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Abstract
On the example of maize seedling roots, it was shown that segments of the root suction zone excised from intact mother seedlings
maintain the function of elongation growth and are able to regulate water transfer. Using the gradient NMRmethod, the effective
intercellular permeability of root suction zone segments was shown to reduce with respect to intact seedling roots. The segment
fragmentation into smaller pieces 3 mm long resulted in the permeability decrease by 60%. The reduction is associated with the
cell defensive response to water loss through cuts and blocking of the additive water transfer along the segment length, resulting
from segment cutting.
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Abbreviations
NMR Nuclear magnetic resonance
Def Effective diffusion coefficient of water
Pd_eff Effective permeability coefficient of water
DD Diffusional decay
td Diffusion time

Introduction

Roots are common objects to study various sides of plant
metabolism, including water exchange. The possibility to
choose root zones with respect to their functionality (meri-
stem, suction zone, elongation zone) permits to study various
processes in roots which present a lower water flow driving
force. For example, the suction zone, which allows the fast
transfer of water solutions from the external medium into root
apoplast and symplast compartments, is often used by bio-
physicists and plant physiologists to study plant water rela-
tionships. Steudle had proposed a composite model for root
functioning (composite transport model—CTM) (Steudle

1994; Steudle and Peterson 1998). According to the model,
three parallel pathways are involved in water and solute trans-
port in roots: apoplast, symplast, and transcellular pathway.
The apoplastic path provides the water transfer along the tis-
sue intercellular space. The symplastic transfer from cell to
cell occurs via plasmodesmata when molecules do not exit
into the intercellular space. And finally, the transcellular path-
way involves water transport across plasma membrane bilay-
ers and through aquaporins into the intercellular space and
entering adjacent cells (Steudle and Peterson 1998).

Different driving forces, such as hydrostatic/bulk and os-
motic ones, are used by these pathways. The hydrostatic pres-
sure gradient is caused by the tension due to transpiration from
a shoot and transferred into a root xylem (Steudle 2000). In the
absence of transpiration, the active pumping of ions into the
xylem causes the osmotic water flow and the development of
root pressure (Steudle 2000). A number of experiments on
water and solute transport in roots were carried out since the
CTM was proposed, and the results were explained from the
point of view of CTM (Suku et al. 2014; Vandeleur et al.
2014).

Experimental data of the last decade showed the necessity
to update the classical CTM by adding the connected in series
resistances of root epidermis, exodermis, middle cortex, and
endodermis (Gambetta et al. 2013; Ranathunge et al. 2017).
Within the updatedmodel, the special attention was paid to the
aquaporin (AQPs) role in the transmembrane transfer (Maurel
et al. 2015; Hachez et al. 2012). For example, Knipfer and
coauthors (2011) showed that the conductivity of a primary
root (Lpr), secondary root, and the whole root system of barley
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can be reduced by applying the AQP inhibitor HgCl2 by 40–
74%, the effect on the cell level being even larger—83–95%.
The AQP contribution into water transport in roots is proved
to vary depending on plant species, driving forces (hydrostatic
or osmotic), root age, and the degree of the apoplast barrier
development. The latter are presented mainly by Casparian
strips which appear permeable for water, but can stop the
apoplast ion transfer (Ranathunge et al. 2017). Root segments
along with the intact roots are widely used in the studies. One
of the reasons of using root segments is caused by technical
potentials when the experiments on intact roots are inconve-
nient or impossible. On the other hand, root excision causes a
stress and it is used for studying the accumulation of the ex-
cessive amount of reactive oxygen species (ROS) (Ross et al.
2006), ROS effect on water transfer (Boursiac et al. 2008;
Ehlert et al. 2009), dynamics of excised root aging (Gordon
et al. 1991), and kinetics of transient processes (Velikanov
et al. 2015).

The use of root segments in the studies of water exchange
has a number of specific features caused, first of all, by the
disruption of xylem and phlem pathways of water transfer and
the pressure release in the plant hydro system. Consequently,
the study of water exchange in root segments reduces mainly
to the near water transport, and many results are obtained
using the NMR spin-echo method (Anisimov et al. 1991,
2004; Ionenko et al. 2003; Velikanov et al. 2015). The method
allows the registration of the rate of the transmembrane water
exchange. The latter together with the magnetic field pulsed
gradient technique allows the measurements of water transla-
tional diffusion coefficients (Stejskal and Tanner 1965; Tanner
and Stejskal 1968; Anisimov et al. 1991; Cho et al. 2003),
selective studies of water transfer along different pathways
in plant tissues (Anisimov et al. 2004),

When root segments are excised from the mother plant,
among the reasons of water transfer changes in segments,
one can expect (1) changes in the total resistance to the water
transfer due to the exclusion of the resistance of removed plant
parts, (2) changes in the gradient of intercellular water poten-
tial caused by the breakdown of water out flux all on the
xylem and phloem, (3) the pressure change in the root hydro
system, the sign of which depends on the transpiration level:
the low transpiration results in the pressure drop, and the high
transpiration results in the increase from the negative tension
pressure to the positive one.

The pressure effect on water transfer is poorly studied com-
pared to other environmental effects and therefore demands a
special attention. According to Franks et al. (2001) and
Pritchard et al. (1990), the xylem pressure can amount to 5–
6 bar. Comparatively large, up to 4 MPa, external pressure
might cause changes in the water transfer along the symplast
(Anisimov et al. 2014). Oparka and Prior (1992) showed the
irreversible plasmodesmata blocking at the pressure gradient
between cells of 200 kPa on the example of Nicotiana

clevelandii leaf trachoma using dyes. Suku et al. (2014) point-
ed out that Lpr of the excised root systemmight differ from Lpr
of intact transpiring plants with the feedback from shoots to
roots. A number of experiments showed that both transpira-
tion and its cease caused by topping affected the root AQP
activity (Almeida-Rodriguez et al. 2011; Sakurai-Ishikawa
et al. 2011; Laur and Hacke 2013; Vandeleur et al. 2014)
showed on the example of grapevine (Vitisvinifera L.), soy-
bean (Glycinemax L.), and maize (Zea mays L.) that topping
results in the reduction of the root hydraulic conductance. This
can be connected with xylem-dependent hydraulic signals and
gating of some AQPs (Wan et al. 2004; Kim et al. 2018).

Finally, Ortega (2010) in his theoretical paper predicted
the time-dependent response of the intercellular transfer to
the external pressure changes, which was connected to the
pressure variation in the apoplast (Pessoa and Calbo 2004).
Besides, because of the air-filled intercellular spaces, the
pressure changes resulted in changes in the equilibrium
level of concentration of air gases dissolved in the apoplast
and symplast water (Henry’s law). Changes in the dis-
solved oxygen concentration in segments during the
changes in the external air pressure were shown in NMR
experiments (Anisimov and Suslov 2016). Even common
meteorological changes in the atmosphere pressure ap-
peared to affect the times of plant tissue water magnetic
relaxation (Anisimov and Suslov 2016). Presumably, the
ROS level correlates with the level of dissolved oxygen.
The data on changes in the root hydraulic conductance
during ROS accumulation are presented in literature
(Boursiac et al. 2008; Ehlert et al. 2009). The processes
of lipid peroxidation and/or aquaporin activity modulation
are among the mechanisms of ROS effect on the hydraulic
conductance (Clarkson et al. 2000; Lee et al. 2004;
Boursiac et al. 2008; Chaumont and Tyerman 2014;
Velikanov et al. 2015). Finally, the pressure changes can
result in mechanical deformations in the plant tissue archi-
tecture due to the presence of air-filled intercellular space
and, consequently, activation of mechanosensors involved
into the regulation of various metabolism processes, in-
cluding water transfer (Peyronnet et al. 2014; Christmann
et al. 2013).

As a result, the root excision, having a dramatic impact
on plants, extends the field of study. In particular, there
are questions whether the segments remain viable, and to
what extent and for how long they preserve growth func-
tions, and whether the blocking of the intercellular water
transfer in root segments, as a defensive response to the
opportunity of the water loss through the excision zone,
takes place.

The aim of the present paper is to study whether the root
segments preserve growth functions and if yes, then to what
extent, and what changes occur in the intercellular water trans-
fer in a segment after its excision from the mother plant.
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Materials and methods

Plant growth conditions and preparation of samples

Intact roots and segments of the root absorption zone of 7-day-
old maize seedlings (Zea mays L., var. Kuban) were studied.
The seedlings were grown hydroponically in the 0.25 mM
CaCl2 solution (pH 6.3) for 7 days at 22 °C under the 16-h
photoperiod (irradiance of 15W/m−2) and relative humidity of
60%. In NMR diffusional experiments, simultaneously 20–25
intact plants, placed into the Teflon sample tube, were used.

Estimation of growth function

The estimation of the root growth function is based on the
control of root segment length changes using the computer
program of size analysis MacBiophotonics ImageJ. The seg-
ment and intact root growth function in the norm and under
the pressure of 2 MPa and pressure release were estimated. A
pressure chamber with a window-viewport (Suslov and
Anisimov 2017) was used to measure the growth rate.

The pressure was created by a pressure gas generator
(Anisimov et al. 2012). Root segments in the amount of 10
pieces were arranged on the glass surface of the window-
viewport in a thin water layer. The chamber was placed so
that the window-viewport was on the recording surface of
the computer scanner. The growth estimation was carried out
by repeated recording of root segment images by the scanner.
The obtained images were processed by MacBiophotonics
ImageJ.

NMR measurements

The analysis of the characteristic features of the intercellular
translational water transfer in intact roots and root segments
was based on the NMR spin-echo diffusion measurements.
The dependence of water molecule diffusion coefficients on
the diffusion time, td, in porous systems, including water in
biological systems, is known to be S-shaped (Fig. 1). The
upper plateau (1) of the S-shaped curve characterizes the re-
gion of free unrestricted diffusion of the most part of water
molecules. In this region, the selfdiffusion coefficient D0 is
constant and close to the bulk waterselfdiffusion coefficient.
The descending part of the curve (2) corresponds the region of
restricted diffusion where the averaging of local water
transtlational movements over the large volume of cell com-
munity does not take place. Finally, the lower plateau of the
curve (3) describes the region of hindered diffusion, which
characterizes the intercellular permeability. The latter results
in the diffusion averaging at distances larger than the cell size.
In this region water self-diffusion coefficient D∞ is indepen-
dent of td. For the quantitative estimation of the intercellulat
permeability coefficient Pd for water moleculeas, the Crick

relation (Crick 1970) can be used. This relation is obtained
from the resistance to water transfer across a series of parallel
permeable barriers separated by a distance a:

1

D∞
¼ 1

D0
þ 1

Pda
ð1Þ

where D∞ and D0 are the self-diffusion coefficient in the re-
gion of hindered diffusion and the bulk water self-diffusion
coefficient, respectively. The relation (1) is independent on the
mechanisms of intercellular transfer. It permits to apply the
relation for the total permeability of the complex membrane +
plasmodesmata estimation. Since the cell-to-cell pathway
consists of the symplastic one via plasmodesmata (Robards
and Clarkin 1976) and the transcellular one through mem-
brane bilayers and aquaporins, then one can measure experi-
mentally the integral permeability coefficient of both path-
ways denoted as the effective permeability coefficient Pd_ef

(Рd = Рd_ef). It is important to note that, as a rule, the routine
methods of permeability (conductance) measurements apply
an external excitation in the form of pressure (osmotic, hydro-
static, hydrodynamic). The diffusional NMR is a uniquemeth-
od allowing the non-invasive detection of diffusional transla-
tional motion of water molecules across membranes under the
equilibrium conditions without external excitation.

The necessary for calculations characteristic parameter a
which is related, as a rule, to the cell size, can be determined
from the Einstein relation:

Ds tdð Þ ¼ a2

6td
ð2Þ

using the diffusion coefficient measured under the conditions
of the diffusion complete restriction. The measured diffusion
coefficient measured under the conditions of the completely
confined within the restricting compartment molecule move-
ment is known to become the linear function of the inverse

Fig. 1 Idealized dependence of water self-diffusion coefficient Ds on
diffusion time in plant cell compartments with permeable walls
(Valiullin and Skirda 2001)
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diffusion time (td
−1) (Tanner and Stejskal 1968). However,

when the compartment walls are permeable, this dependence
is distorted due to the molecule transfer through the restricting
barriers (Fig. 1) (Valiullin and Skirda 2001) The scaling ap-
proach when the dependence Ds (td) is renormalized into the
dependence Def2(td) versus t d

−1 (Maklakov et al. 1990;
Valiullin and Skirda 2001) allows to avoid the effect of per-
meability on Ds. For long td, the renormalization is given by
the relation (Maklakov et al. 1990):

Def 2 tdð Þ ¼ D0Def 1

D0−Def 1
ð3Þ

where Def 1 tdð Þ ¼ D0
Ds tdð Þ−D∞
D0−D∞

.

The modified relation (Sibgatullin et al. 2010) should be
used for the whole range of diffusion times:

Ds tdð Þ ¼ Def 2
D0−D∞ð Þ

Def 2 þ D0

� � þ D∞ ð4Þ

where Def 2 tdð Þ ¼ a2
2td

.

Since td is restricted by the relaxation time,D∞ often cannot
be determined directly from experiments, and then after
renormalization, D∞ is considered to be an adjustable param-
eter, changing the experimental dependence Ds (td) into the
dependence Def2(td

−1).
In the present work, the three-pulse sequence of stimulated

echo (Fig. 2) was used to monitor the summarized transcellu-
lar and symplast transport in the radial root direction.
Diffusional decays (DD) of water magnetization were regis-
tered as the dependences of relative stimulated echo signal
amplitudes (R) on the magnetic field gradient pulses (g2), with
the interval between pulses–the diffusion time (td), and pulse
duration (δ) being variable parameters. For the diffusional
transfer assessment, the formalism of the average effective
diffusional coefficient Def was used (Anisimov et al.
1991; Anisimov et al. 2004; Valiullin and Skirda 2001).
The value of Def was determined from the relation R =

exp( − γ2δ2g2tdDef) according to the condition Def tdð Þ ¼ −

lim
q→0

∂log A q; tdð Þ½ �
∂q2

(Stejskal and Tanner 1965), from the

DD initial slope (Valiullin and Skirda 2001), where R is
the relative echo amplitude, which equals the ratio of echo
amplitudes in the presence and absence of the magnetic
field gradient, R = A(g)/A(0); γ is the proton gyromagnet-
ic ratio (the constant is equal to 2.67 × ·108 T−1 s−1); Def is
the effective self-diffusion coefficient. The generalized ar-
gument b = (−γ2δ2 g2 (td -δ/3)) is used for figure captions.

To register the effect of root cutting without distortion of
sample arrangement in the NMR probe, the Teflon sample
tube with transverse slots was fabricated. The Fig. 3 shows
the scheme of the Teflon sample tube for intact maize plants

with transverse slots. Along the slots, the consecutive dissec-
tion of intact roots was carried out till the level of the absorp-
tion zone and the roots at the absorption zone were cut into 3-
mm-long segments. Intact maize seedlings in the amount of
20–25 pieces were placed into the Teflon sample tube so that
only root suction zone was in the NMR probe measuring
circuit. Then right in the sample tube, the plants part above
measurement zone, including leaf zone (step 1), meristem, and
elongation zone (step 2) were cut off and only root suction

Fig. 2 The stimulated spin echo sequence with the pulsed magnetic field
gradient (Tanner 1970)

Fig. 3 Intact maize plants in the Teflon sample tube with slots. Then right
in the sample tube, the plant part above NMR measurement zone,
including leaf zone (step 1), meristem and elongation zone (step 2)
were cut off and only root suction zone segment was left in the
measurement zone. The last step 3 was fragmentation of the root
suction zone segment into 3-mm-long sections
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zone segment was left in the measurement zone. The last step
3 was fragmentation of the root suction zone segment into 3-
mm-long sections (Fig. 3). Each step of cutting was followed
by the registration of effective water diffusion coefficients of
the root suction zone. It is important to note that the idea of a
sample tube with transverse slots for the consecutive dissec-
tion of intact roots without extracting them from the sample
tube was a methodically lucky find. Plenty preliminary exper-
iments with extracting samples from a tube for cutting them
and then packing them back resulted is a large scatter of data
(up to 20%) mainly resulting from inevitable seedling damag-
ing. When using the sample tube with slots, the data scatter
reduced to 5% obviously because of less damage to the seed-
lings. It is also important that control-test results could be
compared for one and the same sample. To control the main-
tenance of the dynamic range of the intercellular water transfer
regulation in segments after cutting from the mother plant,
changes in echo signal diffusional decays after the blocking
of water transfer by sodium azide within the concentration
range of 10−3–10−2 M were registered.

Statistics

NMR diffusional and growth rate measurement experiments
were performed in three recordings. The statistical analysis
was carried out using the OriginPro 8.5 (OriginLab Corp.,
Northampton, MA, USA) software. In the figures, bars show
SE.

Results and discussion

Growth function as an indicator of root segment
viability

The control of the segment length using the computer method
of size analysis indicates the increase in segment length by 2–
2.5% after the cutting from the mother plant under the normal
atmosphere pressure and temperature of 23 °C (Fig. 4). The
increase in the segment length continued for 5–6 h and is
irreversible. The elongation cease under the effect of cell res-
piration blocking agents, sodium azide (NaN3, 10

−2 M) and
mercuric chloride(10−3 М), indicate that the increase in the
length appears to just cell growth by elongation. For intact
roots, the growth rate is much larger—12–15% for 4.5 h ver-
sus 2–2.5% for root segments (Fig. 5, Fig. 4). Does the pres-
sure loss in the root hydrosystem after its excision from the
intact mother plant affect the growth rate? The segment
growth rate happened to increase (up to 5%) under the pres-
sure of 2 MPa (Fig. 4) while the intact root growth rate, on the
contrary, slows down, but tends to return to the norm after the
pressure release (Fig. 5). Obviously, the normal atmosphere
pressure provides evolutionally polished optimal growth

conditions in the intact root hydro system. After root excision,
the root hydro system experiences the pressure fall, which
results in the growth suppression. The applying of the external
air pressure to the segments compensates the pressure loss,
and, as a result, the segment growth accelerates.

Thus, the excised roots preserve the function of growth by
elongation. The growth by elongation necessarily assumes the
water uptake by cells, i.e., maintenance of the conditions for
water transfer. The direct quantitative data on the transmem-
brane water transfer can be obtained from diffusional NMR
experiments.

Diffusion results

Classification of the transfer pathways in diffusional NMR
experiments correlates with the composite transport model
(CTM) proposed by Steudle and coauthors (Steudle and
Peterson 1998). Water transfer takes place in tissue compart-
ments and canals that differ in form and size, and due to re-
strictions to water diffusion exerted by cell components (mem-
branes, cell walls, etc.) water transfer mobility along different
pathways differ, and it is displayed in the slope steepness of the
diffusional decays of echo signals in NMR experiments
(Tanner and Stejskal 1968). Diffusional decays (DDs) of echo
signals for roots in the norm are characterized by two regions
which differ in steepness and can be attributed to different
water fractions, i.e., they have a two-phase behavior (Fig. 6).
The paramagnetic doping method (Anisimov and Ratkovic
(1992) allows one to determine whether these regions of the
decay curve refer to intercellular or intracellular water frac-
tions. The principle of the method is that a paramagnetic com-
pound which does not penetrate into cells is inserted into the
intercellular space. The intercellular (apoplastic) water mole-
cules experience fast magnetic relaxation due to the contact
with paramagnetic ions (within 1–2 msec depending on the

Fig. 4 The increase (in per cent) in root segment length 4.5 h after cutting
off at 23 °C and the atmosphere pressure (control) and under the treatment
with the air pressure of 2 MPa

Growth function and intercellular water transfer in excised roots 1429



paramagnetic compound concentration). As a result, the inter-
cellular water molecules become invisible in the DDswhile the
intracellular water molecules, moving along the symplast and
still having longer relaxation time due to their isolation from
the paramagnetic ions, remain visible in DDs. Paramagnetic
compound Gd-DTPA (diethylenetriaminepentaacetic acid
salt—gadopentetate), used as a contrasting agent for MRI
(Carr et al. 1984), was applied.

In the experiments with roots, the significant decrease in
the portion of fast-decaying part of DDs under the effect of the
paramagnetic compound is observed and consequently this
fast-decaying part can be attributed to the intercellular water.

As mentioned above, the detection of the average effective
diffusion coefficient dependence on the diffusion time Ds

(td) (Fig. 1) is required to estimate the effective permeability
coefficient Рd_ef. The experimental dependence of the average
effective diffusion coefficient on the diffusion time for intact
seedling roots (control) after renormalization of Def (td) into
Def2(td) as a function of t d

−1 (Fig. 7) gives the characteristic
size of restrictions of 25 μm, and this in its turn determines the
effective water permeability coefficient Рd_ef. The similar ex-
perimental DD dependences after the successive cutting off
the plants part above measurement zone, including leaf zone,
meristem and elongation zone, and fragmentation of the root
suction zone into 3-mm-long sections show the decrease in
effective permeability coefficient of the root suction zone seg-
ment followed by maximum decrease after the fragmentation
of the root suction segment into 3-mm-long sections (Table 1).

Cutting off of the plants part abovemeasurement zone (step
1) reduces the permeability coefficient on the average by 10%
from the control value for the intact seedling root permeability.
The following cutting off the meristem and elongation zone
(step 2) reduces this value by 20%. The fragmentation of the
root suction zone segment into 3-mm-long sections (step 3)
results in the permeability decrease by 60%. Since by the time
of fragmentation, the root (step 3) is deprived of the upper
water flow driving force, the data obtained after fragmentation
favor the transfer blocking on the cutting frontiers. The arising
pressure gradient on the cutting frontiers, taking into account
the data of Oparka and Prior (1992), obviously, causes the
defensive prevention of the water loss through the cutting
frontiers. The question is whether the dynamic range of per-
meability regulation remains unchanged. The answer is ob-
tained from the DD behavior during the water transfer
blocking in suction zone of root segments by increasing

Fig. 6 Echo signal DD versus the magnitude of magnetic field gradients
for roots in the norm (solid squares) and after different time of incubation
intact maize seedlings in 0.025 M GdDTPA solution: 1-h incubation
(open circles), 2-h incubation (solid circles), 3-h incubation (open
squares), 4-h incubation (solid triangles)

Fig. 7 The dependence of the average effective diffusion coefficient on
the diffusion time for intact seedling roots (solid squares) and the result of
the renormalization ofDef (td) into the dependenceDef2(td) as a function of
td
−1. Arrow point to linear approximation of Def2(td)

Fig. 5 Time course of elongation (in per cent) of the intact roots at 23 °C
under the atmosphere pressure (solid squares) and under impact of
external air pressure of 2 MPa (open circles). After 6 h of 2 MPa
pressure impact (region 1), the pressure was released to level of
atmosphere (region 2)
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concentrations of sodium azide up to 10−2 M (Fig. 8). As
concentration increased, azide happened to reduce successive-
ly water transfer in segments, and it is observed in the decrease
in the DD initial slope steepness. In other words, segment cells
Bproperly^ respond to the azide treatment. The cell destruction
under the azide treatment does not occur. Otherwise, DD in
Fig. 8 would become straight lines with the slope close to that
of bulk water.

The considered constituents of water transport in plants
mechanisms, such as osmosis, tension of water continuity un-
der the effect of transpiration, capillary forces, cell contractile
activity, etc., during the active vegetation period can explain
almost all experimentally observed water transfer processes,
but each of these mechanisms has its own weak point, and it is
not easy to adjust these mechanisms to interseasonal environ-
mental changes. The recent article on the modification of the
composite water transport model in roots (Kim et al. 2018;
Couvreur et al. 2018) shows the necessity of the further de-
velopment of the water transport in plants model. As a further

development of this model, one can imagine a cell-distributed
water flow driving force in plants, mentioned by Bos (1964)
and Zholkevich et al. (1979). The fact that, even after a very
severe stress with the transpiration shutdown and the meristem
and elongation zone cutting-off, the segments retain growth
functions and the intercellular water transfer can indirectly
point to the existence of the distributed driving force.

Conclusion

Thus, the excised roots keep the function of elongation
growth. The latter necessarily assumes the water uptake by
cells, i.e., the preservation of conditions for water transfer.
Simultaneously, the excision of the root suction zone from
the mother plant results in the reduction of the effective inter-
cellular permeability on the average by 20%, i.e., the dramatic
changes in water transfer do not occur. The fragmentation of a
segment into small sections results in the permeability de-
crease by about 60%. The reduction is associated with the cell
defensive response to water loss through cuts and blocking of
the additive water transfer along the segment length, resulting
from segment cutting.
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