. Most of the published measurements validate 
a linear relationship between the gradient of water 
potential and the flow measured at the root base, and 
extract Lp as the slope of the flow-to-pressure [Jv(P)] 
relationship.

Because they rely on external imposition of a water 
potential gradient, the pressure chamber and related 
methods allow to overcome possible opposite gradi-
ents of water potential in plants cultivated in water 
stress conditions (drought or osmotic treatments). 
Therefore, it remains possible to measure a flow of 
sap under water deficit, and hence estimate the root 
hydraulic properties (Boursiac et al. 2005).

Limitations  General limitations of all techniques 
using de-topped plants are the wounding made by the 
cut and the interruption of communications between 
shoots and roots, and the disruption (at least tran-
siently) of the water potential continuum that existed 
before. Root excision has been shown to trigger, 
within a few min, a reduction in Lp in some plant spe-
cies (Vandeleur et al. 2013). This suggests that the Lp 
values obtained with these methods might underes-
timate the genuine conductance. It could be due for 
example to a cut-induced alteration in hydraulic prop-
erties due to a shift in the overall water potential with, 
in particular, a collapse of xylem tension. More spe-
cifically to the pressure chamber technique, linearity 
of the Jv(P) relationship has to be verified in order to 
ensure a proper calculation of Lp (See Eqs. 1 or 2). 
It is not always the case, especially at low P, when 
spontaneous exudation due to xylem pressure build-
up within the root (Schenk et  al. 2021) may deviate 
the Jv(P) relationship towards higher flows. At high 
P, destruction of tissues due to elevated pressures may 
occur, or more simply the sealing might not hold. 
Because the root is rather impermeable to solutes, the 
latter may be dragged and accumulate in the vicinity 
of internal barriers, thereby generating osmotic coun-
ter-forces (Knipfer and Steudle 2008). It has also been 
argued that pressurized water may fill intercellular 
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Table 1   Overview of 
methods for measuring 
the hydraulic properties of 
roots, root segments, root 
cells, or membranes

Method Measured 
object

Set 
parameters

Measured 
parameters

Advantages Limita�ons Examples 
refs.

Pressure 
chamber

Organ Gradient of 
water 

poten�al

Flow Applicable in 
any stress or 
physiological 
condi�on

Destruc�ve 
technique; 
Intact root 
must be 
accessed

(Passioura, 1988; 
Boursiac et al., 
2005)

HPFM/HCFM Organ Gradient of 
water 

poten�al

Flow Applicable in 
any stress or 
physiological 
condi�on, 
roots
maintained in 
soil

Destruc�ve 
technique; 
possible USLs
effects

(Tsuda and Tyree, 
2000)

Exuda�on Organ Gradient of 
water 

poten�al, 
flow

Low cost and 
easy to perform 
technique, 
mimicking the 
absence of 
transpira�on 
condi�on

Destruc�ve 
technique;
not adapted 
to short term 
water deficit
treatments

(Suku et al., 2013; 
Calvo-Polanco et 
al., 2021)

Root 
pressure 
probe

Organ, root 
segment

Gradient of 
water 

poten�al

Flow/ 
pressure 

relaxa�ons

Allows deep 
characteriza�on

 of 
unbranched 
root segments

Destruc�ve 
technique;
Possible USLs 
and 
capaci�ve 
effects

(Frensch and 
Steudle, 1989; 
Bramley et al., 
2007; Knipfer and 
Fricke, 2010)

Xylem 
pressure 
probe

Radial Lpr Gradient of 
water 

poten�al, 
flow

Direct 
determina�on 
of a local xylem 
pressure, can
be coupled to 
ion transport

Requires
generalizing 
assump�ons

(Wegner and 
Zimmermann, 
2009)

Vacuum 
method

Organ Gradient of 
water 

poten�al

Flow Mimics the 
transpiring 
condi�ons

Destruc�ve 
technique

(Meng et al., 
2016)

Cell pressure 
probe

Plasma 
membrane

Gradient of 
water 

poten�al / 
cell volume

Cell pressure, 
relaxa�on 

kine�c

In situ 
measurements

Tight seal 
required; 
restricted to 
certain cell 
types

(Tomos and Leigh, 
1999)

Protoplasts 
swelling 
assay

Plasma 
membrane

Gradient of 
osmo�c 
poten�al

Volume 
change
kine�cs

All cell types 
can be 
measured

Destruc�ve 
method: 
Removal of 
the cell wall

(Ramahaleo et al., 
1999; Moshelion 
et al., 2004)

Stopped 
flow 
spectrophot
ometry

Membrane 
vesicles

Gradient of 
osmo�c 
poten�al

Volume 
change
kine�cs

Various 
membranes 
types can be 
measured

Membrane 
proper�es 
can be 
altered 
during 
isola�on

(Maurel et al., 
1997; Gerbeau et 
al., 2002)

Stem 
segment 
under 

Stem 
conductance

Gradient of 
hydrosta�c 

pressure

Flow Easy to set up Sensi�ve to 
cavita�on,
Not direct for 
branched 
stems

(Melcher et al., 
2012)

pressure or 
suc�on
Raman 
microspectr
oscopy + 
MECHA

Flow 
velocity in 

xylem 
vessels

Can reach 
subcellular 
resolu�on

Restricted to  
small 
seedlings

(Pascut et al., 
2021)

Neutron 
radiography 
+ model

Local root 
hydraulic 

proper�es

Deuterated 
water uptake 

sites

Cellular 
resolu�on

Coupling to 
adequate 
model is 
required

(Zarebanadkouki 
et al., 2019)

NMR and 
MRI

Local 
hydraulic 

proper�es

Axial flows Tissue 
resolu�on

Requires 
independent 
physiological 
valida�ons 

(Peuke et al., 
2015)

“Cut & Flow” Axial and 
radial 

conduc�vi�es
 of 

complex 
root 

systems

Gradient of 
water 

poten�al

Whole root 
flow

Simultaneous 
measurement 
of both radial 
and axial 
conduc�vi�es

Model 
hypotheses

Boursiac et al. in 
revision

Pico gauges Membrane 
permeability

Flow through 
relaxa�on

Adapted to 
small cells

Relaxa�on 
kine�c 
accuracy

(Knoblauch et al., 
2014)

Most of the methods in the first part of the table are described in section II.B; meth-
ods of the second part are described in section VI.A. USLs: Unstirred layers
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spaces (such as aerenchyma), hence creating new 
conductive paths, although this did not prove signifi-
cant in soybean (Steudle and Boyer 1985).

Hydraulic Conductivity Flow Meter / High Pressure 
Flow Meter (HPFM /FCFM)

Description and procedure  The base of an excised 
root system is tightly connected to the HPFM/HCFM, 
which essentially consists of a circuit filled with filtered 
deionized water coupled to a flowmeter, and pressur-
ized by a gas tank (air or nitrogen; Tsuda and Tyree 
2000; Vandeleur et al. 2009; Ding et al. 2020; Fig. 1B). 
The gas allows to impose a hydrostatic pressure to the 
xylem, which provokes an outgoing water flow, in the 
reverse direction of the transpiration stream. A ramp 
of pressure is usually applied whilst measuring the 
forced flow, and artificial resistances can be added to 
the circuit for calibration purposes. The Lp is calcu-
lated as the slope of the Jv(P) relationship and can be 
normalized according to root size (dry weight, total 
length…). Alternatively, the flow measurement can be 
made at constant pressure, while the soil water poten-
tial is measured independently, to determine the actual 
water potential gradient. This technique is therefore 
well adapted to plants grown in soil, when the root is 
not easily accessible, and for a wide range of soil water 
potential. In particular, the ramp method is very rapid 
and may overcome the problems of altered Lpr upon 
decapitating the shoot. Lp is however measured without 
normalization by the root size (eg. Jiang et  al. 2020). 
Finally, Tsuda et  al. showed a good correspondence 
between Lo (plus the total plant conductance, Kplant, 
and leaf conductance, Kleaf) as measured with an HPFM 
and the same parameters, but measured by another tech-
nique, the evaporative method (Tsuda and Tyree 2000).

Limitations  The limitations of this technique are 
essentially the same as for the pressure chamber, due 
to the use of de-topped plants and the effects of pres-
surization on inner root water transport paths. It has 
also been argued that repeated pressure ramps, as well 
as forcing an outward water flow from the xylem, 
could generate unstirred layers (USLs) on the stellar 
side of the endodermis, which is selective to solutes. 
USLs effects may modify significantly the calculation 
of Lpr and should be taken into account. It was sug-
gested that transient pressure steps rather than a con-
stant pressure should be applied (Knipfer and Steudle 

2008). However, it has to be noted that continuous 
measurements in grapevine roots did not yield flow 
variations by more than 10%, which were below varia-
tions observed between plants (Vandeleur et al. 2013).

Exudation

Description and procedure  Measurement of Lo by 
exudation is a cost effective technique, as it just requires 
an osmometer. It roughly corresponds to the function-
ing of a root in the absence of transpiration, and hence 
is an adequate method to study root function in these 
conditions. In this configuration, a gradient of osmotic 
pressure is built up between the soil and the xylem ves-
sels by the direct or indirect, but active loading of sol-
utes (essentially mineral nutrients) into the vessels. As a 
consequence, soil water enters the root and the vessels, 
thereby pushing the sap towards the root base. The flow 
of exuded sap, Jv, can be measured by various methods 
using a flowmeter, a graduated glass capillary, or a cot-
ton mesh weighted over time (Javot et al. 2003; Suku 
et al. 2013; Fig. 1C). The water potentials of the solu-
tion and of the exuded sap have to be measured with an 
osmometer, in order to calculate Lp as Jv/∆Ѱ.

Limitations  A major limitation of this technique 
is the capacity of the excised root to maintain a sig-
nificant radial osmotic pressure gradient. This requires 
energy for the active transport of solutes against dif-
fusive concentration gradients. As a consequence, the 
flow of exuded sap can show a steady decrease, and 
measurements are usually not carried for more than 
90 min (Suku et al. 2013). In addition, sap exudation 
can only be observed in the presence of an inward 
osmotic gradient between the soil and xylem vessels. 
Hence, this technique cannot be used for studying the 
short-term responses of plant roots to soil water deficit 
that would, at least temporarily, disrupt this gradient.

Root pressure probe

Description and procedure  An excised root sys-
tem is connected by the stem or root base to a circuit 
filled with silicone oil, coupled to a pressure trans-
ducer and which volume can be adjusted by a piston. 
This setup allows to measure the native root pres-
sure built in the xylem vessels by the active pump-
ing of solutes (Steudle 1990; Knipfer and Fricke 
2010; Fig.  1D). The metal rod of the device allows 
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to impose in the xylem additional hydrostatic pres-
sure pulses, that will be attenuated by a resulting 
water flow between the xylem and the bathing solu-
tion (referred to as a relaxation). It is also possible to 
impose “osmotic” pulses by perfusing the root with 
solutions of various osmotic potential. Here again, 
the rapid change in water potential gradient between 

the xylem vessels and the bathing solution provokes 
a water flow between the two compartments. In both 
cases a xylem pressure relaxation can be monitored 
using the root pressure probe. The kinetics of pres-
sure adjustment is directly linked to the hydraulic 
conductivity of the root by the following equation:

pressure 
imposition

measurement

measurement

osmotic pressure

graduated capillary

BA

DC

Flow calculation system 
(meter or pressure sensors coupled to 

known resistance)

water

compressed 
air tank

pressure 
transducer

root / root segment

Adjustable metal rod
Water Oil

Fig. 1   Schematic representation of experimental setups dedi-
cated to measuring whole root water transport properties. A: 
pressure chamber, B: High Pressure Flow Meter (soil texture 
designed by brgfx / Freepik), C: exudation, D: root pressure 

probe ( adapted from Bramley et  al. 2007). A-C: The motive 
force is presented bold purple, the measured flow in purple. 
Flow can be measured in various ways such as a graduated 
capillary, a balance, or a flowmeter
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where T1/2 is the average half time of pressure relaxa-
tion (s), Ar is the total root surface area (m2), and ε 
is the elasticity of the root (root pressure variations 
induced by step volume changes, in Pa.m−3). In a 
variation of the method, termed “pressure clamp”, the 
pressure of the xylem vessels is set constant during 
a period (typically in the range of 2-4 min), and the 
flow of water pushed through the root is calculated by 
the displacement of the meniscus in the root pressure 
probe pipette. Both flow and pressure can be used to 
calculate the Lpr, in a way very similar to that of the 
pressure chamber or the HPFM (Wendler and Zim-
mermann 1982).

The technique allows to calculate both the Lpr 
and the solutes reflection coefficient when imposing 
osmotic shocks. It is well adapted to a precise dissec-
tion of the hydraulics of an unbranched root segment 
(for example, Frensch and Steudle 1989).

Limitations  Limitations of this technique are 
essentially as described above for other pressure-
based techniques. Furthermore, there has been a 
debate about the procedure that allows determining 
genuine Lpr values. It was shown indeed that the vol-
ume or pressure measurements during relaxation or 
clamps can be affected by the building of unstirred 
layers or by capacitive effects (Bramley et  al. 2007; 
Knipfer et  al. 2007; Knipfer and Steudle 2008). In 
addition, experimental errors made in determining 
individual parameters shown in Eq. 3 propagate upon 
calculation of Lp, thereby limiting the accuracy of its 
measurement.

Cell and tissue hydraulic conductivity

Cell pressure probe

The cell pressure probe (CPP) (Hüsken et  al. 1978; 
Steudle 1990; Tomos and Leigh 1999) consists of a 
tapered glass pipette, opened at the tip, filled with oil 
and connected to a pressure transducer and a metal rod. 
When a cell is impaled with the pipette, its turgor pres-
sure compresses and repels the oil in the pipette and cre-
ates a meniscus at the cell sap-oil interphase (Fig. 2A). 
The CPP is thus hydraulically connected to the cell and 

(3)Lp =
ln2

T 1

2

∙ Ar ∙ �

the pressure transducer reports on its turgor pressure. 
Similar to the root pressure probe, the metal rod can be 
used to impose a series of volume changes in pulses, 
which trigger changes in pressure and a subsequent 
relaxation. The pressure relaxation kinetics (which has 
to be distinguished from the possible elastic relaxation 
of the instrument) can be recorded up to a full stabiliza-
tion of the turgor through water flow between the cell 
and the surrounding apoplast. The hydraulic conductiv-
ity (Lpcell) of a cell is given by the equation:

where V and A are the volume and the surface area of 
the measured cell (m), respectively, T1/2 is the half-
time of relaxation (s), � is the elastic modulus of the 
cell (Pa), �e is the osmotic potential of the solution 
(Pa), and Pe is the average turgor pressure of the cell 
(Pa).

The CPP is the only technique thus far able to 
experimentally measure the full hydraulic properties 
of a plant cell in  situ. However, some cell types are 
not accessible to such approach due to the large size 
of the pipette tip with respect to cell dimension, or 
to the poor accessibility or visibility of the cell when 
deeply imbedded in inner root tissues. Clogging may 
also happen frequently in apoplasts rich in cell wall 
polymers such as waxes. Overall, impaling and pres-
surizing plant cells while maintaining a tight seal 
between the pipette and the cell remains challenging. 
Error propagation during Lpcell calculation can also 
be an issue.

Protoplast swelling assay

Protoplasts are usually released from roots through 
digestion with a mix of cell wall degrading enzymes 
such as cellulases and pectolyases. The isolated pro-
toplasts can subsequently be subjected to a hypo- or 
hyper-osmotic shock, while the kinetics of their 
subsequent swelling or shrinking are monitored by 
videomicroscopy (Fig.  2B). In order to keep them 
visible throughout these processes, individual proto-
plasts are held in place either by a gentle suction with 
a smoothed glass pipette (Ramahaleo et al. 1999) or 
by adhesion onto a coated microscopy glass slide 
(Moshelion et  al. 2004). The osmotic permeability 

(4)Lpcell =
V

A
∙

ln(2)

T 1

2

(� + �e + Pe)
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coefficient of the cell, Pos (m.s−1), can be calculated 
from the initial volume change rate (dV/dt)0 as:

and the Lpcell can be calculated as:

where S0 is the initial surface of the protoplast (m2), 
Vw is the molar volume of water (18.10–6 m3.mol−1), 

(5)Pos =
|||
|
(
dV

dt
)0
|||
|

1

S
0
∙ Vw ∙ ΔC

0

(6)Lpcell =
Pos ∙ Vw

R ∙ T

Δ C0 is the solute concentration difference between 
the initial bathing solution and the hypo- or hyper-
tonic solution (M), R is the gas constant (8.3144 m3.
Pa.K−1.mol−1) and T is the temperature (K). Other 
methods and details about the hypotheses behind the 
calculations can be found in Sommer et al. (2007).

All cell types are potentially accessible to this 
technique, provided that protoplasts can be isolated 
and their origin can be unambiguously assessed. The 
main limitations are that protoplast manipulation is 
technically challenging and protoplast volume meas-
urements have a low throughput. Most importantly, 
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Fig. 2   Illustrations of measurements of hydraulic proper-
ties at the cell level. A: drawing of a cell pressure probe, B: 
example pictures of protoplast before (left pictures) and after a 

hypo-osmotic shock (pipette diameter ~ 10 µm), C: drawing of 
a stopped-flow spectrophotometer
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protoplast isolation (which abolishes cell turgor) and 
their resuspension in a hyper-osmotic solution may 
alter the cell membrane permeability. Lpcell measured 
by this method is generally lower than that measured 
with the CPP (Tomos and Leigh 1999; Sommer et al. 
2007). This may prevent studies of regulations of 
water transport by osmotic signals, cell wall interac-
tions, or by the hydrostatic pressure itself. The exact 
subcellular events, possibly a remobilization of intra-
cellular membranes, that allow the swelling of pro-
toplasts by up to 70% of their initial volume remain 
mysterious (Moshelion et  al. 2004). A non-osmotic 
volume, which does not participate in water exchange 
but is integrated in the overall cell volume, is present 
in protoplasts and should be taken into account in Pos 
calculations (Sommer et al. 2007).

Stopped flow spectrophotometry

Cell membranes can be purified as small membrane 
vesicles from various tissue extracts, using two-phase 
partitioning or other techniques such as sucrose den-
sity gradient centrifugation (Gerbeau et  al. 2002; 
Alexandersson et  al. 2008). Membrane vesicles are 
then subjected to a hyperosmotic shock and their 
osmotic permeability coefficient can be deduced from 
the overall kinetics of volume adjustment (Horner 
and Pohl 2018). Due to the small size of the vesicles 
(< 1 µm), volume changes happen in a few dozens or 
hundreds of milliseconds. It is therefore necessary 
to use a fast kinetic technique (stopped-flow) which 
allows to mix, within milliseconds, minute volumes 
of microsomes with a hypertonic solution and moni-
tor their subsequent behavior (Fig. 2C). The stopped-
flow is usually coupled to a spectrophotometer which 
captures the increase in light scattering associated to 
the shrinkage of the microsomes (Maurel et al. 1997; 
Gerbeau et al. 2002). This technique has been instru-
mental for characterizing the water permeability of 
membrane fractions of different sub-cellular origins 
(plasma membrane, tonoplast,…) (Maurel et al. 1997) 
or the gating properties of plant aquaporins (AQPs; 
Gerbeau et al. 2002; Verdoucq et al. 2008).

Xylem conductance

Measurements of xylem conductance have long raised 
vivid debates (Melcher et al. 2012; Kim et al. 2014; 
Venturas et al. 2017). In particular, the occurrence of 

air bubbles within the vessels, which are under ten-
sion during plant transpiration, can cause dramatic 
changes in their conductive properties. In addition to 
their hydraulic conductance, xylem vessels are also 
characterized by their Percent Loss of Conductivity 
(PLC), which reports their vulnerability to cavitation. 
PLC is calculated from the measurement of the ini-
tial conductivity reported to the maximal conductiv-
ity of the xylem vessels. The maximal conductivity 
is obtained once all possible air bubbles have been 
expelled. The equation that allows to calculate the 
(maximal) xylem conductance is derived from Eq. 1, 
but with no osmotic flow (σRT∆Cs) since xylem ves-
sels are devoid of membranes (except for the imma-
ture vessels). The conductance can then be reported 
to the cross-sectional area of the xylem to yield the 
xylem specific conductivity (Melcher et  al. 2012). 
The principle common to all experimental methods 
used to measure xylem conductance is to impose 
a given gradient of hydrostatic pressure on a stem 
or root section where the vessels are cut open, and 
measure the resulting sap flow. HPFM and equivalent 
devices such as Xyl’em (Bronkhorst, Netherlands, 
Cochard et al. 2000; Barigah and Cochard 2012) are 
adapted to such measurements. The root pressure 
probe was also used to determine the axial conduct-
ance of small, unbranched, root segments (Frensch 
and Steudle 1989). Since the volume of pectins in the 
xylem cell wall, and their impact on axial conduct-
ance, can vary significantly depending on the sap ion 
concentration (Zwieniecki et  al. 2001), it is neces-
sary to use a solution with a few mM of compatible 
salts upon injection in the vessels. However, these 
techniques cannot be applied to highly branched root 
systems, which represent complex networks of axial 
conductances and in which radial transport of water 
can no longer be negligible compared to axial water 
transport.

In line with the techniques presented above, a few 
experimental challenges remain, in order to achieve a 
comprehensive view of root water transport. Firstly, 
we miss direct measurements of the water perme-
ability of the apoplast or other cell wall compo-
nents. Although permeabilities of apoplastic tracers 
or particles have been reported (Carpita et  al. 1979; 
Pecková et al. 2016), the drag of these compounds by 
the water flow can hardly be assimilated to the flow 
itself, due to their multiple putative interactions with 
the cell wall matrix. One avenue would be to extract 
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native cell wall polymers (Moreira et  al. 2020), and 
measure their permeability in  vitro after thin layer 
or vesicle reconstitution (Kumar et  al. 2007). Sec-
ondly, a comprehensive atlas of cell permeabilities 
is needed. While the water transport properties of a 
few root zones or cell layers have been characterized 
in detail (Peterson et  al. 1993; Frensch et  al. 1996; 
Bramley et  al. 2009; Gambetta et  al. 2013), we are 
still far from a full characterization of all cell types 
along the developmental axis of the root. Besides the 
amount of work required, another limitation is the 
small size of certain cell types (e.g. pericycle), which 
are not amenable to the CPP for example.

Bottom up approaches: from molecules to water 
transport

Water availability is known to induce short-term (min 
to h) changes in root hydraulic conductivity (Lpr) and 
on a longer-term (h to d) changes in root system archi-
tecture (RSA) (Maurel and Nacry 2020). In this par-
agraph, we look in detail at the individual elements 
that are involved in water transport and focus on the 
approaches used to demonstrate their implication.

Aquaporins

AQPs are members of the Major Intrinsic Protein 
(MIP) family that facilitate the bi-directional flow 
of water and other small substrates across cell mem-
branes (Chrispeels and Agre 1994; Javot and Mau-
rel 2002; Bezerra-Neto et al. 2019). In plants, AQPs 
occur as multiple isoforms (at least 35, depending on 
species) reflecting a high diversity of cellular locali-
zations, transport selectivity, and regulation proper-
ties. Plant AQPs are localized in the plasma mem-
brane, endoplasmic reticulum, vacuoles, plastids and, 
in some species, in the membrane compartments 
interacting with symbiotic organisms. For a more 
general overview of the functions and regulations of 
AQPs, the reader can check various extensive reviews 
(Maurel et al. 2015; Laloux et al. 2018; Bezerra-Neto 
et al. 2019; Tyerman et al. 2021). Here we will only 
focus on the role of AQPs with respect to water trans-
port. AQPs play key roles in hydraulic regulation in 
roots during drought stress, but also in response to 
stimuli as diverse as flooding, nutrient availability, 
temperature, or light.

The approaches used to demonstrate the involve-
ment of AQPs in root water transport can be separated 
into pharmacological and genetic approaches. One of 
the first chemicals used for studying water transport 
across cell membrane was mercuric chloride (HgCl2). 
Mercurial reagents act as general AQP blockers by 
oxidation of accessible cysteine residue(s). This 
redox modification leads to the blockade and/or col-
lapse of the aqueous pore (Daniels et al. 1996; Hirano 
et  al. 2010). Accordingly, root treatments of hydro-
ponically grown tomato and barley plants with HgCl2 
resulted in a marked reduction of Lpr measured with 
pressure chambers, which was tentatively reversed 
using a reducing treatment with dithiothreitol (DTT) 
(Maggio and Joly 1995; Knipfer et al. 2011). Another 
chemical used to block AQP activity is sodium azide 
(NaN3). NaN3 treatment of Arabidopsis roots induced 
a marked inhibition of pressure-induced water flow 
(87%) (Tournaire-Roux et al. 2003). One of the most 
established modes of action of NaN3 is to bind to the 
metal cofactors (i.e. heme, a3 and CuB) of cytochrome 
c oxidase (complex IV) (Yoshikawa et  al. 1998; Fei 
et  al. 2000). This results in a strong impairment of 
cell respiration, generating a cytosolic acidification 
(Zhang and Tyerman 1991; Kamaluddin and Zwiazek 
2001). This acidification triggers the protonation of a 
histidine residue that is highly conserved in the sec-
ond intracellular loop of plasma membrane AQPs 
(PIPs); this protonation in turn provokes the closure 
of the AQP pore (Tournaire-Roux et  al. 2003). A 
similar inhibition can be obtained by cell acid load-
ing using permeable weak acids such as propionic 
acid. Interestingly, cytosol acidosis was identified as 
the primary cause of Lpr inhibition in anoxic condi-
tions (Tournaire-Roux et  al. 2003). Divalent-cations 
are also important for regulation of AQPs (Zhang 
et al. 2013). As shown by measurements using a CPP, 
Arabidopsis suspension cells treated with Ca2+ low-
ered their Lpcell as a result of plasma membrane water 
channel inhibition (Gerbeau et  al. 2002). In contrast 
to protons, divalent cations act through binding to 
residues located on the N-terminal tail and first intra-
cellular loop of PIPs (Gerbeau et al. 2002; Tournaire-
Roux et al. 2003; Verdoucq et al. 2008).

Besides information on the gating properties of 
plant AQPs, these inhibiting treatments can be used 
to probe AQP function in whole roots. For instance, 
a combined usage of different inhibitors (mercury, 
propionic acid and azide) in 13 Arabidopsis natural 
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accessions allowed to show that the AQP contribu-
tion to Lpr varied from 30 to 77%, according to the 
genetic background (Sutka et al. 2011). Root water 
transport is also known to be responsive to nutrient 
availability. For example, wheat (Triticum aestivum 
L. cv. Chinese Spring) plants grown under nitrogen 
or phosphorus deprivation (for 5 and 7 d, respec-
tively) showed an inhibition in root Lp that was 
similar to that observed after a HgCl2 treatment. 
After nutrient resupply, Lp recovered to values sim-
ilar to those of control plants. This work gave the 
first functional proof of AQP implication in water 
uptake during plant response to nutrient availability 
(Carvajal et al. 1996).

In addition to pharmacological approaches, sev-
eral genetic approaches, relying on gain or loss-of-
function, have revealed the contribution of AQPs to 
Lpr. Insertion mutagenesis has been used to generate 
AQP knockout mutants in several plant (Javot et  al. 
2003; Ding et  al. 2020). For instance, Arabidopsis 
AtPIP2;2 is predominantly expressed in roots, with 
strong expression in the cortex, endodermis, and stele 
of elongated root segments (Javot et  al. 2003). Its 
genetic disruption using Agrobacterium transferred 
DNA (T-DNA) revealed that AtPIP2;2 contributes by 
25–30% to the Lpcell of the cortex. A 14% decrease in 
Lpr with respect to wild type was observed with the 
exudation method whereas not difference was meas-
ured with pressure chambers (Javot et al. 2003). The 
same genetic approach was used to disrupt AtPIP1;2 
showing that the corresponding isoform significantly 
contributes to the hydraulic conductivity of both roots 
and rosette, therefore representing a key component 
of whole-plant hydraulics (Postaire et al. 2010). Yet, 
and at variance to pip2;2 mutants, pip1;2 mutants 
showed a reduction in Lpr when measured with pres-
sure chambers but not using osmotic methods. Thus, 
identifying the functional role of aquaporins may be 
a complex task. In maize (Zea mays), insertion of 
a Mu transposon was used as another approach to 
knockout a single gene (ZmPIP2;5) encoding here 
the most highly expressed root AQP. Mutant plants 
for ZmPIP2;5 showed a decrease in cortical Lpcell and 
Lpr by 63% and ~ 60%, respectively (Ding et al. 2020).

The antisense technique was also used for tar-
geted disruption of AQP mRNAs in Arabidopsis and 
tobacco (Kaldenhoff et al. 1998; Siefritz et al. 2002). 
In the former species, the antisense lines showed a 
shoot development similar to control plants, but the 

root system proved to be five times more developed 
than in wild type plants. Xylem pressure measure-
ment suggested that the increase of root mass in 
antisense plants compensates for the reduced water 
permeability of root cells in order to ensure a suffi-
cient water supply to the aerial part (Kaldenhoff et al. 
1998). Another example comes from the study of 
NtAQP1 from Nicotiana tabacum, a gene expressed 
in all organs but with the highest levels in the root. 
Comparison of antisense with control plants provided 
evidence for the importance of AQP-mediated water 
transport in whole-plant water relations. As a conse-
quence of NtAQP1 silencing, droughted plants were 
impaired in their ability to restore leaf turgor upon 
rewatering, suggesting a defect in root water uptake 
and/or redistribution in leaves (Siefritz et al. 2002).

Besides artificial microRNA (amiRNA), which 
however was not used for root AQPs (Sade et  al. 
2014), virus-induced gene silencing (VIGS) is 
another reverse genetics technology that can produce 
a rapid, sequence specific, knockdown phenotype for 
a target gene (Burch-Smith et  al. 2004). This tech-
nique was used to study the PsPIP2;1 isoform of pea 
(Pisum sativum). Root and leaf hydraulic conductivi-
ties were significantly reduced in PsPIP2;1-silenced 
plants compared with control plants (Song et  al. 
2008).

Finally, over-expression of AQPs has also been 
used to address their role in plant-water relations. The 
results obtained with this technique are complicated 
to interpret, because changes in plant architecture may 
occur simultaneously to changes in tissue hydraulics. 
A typical example is given by the overexpression of 
HvPIP2;1 in barley, which resulted in an increase in 
Lpr by 40%, together with an increase in shoot-to-root 
mass ratio by 50% (Katsuhara et al. 2003).

Plasmodesmata

Although plasmodesmata have been proposed to be 
responsible for symplastic transport of water, there is 
to date no study that has directly addressed their role 
in root water uptake. While examining the effects of 
O2 availability and NaN3 on cortical cells of wheat 
roots, Zhang and Tyerman (1991) observed a reduc-
tion in apparent cell osmotic volume that was attrib-
uted to a decrease in hydraulic coupling of cells, 
likely due to a plasmodesmata closure. The decrease 
in cell Lp that was observed in parallel was also 
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interpreted as a sign of plasmodesmata closure. Yet, 
we now know that the latter effects are likely due to 
pH-dependent gating of AQPs (Tournaire-Roux et al. 
2003) and that this physiological context is likely to 
increase the size exclusion limit of plasmodesmata 
(Cleland et al. 1994).

Apoplastic root barriers

It is now established that cell membranes represent 
highly selective barriers for water vs. solute transport, 
while the apoplast would be much less selective. Yet, 
the respective contribution of these two pathways 
during root water uptake remains under debate. In 
particular, vascular plants display two apoplastic bar-
riers that prevent uncontrolled passage of water and 
nutrients through the roots, whilst also acting in plant 
protection against stresses. These barriers are located 
in the apoplasm of the endodermis and exodermis 
where they appear as lignin-made Casparian strips 
(CS), suberin lamellae and thickened walls (Hose 
et al. 2000; Enstone et al. 2002; Barberon et al. 2016). 
The endodermis, which corresponds to the inner cell 
layer of the cortex surrounds the central vasculature 
and plays a key role in plant nutrition due to its capac-
ity to form a selective barrier for water and nutrients 
(Barberon 2017). The exodermis, which is located 
underneath the epidermis and can be considered as 
one type of hypodermis harbors CS in its anticlinal 
cell walls (Peterson and Perumalla 1990).

Several approaches have demonstrated how these 
structures have specific roles in the radial transport 
of water and solutes. For instance, the manual injury 
of a suberin-deprived endodermis in hydroponically 
grown maize roots showed that the endodermis with 
CS represents a barrier for solutes but not for water 
(measured with the root pressure probe) (Peterson 
et  al. 1993; Steudle et  al. 1993). From the quantifi-
cation of several permeability parameters along the 
root, it was concluded that suberin represents a major 
barrier for water flow (Frensch et  al. 1996). Genetic 
approaches using mutants with altered suberin con-
tent or defective CS also confirmed that suberin is 
a direct barrier to water transport while CS is rather 
involved in preventing passive solute diffusion 
through the root (Ranathunge and Schreiber 2011; 
Calvo-Polanco et al. 2021). However, CS integrity is 
tightly surveilled by the CIF/ SGN3 signaling path-
way (Doblas et al. 2017; Nakayama et al. 2017) and 

any alteration in CS permeability can result in the 
deactivation of AQPs, which will indirectly result in a 
reduction in Lpr (Wang et al. 2019).

Xylem

Historically, vessels have been considered as thin 
cylindrical tubes that are interconnected through 
perforated cross walls. The Hagen-Poiseuille’s law 
indicates that the quantity of water flowing through 
such tubes is proportional to the fourth power of the 
tube radius (Lewis and Boose 1995; Zwieniecki et al. 
2001). However, both the internal anatomy and the 
interconnections between xylem ducts are variable. 
In particular, the ion concentration of the sap impacts 
the swelling of hydrogels such as pectins, which may 
alter the vessels diameter as well as affect the perme-
ability of the pit membranes (Zwieniecki et al. 2001; 
Zwieniecki 2003). Therefore, the xylem is more com-
plex than a series of parallel straight-walled tubes, 
and its hydraulic conductance may have been over-
estimated. Only a few studies have experimentally 
measured xylem conductance in roots. Among these, 
the axial hydraulic conductivity of root segments of 
maize was directly measured in excised root segments 
or was estimated from cross-sections using Hagen-
Poiseuille’s law. The authors observed a discrepancy 
by a factor of 2 to 5 between the two approaches, 
the later providing the higher estimates (Frensch and 
Steudle 1989). An even greater factor was found in 
prunus (Vercambre et al. 2002).

Since multiple radial and axial pathways act in con-
cert to determine whole root hydraulics, the respec-
tive contributions of these pathways, rather than their 
absolute conductance, also have to be considered. In 
particular, the relative limitations of radial vs. axial 
transport affect the hydraulic architecture of the root 
and determine its major sites for water uptake (Zwie-
niecki et al. 2002). It has been argued that xylem ves-
sel conductance is orders of magnitude greater than 
radial conductance in maize, barley or lupin (Steudle 
and Peterson 1998; Bramley et al. 2009). This would 
point towards a major limitation of water uptake by 
the radial pathway. Such idea may not hold in Arabi-
dopsis where alterations in xylem differentiation was 
associated to a drop in the root hydraulic conductance 
(Lefebvre et al. 2011; Tang et al. 2018; Boursiac et al. 
in revision).
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In conclusion, the present section shows that 
many cellular structures and molecular components 
involved in root water transport have been validated, 
though at different resolution. In particular, the exact 
role of plasmodesmata remains to be confirmed. In 
addition, most of functional validations were per-
formed at the whole root level. Thus, future research 
will have to map and quantify the effect of the actors 
at tissular and cellular levels. This remark echoes 
our conclusion on experimental methods where bet-
ter resolutions at tissular and cellular levels is also 
needed.

Models

“To fully understand root system hydraulics […], 
comprehensive studies at different scales are required 
(cells, organs, and whole roots)” (Bramley et  al. 
2009). Mathematical modeling of water transport has 
been key to this understanding by providing a theoret-
ical framework for the interpretation of experimental 
measurements as well as for bridging scales. We note 
that specific formal representations and mathemati-
cal models of water transport have been developed at 
each of these scales (Fig. 3): water and solute trans-
port across membranes based on the thermodynam-
ics of irreversible processes (Kedem and Katchalsky 
1958; see above), radial water transport through the 
interplay of apoplastic/cell-to-cell pathways with, in 
particular, the composite transport model (Steudle 
and Boyer 1985; Steudle and Peterson 1998; Cou-
vreur et  al. 2018; Kim et  al. 2018), and integrated 
water transport in root segments (Frensch and Steu-
dle 1989; Zwieniecki et al. 2002; Bramley et al. 2009; 
Zarebanadkouki et  al. 2014; Foster and Miklavcic 
2016) or whole root architectures using equivalent 
hydraulic network representations (Doussan et  al. 
1998a; Knipfer et  al. 2011; Couvreur et  al. 2012; 
Javaux et al. 2013; Meunier et al. 2017, 2018; Bouda 
et  al. 2018). A current challenge is to couple these 
different models and integrate degenerate representa-
tions of lowest scales in the most integrative models.

Concerning the whole root scale, one of the foun-
dation was the assimilation of water transport to a 
catenary process (a network of resistances in series 
or in parallel) and the analogy to the Ohm’s law, 
where the water transport is directly proportional to 
a potential difference (Honert 1948). This view was 

developed further by Doussan and his colleagues in 
1998 (Doussan et al. 1998a, 1998b). In these works, 
the root was “split” into small elemental units that 
are defined by their axial and radial water trans-
port capacities. These so-called root segments were 
assembled into a “hydraulic tree” in order to recon-
stitute the full root system architecture. This type of 
model, referred to as a Functional Structural Plant 
Model (FSPM), bridges scales in that it reconstitutes 
the whole root transport properties from units that are 
just a few cells long. Thus, this approach allows to 
obtain the water transport capacity of the whole root, 
while resolving the gradient of water potential within 
the RSA and the “elementary” flow uptakes.

In their diversity, root models are designed to 
answer specific questions, the non-relevant aspects 
being simplified to reduce the model complexity. For 
example, some models have focused on the hydrau-
lics of single root segments (Frensch and Steudle 
1989; Zwieniecki et  al. 2002; Zarebanadkouki et  al. 
2014; Foster and Miklavcic 2016) or used a simplified 
representation of the hydraulics of the root system 
(Knipfer et  al. 2011). Analytical solutions of water 
flow equation have also been used to create a model 
of whole root hydraulic architecture (Meunier et  al. 
2017), where the lateral roots are encoded by their 
respective Lp and inter-branching distance. Despite 
these approaches, the respective limitations of axial 
and radial conductance and their precise contribution 
to determining the preferential sites for water uptake 
still remain uncertain. Models of water uptake in 
entire 3D root networks have recently been developed 
to address these questions (Bouda et al. 2018).

More than simply recapitulating the known 
hydraulic parameters of a root system, models are also 
extremely useful for testing the quantitative impact of 
these parameters on root water uptake. For instance, 
Meunier et al. (Meunier et al. 2017) or Boursiac et al. 
(in revision) observed that a homogeneous increase in 
xylem conductance changes the sensitivity of the root 
system to variations in radial hydraulic conductance, 
indicating that these two conductance components are 
somewhat co-limiting.

This survey indicates that many architectural and 
hydraulic parameters can now be integrated into and 
tested through current root models. Yet, we insist that 
as many input parameters as possible must be experi-
mentally measured for models to match with reality. 
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This realization brings us back to the technical chal-
lenges mentioned in the previous sections.

Top down approaches: from water transport 
to molecules

Besides reflecting specific candidate genes or cellu-
lar functions for water transport, as seen above, the 
hydraulic properties of plant roots (Lp and Lpr) can 
also be regarded as plant traits. As such, forward 
genetic approaches can be applied to find molecular 
players involved in regulating root water transport. 
Essentially two strategies have been used to iden-
tify Quantitative Trait Loci (QTL) responsible for 
natural variation of Lp and Lpr: the bi-parental QTL 

linkage mapping, and the Genome Wide Association 
(GWA) mapping. The bi-parental approach depends 
on the genetic recombination and segregation events 
in the progenies of the two parents during the con-
struction of the mapping population. Therefore, a 
major limitation in the bi-parental QTL mapping is 
that only the allelic diversity within the parents can 
be exploited, which consequently affects the genetic 
mapping power. Over the past decade and as a result 
of improvement in genomic sequencing, GWA has 
become a method of choice to explore at whole the 
intraspecific genetic variation present in hundreds 
of lines. GWA studies make use of the variations 
among the sequenced genomes and correlate them 
with the phenotypes of the sequenced accessions to 
identify causal polymorphisms. They have therefore 
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Fig. 3   Representative root water transport models in relation 
to their structure or scale. The first column essentially refers to 
models that use a two compartments analogy (soil and xylem), 
representing either the whole root system or radial water trans-
port. The second column presents models as a network of 
resistances that allow to recapitulate radial water transport. The 

third column (“root segment”) cites models that address the 
hydraulic function of a root segment or of an unbranched root 
(it may share similarities with the first column). Finally, the 
last column presents models that aim at calculating the water 
flow over an entire and highly branched root system. Note that 
this figure presents a non-exhaustive list of models
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allowed to overcome the limited number of alleles 
addressed in bi-parental QTL linkage mapping and 
proved to be a prevailing  approach in identifying 
QTLs of complex traits (Atwell et al. 2010). How-
ever, due to the population structure and genetic 
relationships, GWA studies are prone to false posi-
tive associations (Bergelson and Roux 2010). To 
overcome the limitations in both bi-parental and 
GWA mapping approaches and to achieve the most 
accurate QTL results, some studies combined the 
two analysis methods and have successfully mapped 
loci to associated traits in maize, rice and Arabidop-
sis (Lou et  al. 2015; Rishmawi et  al. 2017; Wang 
et al. 2018).

The aforementioned QTL strategies require a 
massive phenotypical analysis. Since the analy-
sis of root hydraulics in a huge number of plants 
is laborious and requires specialized techniques, 
very few studies tackled the genetic analysis of 
Lp or Lpr using QTL mapping. The distinct root 
hydraulic profiles among 13 Arabidopsis accessions 
(Sutka et  al. 2011) and variable water uptake abil-
ity among 20 rice accessions (Gowda et  al. 2012) 
steered further QTL based analysis to identify the 
main genetic component regulating root hydraulics 
and water uptake. QTL analysis of the Arabidopsis 
bi-parental Col-0 X Bur-0 population has prompted 
to the identification of three Lpr QTLs (Shahzad 
et  al. 2016). Further fine mapping of one of those 
QTLs has led to the molecular cloning of Hydrau-
lic Conductivity of Root 1 (HCR1), which encodes 
a raf-like MAP3K protein kinase (Shahzad et  al. 
2016). Analysis of hcr1 mutants showed that these 
mutants exhibit an increase of 15% in Lpr compared 
to the wild type plants indicating that HCR1 nega-
tively controls Lpr. Noticeably, this phenotype was 
only observed under combined hypoxia and potas-
sium sufficient conditions, with maximal HCR1 
mRNA and protein accumulations obtained under 
these conditions. Additional transcriptomic analy-
sis performed on hcr1 mutants revealed that HCR1 
acts in coordinating the core anaerobic transcrip-
tional response with potassium availability, one of 
its downstream effect being root hydraulic regula-
tion. It was proposed that HCR1 activation in the 
presence of potassium promotes plant acclimation 
to flooding stress, thereby providing an enhanced 
growth capacity during the recovery phase (Maurel 
and Nacry 2020).

In a relatively more comprehensive approach, 
GWA study performed on 143 Arabidopsis acces-
sions identified two QTLs that were associated with 
Lpr variation (Tang et al. 2018). Detailed analysis of 
the candidate genes surrounding one of associated 
SNPs successfully revealed XYLEM NAC DOMAIN 
1 (XND1) as a regulator of Lpr. The xnd1 mutants 
exhibited higher Lpr values compared to the wild 
type indicating that XND1 acts as a negative regula-
tor of root hydraulics. Detailed analysis showed that 
XND1 is a NAC transcription factor that is preferen-
tially expressed in the xylem and negatively regulates 
xylem differentiation (Tang et al. 2018).

Even though there have been recent achievements 
in molecular cloning of Lpr regulators in Arabidopsis 
(Shahzad et al. 2016; Tang et al. 2018), little work has 
been done thus far to resolve the genetic basis of root 
hydraulics in crop plants. In rice, the strategy of per-
forming QTL mapping on recombinant inbred lines 
(RILs) derived from two cultivars was implemented 
and QTLs for exudation rate and root hydraulics were 
detected (Adachi et al. 2010; Yamamoto et al. 2016). 
However, those studies lacked an in depth analysis 
and molecular characterization of single genes for the 
obtained QTLs.

Latest developments and perspectives

Latest experimental developments

While most of the current studies on root water trans-
port make use of well-established techniques that 
have been around for several decades, we note recent 
efforts to develop new techniques for measuring water 
transport at smaller scales. In addition, these new 
techniques rely on the coupling of exquisite experi-
mental measures with inverse modelling.

For instance, the use of Raman microspectroscopy 
detection of deuterated water after pulse/chase experi-
ments, coupled to an extension of the MECHA model 
for radial water transport (Couvreur et  al. 2018), 
allowed to calculate the flow velocity in xylem ves-
sels of Arabidopsis seedlings (Pascut et al. 2021). In 
other approaches, neutron radiography visualization 
of deuterated water was used to image water uptake 
sites, which were fed into model-assisted computa-
tion approach. These combined analyses were used to 



	 Plant Soil

1 3
Vol:. (1234567890)

infer the corresponding local hydraulic properties and 
water potential (Zarebanadkouki et al. 2016, 2019).

NMR and Magnetic Resonance Imaging (MRI) 
approaches also provide interesting perspectives to 
measure in  vivo transport pathways, and membrane 
and tissue permeabilities. Whereas axial volume 
flows along vascular tissues have been nicely moni-
tored using MRI (Peuke et al. 2015), the effective dif-
fusion of water within tissues as estimated by NMR 
(Velikanov et  al. 2015) is indirectly related to water 
permeability but does not reach yet the cellular reso-
lution expected in such studies.

Boursiac et  al. (in revision) recently elaborated 
an updated version of the pressure chamber tech-
nique that consists in measuring water flow through a 
mature root system in a pressure chamber upon vari-
ous cuts at the base or at the tip. Adapted from single 
branch experiments (Zwieniecki et al. 2002) to highly 
branched root systems, this “cut and flow” method, 
coupled to a functional modeling of the root, allowed 
to calculate both axial and radial properties in a single 
experiment.

At the cell level, Knoblauch et  al. ( 2014) devel-
oped an alternative to the CPP, especially suited to 
low volume cells. These pico gauges are made of 
clogged glass pipettes filled with minute volumes of 
oil at the tip. Measurement of the meniscus displace-
ment and recovery upon impaling a cell, together 
with the knowledge of the pipette volume and the 
oil compressibility, should allow to calculate the cell 
membrane permeability.

Finally, Heymans and collaborators proposed an 
almost purely computational approach to determine 
local hydraulic properties, whereby a first model 
(GRANAR) is used to reconstitute the anatomi-
cal structure of a cross section of root, that is then 
imported into a radial hydraulic model (MECHA). 
The later computes local tissue conductances from 
literature-based conductivities values of the apoplas-
tic, symplastic, and transcellular paths of water (Hey-
mans et al. 2021).

Without a priori approaches: pharmacological 
screening and chemical genetics

Forward genetics approaches can reach their limits 
when dealing with, for instance, genes with redundant 
functions or the mutation of which is lethal (Serrano 
et al. 2015). Chemical genetics can provide a means 

to circumvent these limitations. In this approach, the 
effects of thousands of molecules with well-character-
ized structures are randomly tested on a trait of inter-
est. This approach allowed the successful identifica-
tion of compounds capable of inducing root growth 
in Arabidopsis and rice (Dickinson et al. 2019), regu-
lating cell expansion (Park et al. 2009), or enhancing 
resistance against pathogenic Pseudomonas bacteria 
in Arabidopsis (Noutoshi et  al. 2012). Additionally, 
other studies have uncovered compounds that can be 
used as tools for dissecting auxin biosynthesis and 
transport, thereby improving our understanding of 
root development (Nishimura et  al. 2012; Zhu et  al. 
2019).

Even though plenty of chemical compounds are 
applied as pesticides or herbicides on several plant 
cultures, the effects of these or related molecules on 
root hydraulics has never been reported, to the best 
of our knowledge. More generally, the identification 
of chemicals specifically acting on root water trans-
port, and the dissection of their mode of action using 
physiology or genetics, could provide new avenue to 
understand and manipulate this important function.

Root water transport and crop improvement

Some recent studies have explored the strategy of 
increasing crop productivity under different envi-
ronmental conditions by maximizing the root/rhizo-
sphere efficiency (Shen et  al. 2013). On one hand, 
some scientists believe that a deep and thick primary 
root adequately complemented by either laterals or 
seminal roots would enhance the acquisition by crops 
of nutrients and water that are available in deep soil 
(Lynch 2013). Multiple QTLs associated with root 
growth under drought stress have thereby been identi-
fied in rice, maize and other crops (Kim et al. 2020; 
Siddiqui et  al. 2021). On the other hand, the effi-
ciency of having bigger roots to absorb more nutri-
ents and water has been questioned. A bigger root 
system requires a strong carbon investment in the soil, 
which would reduce the plant’s capacity to fix carbon 
in the harvested aerial organs, thereby reducing yield 
(Garnett et al. 2009). This cost of bigger root is evi-
dent in QTL studies where the relationship between 
root size and yield at low N is not clear and might 
be negative (Gallais and Coque 2005). An alternative 
strategy of enhancing water uptake without affecting 
root growth, through increasing Lpr, could provide a 



Plant Soil	

1 3
Vol.: (0123456789)

solution for the trade-off between plant growth and 
water acquisition. However, this may not be achieved 
without caveats such as increased xylem vessels 
diameter which would increase the sensitivity to cavi-
tation, or enhanced water loss under low soil water 
potential (Brodribb et al. 2015).

Even though it is generally believed that improving 
root hydraulics can enhance the plant growth capacity, 
its impact on plant responses to environmental stresses 
is far from fully established. Indeed, plant responses 
to drought may depend on species and climatic sce-
narios (Maurel and Nacry 2020). For example, studies 
have shown that species sensitivity to drought stress 
is essential in shaping the species pattern distribu-
tion in tropical forests (Engelbrecht et al. 2007; Choat 
et al. 2012). Moreover, the plant hydraulics was used 
as a parameter to understand and predict the dynam-
ics of tropical vegetation under different water stresses 
(Oliveira et al. 2021). Therefore, it is necessary to pur-
sue identifying the physiological and genetic regulators 
of Lpr, in both model and crop plants, and under vari-
ous environmental conditions. This will surely assist 
breeding and nature preservation programs to face the 
challenges of climate change.

Conclusive remark

Root water transport studies have been based on a set 
of robust physiological methods and theories, most of 
which are a few decades old. From the early 90’s, the 
expansion of molecular biology in plant water trans-
port research has brought a lot of components to the list 
of potential actors. Yet, many of these still require to be 
properly assessed through experimentation. A major 
limitation is the biological and topological complex-
ity of plant root systems, which combine many tissues 
at various developmental stages in a branched system. 
The last decade has seen promising new avenues with 
the increasing prevalence of modeling, forward genetic 
approaches, and new model-aided experimental tech-
niques. All these developments will hopefully reach 
their full potential in the coming years. Altogether, 
these advances draw a picture in which experimen-
tal and conceptual approaches on root water transport 
are ready to embrace the complexity and dynamics of 
water uptake in natural soil conditions.

Acknowledgements  The authors would like to thank Fabrice 
Bauget for the internal review of the MS.

Author Contributions  YB elaborated the outline of the 
manuscript, with all authors participating to the first draft. All 
authors read and approved the final manuscript.

Funding  This work has received funding from the European 
Research Council (ERC) under the European Union’s Horizon 
2020 research and innovation programme (HyArchi to CM; 
grant agreement No 788553), and financial support from the 
CNRS through the MITI interdisciplinary programs (Eaudis-
sect 2 to YB).

Declarations 

Competing interests  The authors declare no competing inter-
ests.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Adachi S, Tsuru Y, Kondo M, Yamamoto T, Arai-Sanoh Y, 
Ando T, Ookawa T, Yano M, Hirasawa T (2010) Char-
acterization of a rice variety with high hydraulic con-
ductance and identification of the chromosome region 
responsible using chromosome segment substitution 
lines. Ann Bot 106:803–811

Alexandersson E, Gustavsson N, Bernfur K, Karlsson A, Kjell-
bom P, Larsson C (2008) Purification and Proteomic 
Analysis of Plant Plasma Membranes. In: Pflieger D, 
Rossier J (eds) Organelle Proteomics. Humana Press, 
Totowa, pp 161–173

Anderegg WRL (2015) Spatial and temporal variation in plant 
hydraulic traits and their relevance for climate change 
impacts on vegetation. New Phytol 205:1008–1014

Atwell S, Huang YS, Vilhjalmsson BJ, Willems G, Horton M, 
Li Y, Meng D, Platt A, Tarone AM, Hu TT et al (2010) 
Genome-wide association study of 107 phenotypes in 
Arabidopsis thaliana inbred lines. Nature 465:627–631

Barberon M (2017) The endodermis as a checkpoint for nutri-
ents. New Phytol 213(4):1604–1610

http://creativecommons.org/licenses/by/4.0/


	 Plant Soil

1 3
Vol:. (1234567890)

Barberon M, Vermeer JEM, De Bellis D, Wang P, Naseer S, 
Andersen TG, Humbel BM, Nawrath C, Takano J, Salt 
DE et  al (2016) Adaptation of Root Function by Nutri-
ent-Induced Plasticity of Endodermal Differentiation. 
Cell 164:447–459

Barigah TS, Cochard H (2012) Xylem Embolism Meter 
(Xyl’EM). PROMETHEUS, https://​prome​theus​proto​cols.​
net/​xylem-​embol​ism-​meter-​xylem/

Bergelson J, Roux F (2010) Towards identifying genes under-
lying ecologically relevant traits in Arabidopsis thaliana. 
Nat Rev Genet 11:867–879

Bezerra-Neto JP, de Araújo FC, Ferreira-Neto JRC, da Silva 
MD, Pandolfi V, Aburjaile FF, Sakamoto T, de Oliveira 
Silva RL, Kido EA, Barbosa Amorim LL et  al (2019) 
Plant Aquaporins: Diversity, Evolution and Biotechno-
logical Applications. Curr Protein Pept Sci 20:368–395

Bouda M, Brodersen C, Saiers J (2018) Whole root system 
water conductance responds to both axial and radial traits 
and network topology over natural range of trait varia-
tion. J Theor Biol. https://​doi.​org/​10.​1016/j.​jtbi.​2018.​07.​
033

Boursiac Y, Chen S, Luu D-T, Sorieul M, van den Dries N, 
Maurel C (2005) Early effects of salinity on water trans-
port in Arabidopsis roots. Molecular and cellular features 
of aquaporin expression. Plant Physiol 139:790–805

Bramley H, Turner NC, Turner DW, Tyerman SD (2007) Com-
parison between gradient-dependent hydraulic conduc-
tivities of roots using the root pressure probe: the role 
of pressure propagations and implications for the rela-
tive roles of parallel radial pathways. Plant Cell Environ 
30:861–874

Bramley H, Turner NC, Turner DW, Tyerman SD (2009) Roles 
of Morphology, Anatomy, and Aquaporins in Determin-
ing Contrasting Hydraulic Behavior of Roots. Plant Phys-
iol 150:348–364

Brodribb TJ, Holloway-Phillips M-M, Bramley H (2015) 
Improving water transport for carbon gain in crops. Crop 
Physiol. Elsevier, pp 251–281

Burch-Smith TM, Anderson JC, Martin GB, Dinesh-Kumar 
SP (2004) Applications and advantages of virus-induced 
gene silencing for gene function studies in plants. Plant J 
39:734–746

Calvo-Polanco M, Ribeyre Z, Dauzat M, Reyt G, Hidalgo-
Shrestha C, Diehl P, Frenger M, Simonneau T, Muller 
B, Salt DE et al (2021) Physiological roles of Casparian 
strips and suberin in the transport of water and solutes. 
New Phytol. https://​doi.​org/​10.​1111/​nph.​17765

Carpita N, Sabularse D, Montezinos D, Delmer DP (1979) 
Determination of the Pore Size of Cell Walls of Living 
Plant Cells. Science 205:1144–1147

Carvajal M, Cooke DT, Clarkson DT (1996) Responses of 
wheat plants to nutrient deprivation may involve the reg-
ulation of water-channel function. Planta 199:372–381

Choat B, Jansen S, Brodribb TJ, Cochard H, Delzon S, Bhaskar 
R, Bucci SJ, Feild TS, Gleason SM, Hacke UG et  al 
(2012) Global convergence in the vulnerability of forests 
to drought. Nature 491:752–755

Chrispeels MJ, Agre P (1994) Aquaporins: water channel 
proteins of plant and animal cells. Trends Biochem Sci 
19:421–425

Cleland RE, Fujiwara T, Lucas WJ (1994) Plasmodesmal-
mediated cell-to-cell transport in wheat roots is modu-
lated by anaerobic stress. Protoplasma 178:81–85

Cochard H, Bodet C, Améglio T, Cruiziat P (2000) Cryo-
Scanning Electron Microscopy Observations of Vessel 
Content during Transpiration in Walnut Petioles. Facts or 
Artifacts? Plant Physiol 124:1191–1202

Couvreur V, Faget M, Lobet G, Javaux M, Chaumont F, Draye 
X (2018) Going with the Flow: Multiscale Insights into 
the Composite Nature of Water Transport in Roots. Plant 
Physiol 178:1689–1703

Couvreur V, Heymans A, Lobet G, Draye X (2021) Evi-
dence for a multicellular symplasmic water pump-
ing mechanism across vascular plant roots. bioRxiv 
2021.04.19.439789

Couvreur V, Vanderborght J, Javaux M (2012) A simple 
three-dimensional macroscopic root water uptake 
model based on the hydraulic architecture approach. 
Hydrol Earth Syst Sci 16:2957–2971

Dainty J (1963) Water Relations of Plant Cells. In: Preston 
RD (ed) Adv. Academic Press, Bot. Res, pp 279–326

Dalton FN, Raats P, a. C, Gardner WR, (1975) Simultaneous 
Uptake of Water and Solutes by Plant Roots1. Agron J 
67:334–339

Daniels MJ, Chaumont F, Mirkov TE, Chrispeels MJ (1996) 
Characterization of a new vacuolar membrane aqua-
porin sensitive to mercury at a unique site. Plant Cell 
8:587–599

Dickinson AJ, Lehner K, Mi J, Jia K-P, Mijar M, Dinneny 
J, Al-Babili S, Benfey PN (2019) β-Cyclocitral is a 
conserved root growth regulator. Proc Natl Acad Sci 
116:10563–10567

Ding L, Milhiet T, Couvreur V, Nelissen H, Meziane A, 
Parent B, Aesaert S, Lijsebettens MV, Inzé D, Tar-
dieu F et  al (2020) Modification of the Expression of 
the Aquaporin ZmPIP2;5 Affects Water Relations and 
Plant Growth. Plant Physiol 182:2154–2165

Doblas VG, Smakowska-Luzan E, Fujita S, Alassimone J, 
Barberon M, Madalinski M, Belkhadir Y, Geldner N 
(2017) Root diffusion barrier control by a vasculature-
derived peptide binding to the SGN3 receptor. Science 
355:280–284

Doussan C, Pagès L, Vercambre G (1998a) Modelling of the 
Hydraulic Architecture of Root Systems: An Integrated 
Approach to Water Absorption—Model Description. 
Ann Bot 81:213–223

Doussan C, Vercambre G, Pagè L (1998b) Modelling of 
the Hydraulic Architecture of Root Systems: An Inte-
grated Approach to Water Absorption—Distribution 
of Axial and Radial Conductances in Maize. Ann Bot 
81:225–232

Engelbrecht BMJ, Comita LS, Condit R, Kursar TA, Tyree 
MT, Turner BL, Hubbell SP (2007) Drought sensitivity 
shapes species distribution patterns in tropical forests. 
Nature 447:80–82

Enstone DE, Peterson CA, Ma F (2002) Root Endodermis 
and Exodermis: Structure, Function, and Responses to 
the Environment. J Plant Growth Regul 21:335–351

Fei MJ, Yamashita E, Inoue N, Yao M, Yamaguchi H, Tsuki-
hara T, Shinzawa-Itoh K, Nakashima R, Yoshikawa S 
(2000) X-ray structure of azide-bound fully oxidized 

https://prometheusprotocols.net/xylem-embolism-meter-xylem/
https://prometheusprotocols.net/xylem-embolism-meter-xylem/
https://doi.org/10.1016/j.jtbi.2018.07.033
https://doi.org/10.1016/j.jtbi.2018.07.033
https://doi.org/10.1111/nph.17765


Plant Soil	

1 3
Vol.: (0123456789)

cytochrome c oxidase from bovine heart at 2.9 Å reso-
lution. Acta Crystallogr D Biol Crystallogr 56:529–535

Fiscus EL (1975) The Interaction between Osmotic- and 
Pressure-induced Water Flow in Plant Roots. Plant 
Physiol 55:917–922

Foster KJ, Miklavcic SJ (2016) Modeling Root Zone Effects 
on Preferred Pathways for the Passive Transport of Ions 
and Water in Plant Roots. Front Plant Sci. https://​doi.​
org/​10.​3389/​fpls.​2016.​00914

Frensch J, Hsiao TC, Steudle E (1996) Water and solute trans-
port along developing maize roots. Planta 198:348–355

Frensch J, Steudle E (1989) Axial and Radial Hydraulic Resist-
ance to Roots of Maize (Zea mays L.). Plant Physiol 
91:719–726

Gallais A, Coque M (2005) Genetic Variation and Selection for 
Nitrogen Use Efficiency in Maize: A Synthesis. Maydica 
50:531–547

Gambetta GA, Fei J, Rost TL, Knipfer T, Matthews MA, 
Shackel KA, Walker MA, McElrone AJ (2013) Water 
Uptake along the Length of Grapevine Fine Roots: 
Developmental Anatomy, Tissue-Specific Aquaporin 
Expression, and Pathways of Water Transport1[W]
[OPEN]. Plant Physiol 163:1254–1265

Garnett T, Conn V, Kaiser BN (2009) Root based approaches 
to improving nitrogen use efficiency in plants. Plant Cell 
Environ 32:1272–1283

Gerbeau P, Amodeo G, Henzler T, Santoni V, Ripoche P, 
Maurel C (2002) The water permeability of Arabidopsis 
plasma membrane is regulated by divalent cations and 
pH. Plant J 30:71–81

Gowda VRP, Henry A, Vadez V, Shashidhar HE, Serraj R 
(2012) Water uptake dynamics under progressive drought 
stress in diverse accessions of the OryzaSNP panel of 
rice (Oryza sativa). Funct Plant Biol FPB 39:402–411

Heymans A, Couvreur V, Lobet G (2021) Combining cross-
section images and modeling tools to create high-reso-
lution root system hydraulic atlases in Zea mays. Plant 
Direct 5: e00290

Hirano Y, Okimoto N, Kadohira I, Suematsu M, Yasuoka K, 
Yasui M (2010) Molecular Mechanisms of How Mercury 
Inhibits Water Permeation through Aquaporin-1: Under-
standing by Molecular Dynamics Simulation. Biophys J 
98:1512–1519

van den Honert TH (1948) Water transport in plants as a cate-
nary process. Discuss Faraday Soc 3:146–153

Horner A, Pohl P (2018) Single-file transport of water through 
membrane channels. Faraday Discuss 209:9–33

Hose E, Steudle E, Hartung W (2000) Abscisic acid and 
hydraulic conductivity of maize roots: a study using cell- 
and root-pressure probes. Planta 211:874–882

Hüsken D, Steudle E, Zimmermann U (1978) Pressure Probe 
Technique for Measuring Water Relations of Cells in 
Higher Plants. Plant Physiol 61:158–163

Javaux M, Couvreur V, Vanderborght J, Vereecken H (2013) 
Root Water Uptake: From Three-Dimensional Biophysi-
cal Processes to Macroscopic Modeling Approaches. 
Vadose Zone J 12: vzj2013.02.0042

Javot H, Lauvergeat V, Santoni V, Martin-Laurent F, Guclu J, 
Vinh J, Heyes J, Franck KI, Schaffner AR, Bouchez D 
et al (2003) Role of a Single Aquaporin Isoform in Root 
Water Uptake. Plant Cell 15:509–522

Javot H, Maurel C (2002) The role of aquaporins in root water 
uptake. Ann Bot 90:301–313

Jiang P, Meinzer FC, Wang H, Kou L, Dai X, Fu X (2020) 
Below-ground determinants and ecological implications 
of shrub species’ degree of isohydry in subtropical pine 
plantations. New Phytol 226:1656–1666

Kaldenhoff R, Grote K, Zhu J-J, Zimmermann U (1998) Sig-
nificance of plasmalemma aquaporins for water-transport 
in Arabidopsis thaliana. Plant J 14:121–128

Kamaluddin M, Zwiazek JJ (2001) Metabolic inhibition of root 
water flow in red-osier dogwood (Cornus stolonifera) 
seedlings. J Exp Bot 52:739–745

Katsuhara M, Koshio K, Shibasaka M, Hayashi Y, Hayakawa 
T, Kasamo K (2003) Over-expression of a Barley Aqua-
porin Increased the Shoot/Root Ratio and Raised Salt 
Sensitivity in Transgenic Rice Plants. Plant Cell Physiol 
44:1378–1383

Kedem O, Katchalsky A (1958) Thermodynamic analysis of 
the permeability of biological membranes to non-electro-
lytes. Biochim Biophys Acta 27:229–246

Kim HK, Park J, Hwang I (2014) Investigating water transport 
through the xylem network in vascular plants. J Exp Bot 
65:1895–1904

Kim Y, Chung YS, Lee E, Tripathi P, Heo S, Kim K-H (2020) 
Root Response to Drought Stress in Rice (Oryza sativa 
L.). Int J Mol Sci 21: 1513

Kim YX, Ranathunge K, Lee S, Lee Y, Lee D, Sung J (2018) 
Composite Transport Model and Water and Solute Trans-
port across Plant Roots: An Update. Front Plant Sci. 
https://​doi.​org/​10.​3389/​fpls.​2018.​00193

Knipfer T, Besse M, Verdeil J-L, Fricke W (2011) Aquaporin-
facilitated water uptake in barley (Hordeum vulgare L.) 
roots. J Exp Bot 62:4115–4126

Knipfer T, Das D, Steudle E (2007) During measurements of 
root hydraulics with pressure probes, the contribution of 
unstirred layers is minimized in the pressure relaxation 
mode: comparison with pressure clamp and high-pres-
sure flowmeter. Plant Cell Environ 30:845–860

Knipfer T, Fricke W (2010) Root pressure and a solute reflec-
tion coefficient close to unity exclude a purely apoplas-
tic pathway of radial water transport in barley (Hordeum 
vulgare). New Phytol 187:159–170

Knipfer T, Steudle E (2008) Root hydraulic conductivity meas-
ured by pressure clamp is substantially affected by inter-
nal unstirred layers. J Exp Bot 59:2071–2084

Knoblauch J, Mullendore DL, Jensen KH, Knoblauch M 
(2014) Pico Gauges for Minimally Invasive Intracel-
lular Hydrostatic Pressure Measurements. Plant Physiol 
166:1271–1279

Kumar M, Grzelakowski M, Zilles J, Clark M, Meier W (2007) 
Highly permeable polymeric membranes based on the 
incorporation of the functional water channel protein 
Aquaporin Z. Proc Natl Acad Sci 104:20719–20724

Laloux T, Junqueira B, Maistriaux LC, Ahmed J, Jurkiewicz 
A, Chaumont F (2018) Plant and Mammal Aquaporins: 
Same but Different. Int J Mol Sci 19:521

Lambers H, Oliveira RS (2019) Plant Water Relations. Plant 
Physiol. Ecol. Springer International Publishing, Cham, 
pp 187–263

Lefebvre V, Fortabat M-N, Ducamp A, North HM, Maia-
Grondard A, Trouverie J, Boursiac Y, Mouille G, 

https://doi.org/10.3389/fpls.2016.00914
https://doi.org/10.3389/fpls.2016.00914
https://doi.org/10.3389/fpls.2018.00193


	 Plant Soil

1 3
Vol:. (1234567890)

Durand-Tardif M (2011) ESKIMO1 Disruption in Arabi-
dopsis Alters Vascular Tissue and Impairs Water Trans-
port. PLoS ONE 6: e16645

Lewis AM, Boose ER (1995) Estimating volume flow rates 
through xylem conduits. Am J Bot 82:1112–1116

Li Q, Liu B (2010) Comparison of Three Methods for Deter-
mination of Root Hydraulic Conductivity of Maize (Zea 
mays L.) Root System. Agric Sci China 9:1438–1447

Liu Y, Kumar M, Katul GG, Feng X, Konings AG (2020) Plant 
hydraulics accentuates the effect of atmospheric moisture 
stress on transpiration. Nat Clim Change 10:691–695

Lou Q, Chen L, Mei H, Wei H, Feng F, Wang P, Xia H, Li T, 
Luo L (2015) Quantitative trait locus mapping of deep 
rooting by linkage and association analysis in rice. J Exp 
Bot 66:4749–4757

Lynch JP (2007) Roots of the Second Green Revolution. Aust J 
Bot 55:493–512

Lynch JP (2013) Steep, cheap and deep: an ideotype to opti-
mize water and N acquisition by maize root systems. Ann 
Bot 112:347–357

Maggio A, Joly RJ (1995) Effects of Mercuric Chloride on the 
Hydraulic Conductivity of Tomato Root Systems (Evi-
dence for a Channel-Mediated Water Pathway). Plant 
Physiol 109:331–335

Maurel C, Boursiac Y, Luu D-T, Santoni V, Shahzad Z, Ver-
doucq L (2015) Aquaporins in Plants. Physiol Rev 
95:1321–1358

Maurel C, Nacry P (2020) Root architecture and hydraulics 
converge for acclimation to changing water availability. 
Nat Plants 6:744–749

Maurel C, Tacnet F, Güclü J, Guern J, Ripoche P (1997) 
Purified vesicles of tobacco cell vacuolar and plasma 
membranes exhibit dramatically different water perme-
ability and water channel activity. Proc Natl Acad Sci 
94:7103–7108

Maurel C, Tournaire-Roux C, Verdoucq L, Santoni V (2021) 
Hormonal and environmental signaling pathways target 
membrane water transport. Plant Physiol 187:2056–2070

Melcher PJ, Michele Holbrook N, Burns MJ, Zwieniecki MA, 
Cobb AR, Brodribb TJ, Choat B, Sack L (2012) Meas-
urements of stem xylem hydraulic conductivity in the 
laboratory and field. Methods Ecol Evol 3:685–694

Meng D, Walsh M, Fricke W (2016) Rapid changes in root 
hydraulic conductivity and aquaporin expression in rice 
(Oryza sativa L.) in response to shoot removal – xylem 
tension as a possible signal. Ann Bot 118:809–819

Meunier F, Couvreur V, Draye X, Vanderborght J, Javaux M 
(2017) Towards quantitative root hydraulic phenotyping: 
novel mathematical functions to calculate plant-scale 
hydraulic parameters from root system functional and 
structural traits. J Math Biol 1–38

Meunier F, Zarebanadkouki M, Ahmed MA, Carminati A, 
Couvreur V, Javaux M (2018) Hydraulic conductivity of 
soil-grown lupine and maize unbranched roots and maize 
root-shoot junctions. J Plant Physiol 227:31–44

Moreira CJS, Bento A, Pais J, Petit J, Escórcio R, Correia VG, 
Pinheiro Â, Haliński ŁP, Mykhaylyk OO, Rothan C et al 
(2020) An Ionic Liquid Extraction That Preserves the 
Molecular Structure of Cutin Shown by Nuclear Mag-
netic Resonance. Plant Physiol 184:592–606

Moshelion M, Moran N, Chaumont F (2004) Dynamic 
Changes in the Osmotic Water Permeability of Protoplast 
Plasma Membrane. Plant Physiol 135:2301–2317

Nakayama T, Shinohara H, Tanaka M, Baba K, Ogawa-Ohnishi 
M, Matsubayashi Y (2017) A peptide hormone required 
for Casparian strip diffusion barrier formation in Arabi-
dopsis roots. Science 355:284–286

Nishimura T, Matano N, Morishima T, Kakinuma C, Hayashi 
K, Komano T, Kubo M, Hasebe M, Kasahara H, Kamiya 
Y et al (2012) Identification of IAA Transport Inhibitors 
Including Compounds Affecting Cellular PIN Trafficking 
by Two Chemical Screening Approaches Using Maize 
Coleoptile Systems. Plant Cell Physiol 53:1671–1682

Noutoshi Y, Okazaki M, Kida T, Nishina Y, Morishita Y, 
Ogawa T, Suzuki H, Shibata D, Jikumaru Y, Hanada A 
et  al (2012) Novel Plant Immune-Priming Compounds 
Identified via High-Throughput Chemical Screening Tar-
get Salicylic Acid Glucosyltransferases in Arabidopsis. 
Plant Cell 24:3795–3804

Oliveira RS, Eller CB, de Barros F, V, Hirota M, Brum M, Bit-
tencourt P, (2021) Linking plant hydraulics and the fast–
slow continuum to understand resilience to drought in 
tropical ecosystems. New Phytol 230:904–923

Park S-Y, Fung P, Nishimura N, Jensen DR, Fujii H, Zhao Y, 
Lumba S, Santiago J, Rodrigues A, Chow TF et al (2009) 
Abscisic Acid Inhibits Type 2C Protein Phosphatases 
via the PYR/PYL Family of START Proteins. Science 
324:1068–1071

Pascut FC, Couvreur V, Dietrich D, Leftley N, Reyt G, Bour-
siac Y, Calvo-Polanco M, Casimiro I, Maurel C, Salt DE 
et al (2021) Non-invasive hydrodynamic imaging in plant 
roots at cellular resolution. Nat Commun 12:4682

Passioura JB (1988) Water Transport in and to Roots. Annu 
Rev Plant Physiol Plant Mol Biol 39:245–265

Pecková E, Tylová E, Soukup A (2016) Tracing root per-
meability: comparison of tracer methods. Biol Plant 
60:695–705

Peterson CA, Murrmann M, Steudle E (1993) Location of the 
major barriers to water and ion movement in young roots 
of Zea mays L. Planta 190:127–136

Peterson CA, Perumalla CJ (1990) A survey of angiosperm 
species to detect hypodermal Casparian bands. II. Roots 
with a multiseriate hypodermis or epidermis. Bot J Linn 
Soc 103:113–125

Peuke AD, Gessler A, Trumbore S, Windt CW, Homan N, 
Gerkema E, As VAN, H, (2015) Phloem flow and sugar 
transport in Ricinus communis L. is inhibited under 
anoxic conditions of shoot or roots. Plant Cell Environ 
38:433–447

Postaire O, Tournaire-Roux C, Grondin A, Boursiac Y, Moril-
lon R, Schaffner AR, Maurel C (2010) A PIP1 Aqua-
porin Contributes to Hydrostatic Pressure-Induced Water 
Transport in Both the Root and Rosette of Arabidopsis. 
Plant Physiol 152:1418–1430

Powell TL, Wheeler JK, Oliveira AAR, Costa ACL, Saleska 
SR, Meir P, Moorcroft PR (2017) Differences in xylem 
and leaf hydraulic traits explain differences in drought 
tolerance among mature Amazon rainforest trees. Glob 
Change Biol 23:4280–4293

Ramahaleo T, Morillon R, Alexandre J, Lassalles J-P (1999) 
Osmotic Water Permeability of Isolated Protoplasts. 



Plant Soil	

1 3
Vol.: (0123456789)

Modifications during Development Plant Physiol 
119:885–896

Ranathunge K, Schreiber L (2011) Water and solute perme-
abilities of Arabidopsis roots in relation to the amount 
and composition of aliphatic suberin. J Exp Bot 
62:1961–1974

Rishmawi L, Bühler J, Jaegle B, Hülskamp M, Koornneef M 
(2017) Quantitative trait loci controlling leaf venation in 
Arabidopsis. Plant Cell Environ 40:1429–1441

Sade N, Shatil-Cohen A, Attia Z, Maurel C, Boursiac Y, Kelly 
G, Granot D, Yaaran A, Lerner S, Moshelion M (2014) 
The role of plasma membrane aquaporins in regulating 
the bundle sheath-mesophyll continuum and leaf hydrau-
lics. Plant Physiol 166:1609–1620

Scharwies JD, Dinneny JR (2019) Water transport, perception, 
and response in plants. J Plant Res. https://​doi.​org/​10.​
1007/​s10265-​019-​01089-8

Schenk HJ, Jansen S, Hölttä T (2021) Positive pressure in 
xylem and its role in hydraulic function. New Phytol 
230:27–45

Serrano M, Kombrink E, Meesters C (2015) Considerations for 
designing chemical screening strategies in plant biology. 
Front Plant Sci. https://​doi.​org/​10.​3389/​fpls.​2015.​00131

Shahzad Z, Canut M, Tournaire-Roux C, Martinière A, 
Boursiac Y, Loudet O, Maurel C (2016) A Potassium-
Dependent Oxygen Sensing Pathway Regulates Plant 
Root Hydraulics. Cell. https://​doi.​org/​10.​1016/j.​cell.​
2016.​08.​068

Shen J, Li C, Mi G, Li L, Yuan L, Jiang R, Zhang F (2013) 
Maximizing root/rhizosphere efficiency to improve crop 
productivity and nutrient use efficiency in intensive agri-
culture of China. J Exp Bot 64:1181–1192

Siddiqui MN, Léon J, Naz AA, Ballvora A (2021) Genetics 
and genomics of root system variation in adaptation to 
drought stress in cereal crops. J Exp Bot 72:1007–1019

Siefritz F, Tyree MT, Lovisolo C, Schubert A, Kaldenhoff R 
(2002) PIP1 Plasma Membrane Aquaporins in Tobacco : 
From Cellular Effects to Function in Plants. Plant Cell 
14:869–876

Sommer A, Mahlknecht G, Obermeyer G (2007) Measuring 
the Osmotic Water Permeability of the Plant Protoplast 
Plasma Membrane: Implication of the Nonosmotic Vol-
ume. J Membr Biol 215:111–123

Song W-Y, Zhang Z-B, Shao H-B, Guo X-L, Cao H-X, Zhao 
H-B, Fu Z-Y, Hu X-J (2008) Relationship between cal-
cium decoding elements and plant abiotic-stress resist-
ance. Int J Biol Sci 4:116–125

Steudle E (1989) [16] Water flow in plants and its coupling to 
other processes: An overview. Methods Enzymol. Aca-
demic Press, pp 183–225

Steudle E (1990) Methods for studying water relations of plant 
cells and tissues. Meas Tech Plant Sci 113–150

Steudle E, Boyer JS (1985) Hydraulic resistance to radial water 
flow in growing hypocotyl of soybean measured by a new 
pressure-perfusion technique. Planta 164:189–200

Steudle E, Murrmann M, Peterson CA (1993) Transport of 
Water and Solutes across Maize Roots Modified by 
Puncturing the Endodermis (Further Evidence for the 
Composite Transport Model of the Root). Plant Physiol 
103:335–349

Steudle E, Peterson C (1998) Review article. How does water 
get through roots? J Exp Bot 49:775–788

Suku S, Knipfer T, Fricke W (2013) Do root hydraulic properties 
change during the early vegetative stage of plant develop-
ment in barley (Hordeum vulgare)? Ann Bot mct270

Sutka M, Li G, Boudet J, Boursiac Y, Doumas P, Maurel C 
(2011) Natural Variation of Root Hydraulics in Arabi-
dopsis Grown in Normal and Salt-Stressed Conditions. 
Plant Physiol 155:1264–1276

Tang N, Shahzad Z, Lonjon F, Loudet O, Vailleau F, Maurel C 
(2018) Natural variation at XND1 impacts root hydrau-
lics and trade-off for stress responses in Arabidopsis. Nat 
Commun 9:3884

Tomkins M, Hughes A, Morris RJ (2021) An update on pas-
sive transport in and out of plant cells. Plant Physiol 
187:1973–1984

Tomos AD, Leigh RA (1999) THE PRESSURE PROBE: A 
Versatile Tool in Plant Cell Physiology. Annu Rev Plant 
Physiol Plant Mol Biol 50:447–472

Tournaire-Roux C, Sutka M, Javot H, Gout E, Gerbeau P, Luu 
D-T, Bligny R, Maurel C (2003) Cytosolic pH regulates 
root water transport during anoxic stress through gating 
of aquaporins. Nature 425:393–397

Tsuda M, Tyree MT (2000) Plant hydraulic conductance meas-
ured by the high pressure flow meter in crop plants. J Exp 
Bot 51:823–828

Tyerman SD, McGaughey SA, Qiu J, Yool AJ, Byrt CS (2021) 
Adaptable and Multifunctional Ion-Conducting Aquapor-
ins. Annu Rev Plant Biol 72:703–736

Vandeleur RK, Mayo G, Shelden MC, Gilliham M, Kaiser 
BN, Tyerman SD (2009) The Role of Plasma Membrane 
Intrinsic Protein Aquaporins in Water Transport through 
Roots: Diurnal and Drought Stress Responses Reveal 
Different Strategies between Isohydric and Anisohydric 
Cultivars of Grapevine. Plant Physiol 149:445–460

Vandeleur RK, Sullivan W, Athman A, Jordans C, Gilliham 
M, Kaiser BN, Tyerman SD (2013) Rapid shoot-to-root 
signalling regulates root hydraulic conductance via aqua-
porins. Plant Cell Environ n/a-n/a

Velikanov GA, Sibgatullin TA, Belova LP, Ionenko IF (2015) 
Membrane water permeability of maize root cells under 
two levels of oxidative stress. Protoplasma 252:1263–1273

Venturas MD, Sperry JS, Hacke UG (2017) Plant xylem 
hydraulics: What we understand, current research, and 
future challenges. J Integr Plant Biol 59:356–389

Vercambre G, Doussan C, Pages L, Habib R, Pierret A (2002) 
Influence of xylem development on axial hydraulic con-
ductance within Prunus root systems. Trees 16:479–487

Verdoucq L, Grondin A, Maurel C (2008) Structure–function 
analysis of plant aquaporin AtPIP2;1 gating by divalent 
cations and protons. Biochem J 415:409

Wang H, Xu S, Fan Y, Liu N, Zhan W, Liu H, Xiao Y, Li K, 
Pan Q, Li W et al (2018) Beyond pathways: genetic dis-
section of tocopherol content in maize kernels by com-
bining linkage and association analyses. Plant Biotechnol 
J 16:1464–1475

Wang P, Calvo-Polanco M, Reyt G, Barberon M, Champeyroux 
C, Santoni V, Maurel C, Franke RB, Ljung K, Novak O 
et  al (2019) Surveillance of cell wall diffusion barrier 
integrity modulates water and solute transport in plants. 
Sci Rep 9:4227

https://doi.org/10.1007/s10265-019-01089-8
https://doi.org/10.1007/s10265-019-01089-8
https://doi.org/10.3389/fpls.2015.00131
https://doi.org/10.1016/j.cell.2016.08.068
https://doi.org/10.1016/j.cell.2016.08.068


	 Plant Soil

1 3
Vol:. (1234567890)

Wegner LH, Zimmermann U (2009) Hydraulic conductance 
and K+ transport into the xylem depend on radial volume 
flow, rather than on xylem pressure, in roots of intact, 
transpiring maize seedlings. New Phytol 181:361–373

Wendler S, Zimmermann U (1982) A New Method for the 
Determination of Hydraulic Conductivity and Cell Vol-
ume of Plant Cells by Pressure Clamp 1. Plant Physiol 
69:998–1003

Yamamoto T, Suzuki T, Suzuki K, Adachi S, Sun J, Yano M, 
Ookawa T, Hirasawa T (2016) Detection of QTL for exu-
dation rate at ripening stage in rice and its contribution 
to hydraulic conductance. Plant Sci Int J Exp Plant Biol 
242:270–277

Yoshikawa S, Shinzawa-Itoh K, Nakashima R, Yaono R, 
Yamashita E, Inoue N, Yao M, Fei MJ, Libeu CP, Miz-
ushima T et al (1998) Redox-Coupled Crystal Structural 
Changes in Bovine Heart Cytochrome c Oxidase. Sci-
ence 280:1723–1729

Zarebanadkouki M, Kroener E, Kaestner A, Carminati A 
(2014) Visualization of Root Water Uptake: Quantifica-
tion of Deuterated Water Transport in Roots Using Neu-
tron Radiography and Numerical Modeling[C]. Plant 
Physiol 166:487–499

Zarebanadkouki M, Meunier F, Couvreur V, Cesar J, Javaux 
M, Carminati A (2016) Estimation of the hydraulic con-
ductivities of lupine roots by inverse modelling of high-
resolution measurements of root water uptake. Ann Bot 
118:853–864

Zarebanadkouki M, Trtik P, Hayat F, Carminati A, Kaestner 
A (2019) Root water uptake and its pathways across the 
root: quantification at the cellular scale. Sci Rep 9:1–11

Zeuthen T (2010) Water-Transporting Proteins. J Membr Biol 
234:57–73

Zhang W, Calvo-Polanco M, Chen ZC, Zwiazek JJ (2013) 
Growth and physiological responses of trembling aspen 
(Populus tremuloides), white spruce (Picea glauca) and 
tamarack (Larix laricina) seedlings to root zone pH. Plant 
Soil 373:775–786

Zhang WH, Tyerman SD (1991) Effect of Low O2 Concentra-
tion and Azide on Hydraulic Conductivity and Osmotic 
Volume of the Cortical Cells of Wheat Roots. Funct 
Plant Biol 18:603–613

Zhu Y, Li H, Su Q, Wen J, Wang Y, Song W, Xie Y, He W, 
Yang Z, Jiang K et al (2019) A phenotype-directed chem-
ical screen identifies ponalrestat as an inhibitor of the 
plant flavin monooxygenase YUCCA in auxin biosynthe-
sis. J Biol Chem 294:19923–19933

Zwieniecki MA (2003) Ionic control of the lateral exchange 
of water between vascular bundles in tomato. J Exp Bot 
54:1399–1405

Zwieniecki MA, Melcher PJ, Holbrook NM (2001) Hydrogel 
Control of Xylem Hydraulic Resistance in Plants. Sci-
ence 291:1059–1062

Zwieniecki MA, Thompson MV, Holbrook NM (2002) Under-
standing the Hydraulics of Porous Pipes: Tradeoffs 
Between Water Uptake and Root Length Utilization. J 
Plant Growth Regul 21:315–323

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.


	Experimental and conceptual approaches to root water transport
	Abstract 
	Background 
	Scope 
	Conclusions 

	Introduction
	Current experimental approaches
	Theoretical bases of root water transport
	Whole organ
	Pressure chambers
	Hydraulic Conductivity Flow Meter  High Pressure Flow Meter (HPFM FCFM)
	Exudation
	Root pressure probe

	Cell and tissue hydraulic conductivity
	Cell pressure probe
	Protoplast swelling assay
	Stopped flow spectrophotometry
	Xylem conductance


	Bottom up approaches: from molecules to water transport
	Aquaporins
	Plasmodesmata
	Apoplastic root barriers
	Xylem

	Models
	Top down approaches: from water transport to molecules
	Latest developments and perspectives
	Latest experimental developments
	Without a priori approaches: pharmacological screening and chemical genetics
	Root water transport and crop improvement
	Conclusive remark

	Acknowledgements 
	References


