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Abstract

Aims Root tissue water can be lost to the dry topsoil
via radial water loss (RWL) resulting in root shrink-
ing and loss of contact with the rhizosphere. The root
barrier to radial oxygen loss (ROL) has been shown
to restrict RWL, therefore we hypothesized that the
inducible barrier can be formed as a response to low
soil water potential and play a role, together with
other root traits, in restricting RWL.

Methods Rice and wheat were grown in hydropon-
ics with contrasting water potential to diagnose ROL
barrier formation and to explore how key root traits
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(ROL barrier, root diameter, root porosity) affect
RWL. Moreover, we developed a numerical model
predicting RWL as a function of root diameter, root
porosity and presence of a barrier to ROL.

Results Methylene blue staining showed that low
water potential induced a ROL barrier formation in
roots of rice, and also resulted in an apoplastic bar-
rier, as identified by the apoplastic tracer periodic
acid. The barrier significantly restricted RWL, but
root diameter and tissue porosity also influenced
RWL. Our numerical model was able to reflect the
empirical data and clearly demonstrated that thick
roots and a barrier to ROL restricts RWL while corti-
cal porosity accelerates RWL.

Conclusions Our modelling approach highlighted
that increase in root tissue porosity, a common
response to drought, conserves water when new
roots are formed, but the higher desiccation risk
related to high-porosity roots can be effectively
counteracted by forming thick roots or even better,
by a barrier to ROL.
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Introduction

Variations in climatic conditions remain crucial in
controlling crop yields. In substantial areas of the
world, more than 60% of rice, maize, wheat and
soybean yield variability is explained by year-to-
year climate variability (Ray et al. 2015). In addi-
tion, IPCC projects that climate extremes, such
as droughts and floods, will result in future global
yield declines even if global warming is limited to
1.5-2 °C (Hoegh-Guldberg et al. 2018). Crop vari-
eties with enhanced tolerance to abiotic stress can
mitigate these negative effects of extreme weather
events (Dhankher and Foyer 2018). This calls for a
second Green Revolution by focusing on root traits
that allow efficient soil resource capture (Lynch
2007). Drought severely impacts crop yields as
water deficiency at the shoot level leads to stomatal
closure and reduced photosynthesis (Leng and Hall
2019). Moreover, roots may lose water via radial
water loss (RWL) resulting in cell death if roots des-
iccate entirely (Stasovski and Peterson 1993). We
therefore aimed at quantifying the importance of
the root apoplastic barriers and other root traits (e.g.
aerenchyma, stele area, root diameter) on root RWL.
Here we show that thick roots and modifications in
the exodermis both work in concert to reduce RWL,
whereas aerenchyma increases RWL.

As sessile organisms, plants cope with droughts
via several key root traits with different trade-offs
(Comas et al. 2013). Aerenchyma formation in
maize has been shown to improve drought toler-
ance by decreasing root metabolic costs, permit-
ting greater root growth and water uptake from
dry soil (Klein et al. 2020; Zhu et al. 2010). How-
ever, aerenchyma formation has also been shown
to impede movement of water through the root
cortex in rice (Yang et al. 2012). In addition, thin
roots are generally viewed as advantageous under
drought conditions as exemplified in rice, where 8
genotypes of lowland rice all responded to water
stress by a significant reduction in diameter of the
nodal roots (Azhiri-Sigari et al. 2000). Thin roots
increase the volume of soil that can be explored for
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water, since much longer roots can be formed with
the same investment in resources, and thin roots
also increase the surface area in contact with the
soil (Comas et al. 2013). Meanwhile, desiccation
increases the strength of many agricultural soils,
and thicker roots have been shown to have greater
penetration ability in hard soils, as they are more
resistant to buckling and deflection (Lynch et al.
2021). Research generally supports that plants with
large diameter xylem vessels have greater hydrau-
lic conductivity, but less conservative water use
(“water banking”) and greater risk of cavitation
than those with small diameter vessels. However,
exceptional species with large xylem diameters
resistant to cavitation have been found, and large
xylem diameters may be advantageous if water is
ample at depth. The cortex to stele ratio (CSR) was
found to increase with soil water content (i.e., stele
area increased with declining water availability) in
18 wild Poaceae species (Yamauchi et al. 2021b).
In addition, drought may also cause root shrink-
age, and thereby reduce the root-soil contact sur-
face. For example, in spruce species (Picea abies
L. Karst), root circularity decreased in dry soils,
and drought-tolerant species maintained higher
root circularity than drought-sensitive species
(Wrorniska-Watach et al. 2016). Water loss from
roots has been related to the deposition of suberin
and lignin in the exodermis restricting radial water
loss (Cruz et al. 1992; Enstone et al. 2003). lL.e.,
RWL from roots of plant species without an exo-
dermal barrier was much higher than that in spe-
cies with a well-developed exodermis (Cruz et al.
1992; Taleisnik et al. 1999). The many trade-offs in
the above listed traits therefore call for a quantita-
tive approach using mathematical modelling evalu-
ating pros and cons of each trait.

Interestingly, flood tolerant species also develop
some of the above-mentioned traits involved in
drought tolerance. As soil flooding leads to deple-
tion of oxygen available for root respiration (Drew
1992; Hepworth et al. 2015), wetland plants tol-
erate soil flooding via various root traits includ-
ing aerenchyma formation (Pedersen et al. 2021b;
Yamauchi et al. 2021a, b). These interconnected
gas spaces in the root cortex result in a high capac-
ity for oxygen diffusion to root apices during soil
flooding, supporting mitotic cell divisions leading
to root growth (Mano et al. 2006). A high CSR in
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roots is beneficial for oxygen diffusion along roots
in soil flooding, as a thin stele and large cortex
allow for more aerenchyma to develop (Yamauchi
et al. 2019). Importantly, roots of some wetland
plants can form a barrier to radial oxygen loss
(ROL) to alleviate hypoxia caused by soil flooding
(Pedersen et al. 2021b). A barrier to ROL caused
by suberin and lignin deposition in the exodermis
of the basal root zones can enhance longitudinal
oxygen diffusion in the aerenchyma by restricting
oxygen loss to the rhizosphere (Colmer 2003). The
barrier to ROL in roots of rice can be induced by
growth in stagnant, deoxygenated nutrient solution
(Colmer et al. 1998) and by various environmen-
tal signals such as low molecular carboxylic acids
(Colmer et al. 2019) and reduced iron (Mongon
et al. 2014) and it can be further strengthened by
sulphide (Armstrong and Armstrong 2005). In
addition, the barrier to ROL can impede the apo-
plastic entry of iron into the roots of Urochloa
humidicola (Jimenez et al. 2021), but also to some
extent reduce water uptake in wheat and rice roots
(Ouyang et al. 2020).

The above clearly shows that some root traits
appear as dual-purpose traits, including for both
flood and drought tolerance. This is true for aer-
enchyma formation in particular, which formed
substantially in plants growing in dry as well as in
wet soils, while forming much less at intermedi-
ate soil water content (Yamauchi et al. 2021b). In
addition, the ROL barrier forming in roots of plants
exposed to waterlogging also restricts radial water
loss (Peralta Ogorek et al. 2021). Since ROL and
RWL in roots both seem related to the formation
of a barrier in the exodermis (Taleisnik et al. 1999;
Toulotte et al. 2022), the present study tested the
hypothesis that a root barrier to ROL is formed as
a response to drought using hydroponics, where the
water potential of the nutrient solution was manip-
ulated with PEG-6000. Moreover, we used a math-
ematical modelling approach to illustrate the quan-
titative importance of key root traits (root barrier
to ROL, root porosity and root diameter) on radial
water loss. The modelling approach used input data
from roots of rice and wheat (in order to achieve
a wide range in the included root traits) and also
artificial roots made from agar cylinders (in order
to assess the effect of root diameter without con-
founding influence from other root traits).

Materials and methods
Experimental material

Seeds of rice (Oryza sativa, cv. IR42) and wheat
(Triticum aestivum, cv. Jackson) were imbibed in
aerated 0.5 mM CaSO, for 3-4 h and germinated
in Petri dishes on tissue paper moistened with
0.5 mM CaSO,. The Petri dishes were wrapped in
aluminium foil, and seeds germinated in a constant
temperature room at 30 °C for 3 days. Germinated
seeds were then transferred to mesh floats on 50%
strength nutrient solution (Colmer et al. 2019) and
grown in aerated conditions for 7 days. The nutri-
ent solution was aerated with atmospheric air at
40 ml min~! and light was supplied (PHILIPS
MASTER, HPI-T, 400 W/645) at 800 umol pho-
tons m~2 s~! (16/8 h light/dark). 10-day-old plants
were then transferred to full strength aerated nutri-
ent solution and changed and grown to an age of
28 days from germination at which treatments com-
menced. The treatment of rice was either (i) aerated
simulating drained soils, (ii) stagnant, deoxygenated
simulating soil flooding (Wiengweera et al. 1997) or
(iii) containing 10% of polyethylene glycol (PEG)
6000 simulating dry soil (resulting in a soil water
potential of -0.14 MPa) (see Table 1). PEG-6000
can be used to simulate the low water soil potential
with only limited interference with the metabolic
processes of the plant (Agrawal et al. 2016). Moreo-
ver, 10% PEG was used to simulate a mild osmotic
stress considering the moderate tolerance of the
IR42 cultivar towards drought (Ponnamperuma
1979). The plants remained under treatments for a
week (age 35 days) until new adventitious roots of
100-140 mm length had developed. Wheat plants
remained in aerated nutrient solution, and in addi-
tion to adventitious roots of 100-140 mm length,
we also sampled thin lateral roots of up to 60 mm.
Agar cylinders were used to mimic water loss
from artificial roots without any internal tissue
structures (i.e. internal barriers to water loss or gas
spaces) (Table 1). Agar cylinders of four dimensions
(0.8, 1.25, 1.45 and 3.33 mm in diameters) using 3%
(w/v) agar solution and 0.03 mM methylene blue (to
enhance contrast during time-lapse video recording).
The cylinders were prepared using needles or PVC
tubes of different sizes (0.8 mm, 1.25 mm, 1.45 mm
and 3.33 mm), and the cylinders were stored in
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Table 1 Summary of experimental material. Rice or wheat
were grown in different types of nutrient solutions to simulate
extremes of soil water content. Roots growing in the various

conditions formed either formed a weak or a tight barrier to
radial O, loss (ROL). Agar cylinders with zero porosity were
used to isolate the effect of root diameter on radial water loss

Material Treatment Simulation Barrier strength! ~ Root dimension Resistance factor
(o, see Eq. 3)
Rice Aerated nutrient solution  Drained soil Weak barrier Thick adventitious root a=2.03%x103
Stagnant, deoxygenated Soil flooding Tight barrier Thick adventitious root a=10.50x10°
nutrient solution
10% polyethylene glycol  Dry soil Tight barrier Thick adventitious root a=12.75x10°
(PEG-6000) nutrient
solution
Wheat Aerated nutrient solution  Drained soil Weak barrier Thick adventitious root a=2.10x103
Aerated nutrient solution  Drained soil Weak barrier Thin lateral root a=3.23%x10?
Agar cylinder - 0 porosity, solid root No barrier, no gas @=0.8, 1.25, 1.45, a=1.50x10>

space, and no 3.33 mm

stele

! For characterization of barrier strength, we used the terminology of Colmer (2003)

deionized (DI) water and cut to the desired length
prior to measurements.

Radial water loss

Radial water loss (RWL) was measured by using a
gravimetric approach as described by (Peralta Ogorek
et al. 2021) with some modifications. Briefly, root
segments were positioned on a metallic mesh in a
balance chamber with a relative humidity (RH) of
18-28% (HOBO UX100-011 Temperature and RH
data logger, Onset). About 150-200 mg fresh mass
(FM) of root segments (or agar cylinders) were pre-
pared from intact roots by removing lateral roots and
the most apical 30 mm known to rarely develop a
ROL barrier (Ejiri et al. 2021). The diameter of the
root segments was measured using a digital calliper
and the cut ends of roots were sealed with Vaseline.
The loss in mass during desiccation was recorded
automatically every 30 s for 1 h by using a 5-digit
analytical balance (Mettler Toledo Analytical Balance
MES54) connected with the software BalanceLink
V4.1.3. Meanwhile, the root diameter was monitored
by time-lapse images using a USB camera (Dino-Eye
Eyepiece Camera) connected with the software Dino-
Capture 2.0. The desiccation measurements were
taken at 22-24 °C.

Cumulated water loss (% of total water content)
and radial water loss (RWL) (pmol H,O m~2 s7)
were calculated based on total tissue water content
and root surface area, respectively. Data of cumulated
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water loss and RWL were fitted by using a two-phase
decay function, with the exception of rice grown in
simulated soil flooding or dry soil, where a 6™ order
polynomial curve showed the best fit. The fitting of
data was conducted in order to identify the time
for which 15% of total pool of water had been lost
(Fig. S1) representing the volume of water present
in cells exteriorly to the ROL barrier in rice (Peralta
Ogorek et al. 2021). The same procedure was applied
to agar cylinders.

To further understand the effect of root size on
dynamics of RWL, cross-sections of fresh and dry
root segments were prepared. Cross-sections were
vertically fixed using clamps and visualized using
a stereomicroscope (Olympus, BX60, Olympus
Optional CO., LTD Tokyo, Japan) and root circularity
(Dudzinska and Piérkowski 2020; Yonis et al. 2020)
was determined using ImagelJ (see below).

Apoplastic barriers and root cross-sections

A qualitative assay was used to visualize the perme-
ability of the apoplastic barrier following the method
described in Soukup et al. (2007) with some modifica-
tion. Briefly, root segments (25 mm length) were pre-
pared by removing the apical 30 mm and the cut ends
were sealed with lanolin. Root segments were incu-
bated in 0.1% (w/v) periodic acid for 1 h, further incu-
bated in a reducing solution (1 g of potassium iodide
and 1 g of sodium thiosulfate dissolved in 50 ml of DI
water and acidified with 1 ml of 1 M hydrochloric acid)
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for 1 h at room temperature. After storing in DI water
overnight at 4 °C, the segments were embedded in 5%
(w/v) agar for up to 3 days and ca. 100 pm thick cross-
sections were prepared using a vibrating microtome
(Leica VT1200S, Leica Biosystems). Cross-sections
were stained with Schiff’s reagent for 3-5 min and
periodic acid penetration was visualized under white
light in a regular microscope (Olympus, BX60, Olym-
pus Optional CO., LTD Tokyo, Japan). These cross-
sections were also used to determine the cortex to stele
ratio (CSR).

Methylene blue staining

The qualitative assay of ROL was conducted using
methylene blue staining as described by Yamauchi et al.
(2019). Methylene blue is a colourless redox indica-
tor in its reduced form and turns blue when oxidized.
Plants were trimmed off their leaves (only the leaf
sheaths remained) and all of the roots except two tar-
get roots 100—140 mm in length. The shoot base with
the selected roots was immersed 20 mm below the sur-
face of the solution in a photo chamber containing the
reduced methylene blue. The staining pattern of meth-
ylene blue on the roots were taken photographs at 1.5 h
after the start of the staining experiment.

Root porosity

Root porosity was measured using the pycnometer
method as described by (Jensen et al. 1969) with some
modification. A 25 ml pycnometer was filled with DI
water and weighed (P) using a 5-digit balance (Mettler
Toledo Analytical Balance ME54). About 70-120 mg
of fresh root tissue, with the 30 mm root tip removed,
was weighed (R) and placed into the pycnometer and
filled with DI water (Rb+P). Root segments were
ground using a mortar, and again transferred to the pyc-
nometer filled with DI water and weighed (Ra+P). The
porosity of the roots was then calculated as follows:

Porosity(%) = (R, — R,) /(R - R,) - 100 (1)

Statistical analyses and image processing

GraphPad Prism software (v.8.3.1) was used for sta-
tistical analyses. Differences between treatments were
evaluated by using one-way ANOVA followed by

Tukey’s pairwise test. All data satisfied the assump-
tion of normality (Shapiro-Wilk’s test) and homo-
scedasticity (Bartlett’s test) without requiring data
transformation.

Photos of fresh and dry root cross-sections were
processed using Image J software. Circularity was
assessed in order to evaluate the changes in shape due
to root desiccation, and calculation was performed
using the BioVoxxel plugin for ImageJ (Dudzinska
and Piorkowski 2020; Yonis et al. 2020). The circu-
larity was calculated as follows:

Circularity = 4x - A/ P* )

where A is the area of the fresh or dry root cross-sec-
tions and P is the perimeter of the fresh or dry root
cross-sections.

Numerical modelling

To complement the experimental investigation, we
developed a simplified numerical model to predict
the behaviour with time of cumulated water loss and
RWL in roots and agar cylinders. The model is based
on the assumption that water (in the form of water
vapour) leaves the root by diffusion and, due to this
loss of water, the root shrinks.

Therefore, starting from the mass balance equa-
tion, we first calculated the diffusion of water vapour
out of the root (assumed to be perfectly cylindrical),
solving the diffusion equation of cylindrical coordi-
nates (Truskey et al. 2010):

912 (,p%C) o

= r
ot ror or

where C is the concentration of water vapour in air,
r is the radial coordinate and D is the diffusion coef-
ficient. The concentration at the surface of the root
(location r;) is assumed to be equal to the concentra-
tion inside the root, C (r=r;)=C;. In this case, at the
beginning of the process C;=(1-®)-55.5x10°> mol/
m® (liquid water homogenously distributed inside
the root volume), with @ the apparent solid fraction
of the root that cannot be occupied by water (solid
material and pores not accessible to water). Moreo-
ver, the concentration far from the root surface (at
radius r, = 10%r;) is equal to the concentration of water
vapour in air at the given humidity (18-28% RH).
By solving Eq. 3.1, we obtain the behaviour of the
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concentration in time and space in the ambient air
surrounding the root, C (7, f).

Then, the RWL can be obtained from Fick’s 1% law
of diffusion (Fick 1855) as

aC
rwL=-D,[ 57 62

where Ds is an equivalent diffusion coefficient at the
root surface. Note that Ds takes into account the com-
plex physics that happens inside the root and at the
root surface, like capillary trapping of water drops,
surface permeability and/or the presence of resist-
ances to the flow (endodermis, exodermis and apo-
plastic barriers), and can be expressed as

Dy=D/a-\/r; (3.3)

where o is a resistance factor introduced to simulate
the presence of the barrier to ROL. In order to simu-
late the resistance of the endodermis of wheat roots (a
structure absent in the agar cylinders) or the exoder-
mis (and sclerenchyma) present in rice roots, o was
set at a value> 1 (Tables 1 and 2). The expression of
D, represents a combination between a constant and
uniform diffusion coefficient (which is the simplest
assumption usually employed to simulate diffusion
processes through homogenous media) and a diffu-
sion coefficient that varies linearly with r; (typical of
surface tension phenomena that occur at the interface
between two different phases), and mimics reasonably
well the current situation of mass transport through a
root surface.

The cumulated water loss, W, can be obtained:
t
W) = / RWL(7) - S(z)dt (3.4)
0

where S (7) the value of the external surface of the
root at the given time instant. As water leaves the
root, the root loses mass and shrinks. From the mass
balance of water contained inside the root, we get:

drit) _ RWL(t)
dr C

3.5)

i

Note that there is a minimum radius, r; ;, = ®
Wz)-ri(O), which corresponds to the situation in
which the inner root structure (composed by solid
fibres and non-accessible pores) is fully packed.
When the root radius reaches this minimum value,
the root cannot shrink further. Due to the loss in
mass, and to the corresponding shrinkage effect,
the mass of water inside the root changes, and so
does the volume of the root. As a consequence, at
each time step, we recomputed the concentration of
water inside the root as follows:

W, — W)

- ar ()’ LM® (3.6)

where W, is the water present inside the root at the begin-
ning of the process (time r=0), L is the length of the root
(we assume L=1 in the computations), and M is the
molar mass. This concentration is then used as a bound-
ary condition to solve Eq. 3.1, and to start the loop again.

Table 2 Modelling

- Case Root diam- Porosity (%) Solid fraction' ROL barrier Resistance factor
scenarios ?rom 1to 10 eter (mm) (, see Eq. 3)
showing simulated root
diameter, tissue porosity, 1 05 3 0.03 _ a=1.50%10%
pémeemita 2w o
Symbols - and + mean 3 2.0 3 0.03 - a=1.50x 10
absence or presence of the 4 4.0 3 0.03 - a=1.50x10°
barrier to ROL, respectively 5 1.0 10 0.15 ; a=1.50%103

6 1.0 30 0.45 - a=1.50%103
7 0.5 0.03 + a=12.75x10°
8 1.0 0.03 + a=12.75x10°
9 1.0 10 0.15 + a=12.75%10°
10 1.0 30 0.45 + a=12.75%10°

! for explanation of the solid fraction parameter, please see materials and methods
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Results
Functional changes in the root exodermis

Growth conditions simulating soil flooding or dry soil
both induced a barrier to radial oxygen loss (ROL) as
well as an apoplastic barrier (Fig. 1). Formation of
a barrier to ROL was evaluated by methylene blue,
which is a colourless redox indicator in its reduced
form and turns blue when oxidized. Therefore, a blue
halo forming around the roots is showing that oxygen
diffuses radially from the root to the solution. In stark
contrast, roots of rice grown in aerated solution (sim-
ulating drained soil) only developed a weak barrier,
as indicated by the blue staining along the entire root
axis (Fig. 1A). Our results show convincing evidence
for ROL barrier formation in roots of rice both when
grown in stagnant deoxygenated solution (simulating
soil flooding) but also in treatments with PEG-6000
(simulating dry soil). Staining was absent at the main
axis of these roots indicating that a tight ROL bar-
rier had formed (Fig. 1B, C). Meanwhile, a blue halo

Fig. 1 Methylene blue (A-C) and periodic acid staining (D-F)
of rice roots. In A-C, blue coloration indicates radial O, loss
(ROL) and in D-F, purple coloration indicates radial infiltra-
tion of the apoplastic tracer. Plants were 28- to 35-day-old and
in A, D, plants were grown in aerated nutrient solution (simu-

formed at the root apices (Fig. 1B, C) where the ROL
barrier is rarely induced (Shiono et al. 2011). Impor-
tantly, the blue halo at the root tip indicates that the
absence of staining at the mature root zones is indeed
due to a ROL barrier rather than low tissue O, sta-
tus; the latter can happen if the cortex is very low in
porosity, if the aerenchyma becomes flooded or other-
wise damaged (Pedersen et al. 2021a). Thick adven-
titious roots of wheat as well as thin lateral roots of
wheat stained blue at the basal part of the root, indi-
cating some loss of oxygen and therefore the pres-
ence of only a weak barrier to ROL (Colmer 2003)
(Fig. S6A, B).

The ROL barrier has been suggested to result from
suberization and/or lignification of the cell walls
in the root exodermis forming an apoplastic bar-
rier (Kotula et al. 2009b). The presence or absence
of such a barrier was visualized using periodic acid
staining. The roots of rice with a tight barrier to
ROL had also formed an apoplastic barrier indicated
by only the outer cell layers of cross-sections being
stained purple (Fig. 1E, F). In contrast, the cortex

lating drained soil), in B, E, stagnant, deoxygenated nutrient
solution (simulating soil flooding) and in C, F, in nutrient solu-
tion with PEG-6000 (simulating dry soil). Scale bar=1 c¢cm in
A-C and 50 pm in D-F
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«Fig. 2 Cumulated water loss and radial water loss (RWL)
from root segments of rice and wheat during 1-h exposure to
dry air (18-28% RH) as well as the predictions from the mod-
els. 5-8 cm long root segments of plants grown in aerated
nutrient solution (simulating drained soil), stagnant, deoxygen-
ated nutrient solution (simulating soil flooding) and with PEG-
6000 nutrient solution (simulating dry soil) were placed inside
a balance chamber and weight loss was recorded every 30 s.
Data are means+SD (n=5). A-B, rice, thick roots simulating
drained soil; C-D, rice, thick roots simulating soil flooding;
E-F, rice, thick roots simulating dry soil; G-H, wheat, thick
roots simulating drained soil; I-J, wheat, thin roots simulating
drained soil

of root cross-sections in rice with a weak barrier as
well as the two types of wheat roots stained purple
throughout the cortex indicating that they had not
formed a tight apoplastic barrier (Fig. 1D, S6C and
D). Our results therefore show that roots of rice can
form a barrier to ROL and an apoplastic barrier as a
response to soil flooding as well as to low soil water
content.

Effects of key root traits on radial water loss

Root segments of rice and wheat desiccated when
exposed to a dry atmosphere, but key root traits
substantially influenced the rate of desiccation.
The root ROL barrier significantly restricted rates
of both cumulated water loss and radial water loss
(RWL) (Fig. 2A-F). This is evidenced by empirical
data showing that roots with a tight barrier only
lost 15% of their initial water content after 30 min
of exposure to dry air (Fig. 2C, E), and only
20-25% after 60 min (Fig. 2C, E). In stark con-
trast, roots of rice with a weak barrier (Fig. 1A)
had lost 15% of total water content already after
5 min (Fig. 2A). Furthermore after an initial
decline, RWL levelled out after 10 min in roots of
rice with a tight barrier (Fig. 2D, F), whereas rates
of RWL continued to decline for 55 min in roots
with a weak barrier (Fig. 2B).

In roots forming an exodermis (e.g., rice), the
amount of root tissue positioned exteriorly to the exo-
dermis is approximately 15% (Peralta Ogorek et al.
2021). Moreover, rates of RWL are driven by differ-
ence in water potential between the tissue and the
surrounding air and therefore comparisons between
different types of roots need standardization. Assum-
ing that the tissue desiccation takes place from the
surface and inwards, we used 15% of total water loss

to compare the rates of RWL in rice grown in three
different conditions with that in wheat grown in aer-
ated solution. The comparison showed that RWL in
rice were 9 to 13-fold higher in roots with a weak bar-
rier (drained soil) compared to roots with a tight bar-
rier (soil flooding or dry soil) (Fig. 3A). Furthermore,
thin roots of wheat had the highest rates of RWL, and
thick roots of wheat had a much higher RWL than
that of rice roots with a weak barrier showing that the
exodermis in itself (absent in wheat) presents some
resistance to desiccation (Fig. 3A).

As hypothesized, rates of cumulated water loss
and RWL were also strongly affected by root thick-
ness, i.e. thick roots showed lower rates of water loss
compared to thin roots (Fig. 2G-J). Including roots
of wheat in this study enabled us to assess the influ-
ence of root thickness without the confounding effect
of an exodermis and, moreover, wheat never form a
tight barrier to ROL (Garthwaite et al. 2006). The
absence of tight ROL barrier in wheat was evident
from the rates of cumulated water loss as thick roots
(0.7-0.9 mm) had lost 15% after 4 min and 90% after
40 min (Fig. 2G). In thick roots, rates of RWL were
below detection limit after 50 min (Fig. 2H), indicat-
ing almost complete desiccation of the roots. In thin
roots (0.2-0.3 mm), water loss was even faster as the
cumulated water loss had reached 15% already after
3 min and approached 100% after 30 min. (Fig. 2I). It
is interesting to note that the RWL curve shows a two-
phase behaviour (see for example Fig. 2B-H-J), char-
acterized by an initial rapid decrease, which slowly
levels off, followed by a second sharper decrease. The
inception of the second stage (the kink in the RWL
curve) occurs when the root has reached its minimum
diameter, i.e. when it cannot shrink further because
of structural constraints. This behaviour is also nicely
captured by the numerical model.

In order to isolate the effect of root diameter, we
used artificial roots made from agar as these have
zero “tissue porosity”, are lacking a stele, an exoder-
mis and a ROL barrier. Rates of cumulated water loss
and RWL from agar cylinders were controlled by the
diameter of these cylinders (Fig. S1). Cylinders of
0.8 mm in diameter reached 100% of cumulated water
loss, and therefore also rates of RWL below detec-
tion limit, after 50 min (Fig. S1A, B). By contrast,
1.25, 1.45 and 3.33 mm cylinders only lost 70, 72 and
30% of total water content after 60 min, respectively
(Fig. S1C, E, G). Rates of RWL at the time point at
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Fig. 3 A, radial water loss (RWL) at the time at which 15% »
cumulated water loss had occurred (see Fig. 2A, C, E, G and
I). B, cortex to stele ratio (CSR) with bars representing the
mean and error bars (standard deviation). C, tissue porosity
expressed as percentage gas spaces per volume of tissue. Plants
were grown in aerated nutrient solution (simulating drained
soil), stagnant, deoxygenated nutrient solution (simulating soil
flooding) and with PEG-6000 nutrient solution (simulating dry
soil). In box-whisker plots (A and C), the boxes represent 50%
quartiles, whiskers minimum and maximum of values and the
horizontal line the median. Different letters indicate significant
difference (P < 0.01, Tukey’s test, n=>5). n.a., data not available

which 15% of total water content had evaporated in
1.25, 1.45 and 3.33 mm cylinders were 25, 19 and
57% lower than that of the 0.8 mm cylinder, respec-
tively (Fig. SID, F, H). These results underline that
while rates of cumulated water loss and RWL are
profoundly affected by the barrier to ROL, water loss
also depends strongly on root thickness.

In an effort to single out the effect of three key root
traits on cumulated water loss and RWL, we com-
plement our experimental results with correspond-
ing predictions obtained from the numerical model
described above. The main parameters of the model
were root diameter, tissue porosity and the presence/
absence of a barrier to ROL. Other physical resist-
ances to the flow of water (i.e. presence/absence of
exodermis and of endodermis) are also captured by
the parameter a, which lumps together all the phys-
ics occurring within the root and at the root surface
(see Tables 1 and 2). In most cases, predicted cumu-
lated water loss as well as RWL were in close agree-
ment with the obtained experimental data (Fig. 2A,
C-F, I). However, there were also cases characterized
by a slightly larger deviation between the measured
(experimental) and predicted (numerical) desicca-
tion pattern (Fig. 2B, H, J). For the agar cylinders,
the experimental and predicted values were also in
nice agreement, but for the RWL of the thin agar cyl-
inders, the model was unable to reflect the dramatic
changes in RWL during time (Fig. S1A-S1B). The
increase in RWL of the thin cylinders were caused by
a rapid decline in surface area (Fig. S4), and possi-
bly by a corresponding complex cross sectional shape
(low circularity) that is not taken into account in the
model (which assumes a perfectly circular, symmetri-
cal shape).

In addition to the direct influence on water loss,
the growth conditions also influenced some other root
traits. The CSR of rice roots responded significantly
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to treatments (Fig. 3B). Compared to aerated condi-
tions (drained soils), CSR increased by 23% in stag-
nant, deoxygenated conditions (soil flooding) but was
reduced by 28% in treatments with PEG-6000 (dry
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Fig. 4 Dynamics of changes in root shape of rice and wheat »
during exposure to dry air (relative humidity 18-28%). In A,
B, time-lapse images of root segments of rice grown in aerated
nutrient solution; in C, D, time-lapse images of root segments
of rice grown in stagnant, deoxygenated nutrient solution. In E,
changes in root diameter with time in root segments of rice and
in F, changes in root diameter with time in thick or thin root
segments of wheat. Symbols represent the mean+SD (n=>5).
In G, changes in circularity (based on root cross-sections at the
beginning (t,) and the end (tg;) of 60 min of exposure to dry
air in root segments of rice and wheat. Plants were grown in
aerated nutrient solution (simulating drained soil), stagnant,
deoxygenated nutrient solution (simulating soil flooding) and
with PEG-6000 nutrient solution (simulating dry soil). Bars are
means+SD (n=5); ¥**** P < 0.0001; n.s., no significance for
two-tailed Student’s ¢-test. n.a., data not available

soils). In comparison, CSR did not differ significantly
between thick and thin roots of wheat. Root poros-
ity also responded to growth conditions (Fig. 3C).
Root porosity of rice roots was 34 and 28% higher in
roots formed in stagnant, deoxygenated solution or
in PEG-6000, respectively, than in rice roots formed
in aerated solution. These results show that other key
anatomical root traits in rice respond similarly to soil
flooding or conditions of low soil water potential.

Dynamics of changes in root shape during
desiccation

Time-lapse video recordings of roots during desic-
cation revealed significant differences in responses
to desiccation. The most reduced striking effect was
that of roots with the ROL barrier, which effectively
maintained root circularity during the 1 h of desic-
cation (Fig. 4G, S5). In roots grown in stagnant,
deoxygenated solution (soil flooding) as well as in
PEG-6000 (dry soil), the diameter and the circular-
ity were unaffected by tissue water loss (Fig. 4E,
G). In contrast, in roots of rice grown in aerated
solution (drained soil), the root diameter decreased
by 42% within 1 h, a response also seen in roots of
wheat although more pronounced (thick wheat roots
had declined by 62% already after 35 min and the
thin wheat roots by 54% within 10 min) (Fig. 4E,
F). As the roots were shrinking during desiccation,
the shape also changed significantly from a circular
shape to a polygon (Fig. 4F, G and S5). The agar cyl-
inders supported the observations from roots show-
ing that the thin cylinders changed significantly more
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in diameter during the course of desiccation com-
pared to the thicker ones (Fig. S4).

The faster desiccation of thin cylinders were due
to profound differences in SA:V driving water loss.
RWL followed a linear relationship with changes in
SA:V, i.e. higher SA:V (thin cylinders) showed higher
rates of radial water loss (Fig. S3). Importantly, treat-
ments inducing a barrier to ROL in rice (i.e. soil
flooding and dry soil) can be recognized as outliers
since the barrier shows much stronger effect on desic-
cation than the SA:V (Fig. S3). Radial water loss of
the thin wheat roots also followed a pattern different
to that of the agar cylinders showing lower RWL than
predicted by the SA:V (Fig. S3).

Discussion

Root traits are known to respond to soil water avail-
ability (Knutzen et al. 2015), and some of them can
affect radial water loss (RWL) when roots grow in
dry soils. Therefore, an important aim of the present
study was to assess the quantitative importance of key
root traits for RWL using a mathematical model. The
model was benchmarked against experimental data
from roots of rice and wheat. We found that low water
availability induced a barrier to radial oxygen loss
(ROL) in roots of rice and the barrier significantly
restricted RWL. Furthermore, the surface area to vol-
ume ratio (SA:V) of roots was positively correlated to
RWL, i.e. thin roots lost water faster than thick roots.
Below, we discuss these findings with focus on the
formation of the barrier and how key root traits (the
barrier, tissue porosity, diameter, and SA:V) affect
RWL based on experimental data as well as predicted
data from our model.

Low water potential induces a tight barrier to radial
oxygen loss in roots of rice

The barrier to ROL is a “jack of all trades” serving
multiple roles in protecting roots from different abi-
otic stressors (Pedersen et al. 2021b; Peralta Ogorek
et al. 2021; Yamauchi et al. 2021a). The ROL bar-
rier is formed under stagnant, deoxygenated con-
ditions (soil flooding) but high CO,, low oxygen or
exogenous ethylene did not induce a barrier for-
mation (Colmer et al. 2006). Instead, reduced Fe
(Mongon et al. 2014) and low molecular carboxylic
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acids (Colmer et al. 2019) acted as environmental
signals for ROL barrier formation, and H,S further
strengthened a ROL barrier already formed in stag-
nant, deoxygenated nutrient solution (Armstrong and
Armstrong 2005). These environmental signals are
all produced by microbes in flooded, anoxic soils,
where the resulting ROL barrier restricts oxygen loss
and facilitates oxygen supply to the growing root tip
(Sanderson and Armstrong 1980), and in some cases
also restricts intrusion of soil phytotoxins (Jime-
nez et al. 2021). In the present study, we found that
ROL was greatly restricted from the basal parts of the
roots regardless of the roots were formed in stagnant,
deoxygenated solution or in PEG-6000 (Fig. 1B, C).
This observation shows that a tight ROL barrier had
formed in both conditions, as radial oxygen diffusion
was restricted to the root apex. It is indeed a novel
finding that low water potential in the nutrient solu-
tion can also act as a signal for ROL barrier formation
suggesting additional roles of the barrier.

One such role has recently been demonstrated
in roots of rice, where a tight ROL barrier formed
in stagnant, deoxygenated nutrient solution signifi-
cantly restricted RWL (Peralta Ogorek et al. 2021).
In the present study, roots grown in PEG-6000 (dry
soil) or in stagnant, deoxygenated nutrient solution
(soil flooding) both showed significantly lower rates
of RWL compared to control plants grown in aer-
ated nutrient solution (drained soil) (Fig. 3A). The
strength of the barrier formed as a response to the two
growth conditions does not differ significantly when
based on rates of RWL (Fig. 3A) or ROL (Fig. 1B,
C). However, staining by the apoplastic tracer (peri-
odic acid) suggests some histochemical differences.
The apoplastic barrier formed in stagnant, deoxygen-
ated conditions was positioned 1-2 cell layers further
into the root as compared to the barrier formed in
PEG-6000, where only the epidermis stained purple
(Fig. 1E, F). This indicated that the apoplastic bar-
rier was already present in the cell layer immediately
below the epidermis when formed in PEG-6000. It
was beyond the scope of the present study to identify
the active components of the apoplastic barrier, and
currently both lignin and suberin are candidate com-
ponents of the ROL barrier with most studies sug-
gesting that suberin is more important in determining
barrier strength (Kulichikhin et al. 2014; Schreiber
et al. 2005; Soukup et al. 2007). We propose that the
apoplastic barrier in the root exodermis could indeed
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be formed by different cell wall components depend-
ing on the environmental signals.

Response of key anatomical root traits to growth
conditions

Inducible aerenchyma is known to form as a response
to soil flooding (Yamauchi et al. 2019) as well as to
low soil water potential (Lynch et al. 2014). In both
cases, programmed cell death leads to large gas-filled
volumes in the root cortex, but the function differs in
the two environmental situations. During soil flood-
ing, the aerenchyma forms a low-resistance diffu-
sion pathway to supply oxygen to the growing root
tips (Sanderson and Armstrong 1980), whereas the
aerenchyma in dry soils serves to conserve water
and resources, i.e. longer roots can be formed for
the same investment in water and organic carbon
(Lynch 2018; Yamauchi et al. 2021b). However, aer-
enchyma can impede radial water uptake via the cell-
to-cell pathway due to the gas spaces where radial
water uptake can only occur through the apoplastic
pathway (Ouyang et al. 2020; Yang et al. 2012). In
present study, we measured tissue porosity, which
in addition to aerenchyma also includes small inter-
cellular, gas-filled spaces. We also found that poros-
ity was significantly enhanced by both stagnant,
deoxygenated conditions and by PEG-6000 and tis-
sue porosity did not differ between the two situations
(Fig. 3C). Interestingly, tissue porosity increased
RWL showing that aerenchyma formation as a
response to low soil water potential comes at a cost
(see modelling below, Fig. 5B). It is well known that
key root traits vary substantially with tissue age. Aer-
enchyma is more pronounced at the basal part of a
root compared the apical part (Yamauchi et al. 2013).
Therefore, RWL might not be significantly affected
by porosity in young root tissues (apical parts) but,
similarly to ROL, the RWL would be influenced by
the immature exodermis (Ranathunge et al. 2004;
Yamauchi et al. 2019), which do not form a barrier to
ROL, and also by the smaller diameter of the root in
proximity to the tip. In contrast, RWL would be sub-
stantially restricted at the root base due to the larger
root diameter (smaller SA:V) and the well-developed
exodermis (and sclerenchyma) (Kotula et al. 2009a;
Yamauchi et al. 2019).

Another key root trait known to respond to water
availability, either too much or too little, is the cortex

to stele ratio (CSR) (Yamauchi et al. 2019). In the
present study, the CSR was significantly higher in
stagnant, deoxygenated conditions deriving from
a larger cortex containing 12-13 cells in each file,
whereas the lower CSR in PEG-6000 was due to a
lower number of cells (9-10) in each file as well as a
larger stele (data not shown). Compared to rice roots
grown in aerated condition, CSR in rice roots grown
in stagnant, deoxygenated condition was significantly
enhanced while it was decreased in rice roots grown
in PEG-6000 solution (Fig. 3B). The results of CSR
responding to deoxygenated, stagnant and low water
potential growth conditions confirmed a previous
study by Yamauchi et al. (2021b) who found that CSR
increased with the increasing of soil water content in
18 wild Poaceae species. For drought conditions, the
increase of the stele area allows more water trans-
port in xylem vessels, which can promote the growth
of shoots (Henry et al. 2012). For flooded condi-
tions, the increase of cortex area shows that roots can
accommodate more formation of aerenchyma which
is beneficial for gas transport from the basal root
zone to apices (Yamauchi et al. 2021a). Therefore,
the apparent contrasting result showing the decrease
in CSR concomitant with an increase in root poros-
ity in rice is not surprising. Smaller CSR (driven by
a larger stele) ameliorates water uptake and or trans-
port, whereas the increase in root porosity reduces
the metabolic cost for root elongation, which can be
demanding for plants growing in dry soils with a deep
water table (Yamauchi et al. 2021b).

Interestingly, the formation of a barrier to ROL
indirectly influences an important root trait, i.e. the
circularity of the root. We found no significant dif-
ference in circularity between fresh, fully hydrated
roots and desiccated roots when a barrier to ROL had
been induced, and the benefits of a suberized/ligni-
fied exodermis was present regardless of the ROL
barrier having been formed as a response to soil
flooding or low soil water content (Fig. 4G, S5C-F).
Suberization or lignification enhances the rigidity
of the exodermis preventing a collapse of the cor-
tex, which was otherwise observed in the rice roots
without a barrier to ROL as well as in roots of wheat
(Fig. S5A, B, G, H). Maintaining circularity (a proxy
for root contact with the surrounding rhizosphere)
is important as cortex shrinking has been shown to
impede water uptake (Carminati et al. 2009). Cor-
tex shrinkage has been observed not only at low soil
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«Fig. 5 Predictions of cumulated water loss from roots with
contrasting key traits. A, shows the effect of root diameter
ranging from 0.5 to 4.0 mm in diameter all at low tissue poros-
ity. B, shows the effect of tissue porosity between 3%, 10% and
30% all at constant root diameter (1.0 mm). C, shows the com-
bined effect of root diameter (0.5 or 1.0 mm) and tissue poros-
ity (3% or 30%). D, shows the effect of the barrier to radial
oxygen loss with constant root diameter (1 mm). A scenario
showing the combined effects of size (0.5 or 4.0 mm) versus
the barrier to radial oxygen loss () is shown in SI Fig. S7

water potential but also as a consequence of exten-
sive transpiration (Carminati et al. 2017), but water
uptake can be restored by closing the root-soil gaps
(Faiz and Weatherley 1982). We therefore propose
that a suberized/lignified exodermis can help main-
taining the root-soil contact and thereby sustain
nutrient and water uptake during times of low water
availability or elevated water demand.

Modelling of the combination of key root traits to
radial water loss

We constructed a numerical model to visualize the
effect of three key root traits (diameter, tissue poros-
ity and possible presence of a barrier to ROL) on
cumulated water loss and rate of RWL. In order to
demonstrate the driving forces of root desiccation, we
selected a number of contrasting modelling scenar-
ios (Table 2). The significant effect of root diameter
is clearly demonstrated in Fig. 5A showing that thin
roots are considerably more prone to desiccation than
thick roots (for clarity, only cumulated water loss is
shown, Table 2 scenarios 1 to 4) and the faster desic-
cation is driven by a higher SA:V in thin roots com-
pared to thick roots (Fig. S3). Similarly, the amount
of aerenchyma also affects root desiccation, i.e. the
more aerenchyma, the faster the tissue desiccation
(Fig. 5B). If there are more gas-filled tissues, there is
also less water per volume of root and therefore the
desiccation is faster since there is less water to be
lost before it becomes critical to root function. The
adverse impact of a small diameter can be effectively
offset by a larger diameter even if it is combined with
much higher tissue porosity (Fig. 5C), i.e. the desic-
cation risk can be counteracted simply by forming a
thicker root, and the extra cost in carbon (and water)
for the thicker root can be partly compensated by
forming aerenchyma. Finally, the significant effect
of the ROL barrier is also captured by the model

(Fig. 5D); even if large amounts of aerenchyma
would accelerate desiccation, the barrier seems able
to restrict radial water loss. However, the ROL bar-
rier effect cannot account for the huge effect of SA:V
demonstrated by the scenarios 4 vs. 7 where a 4 mm
root without a barrier is compared to a 0.5 mm root
with a ROL barrier (Fig. S7). Here, the 8-fold differ-
ence in SA:V overrules the protective effect of the
ROL barrier.

To conclude, a thick root has greater penetration
ability in dry, hard soils as they are more resistant to
buckling and deflection (Lynch et al. 2021) and the
thick roots lose water at a much slower pace than thin
roots. The extra costs of forming thick roots can be
reduced by formation of cortical aerenchyma but the
aerenchym formation will increase the risk of desic-
cation. Our data suggested that rice responds to soil
water limitations by forming thin roots (Azhiri-Sigari
et al. 2000) even if our modelling has demonstrated
that this strategy comes with a risk of increasing
RWL to the dry topsoil. We did not investigate the
role of root hairs on RWL despite their possible func-
tion in flood and drought stress responses. Similarly
to root apices (Peralta Ogorek et al. 2021), root hairs
are likely to act as windows for ROL and RWL. They
are quickly formed by the plant and length as well as
density can be affected by growing conditions (Nes-
tler et al. 2016), including soil moisture (Haling et al.
2014). Moreover, a study on wild species of Poaceae
revealed that species growing at low soil water con-
tent (<25%) have equal or slightly larger root diam-
eter compared to those growing under non-stressful
soil moisture conditions (25—45% soil water content)
(Yamauchi et al. 2021b), indicating that thinner root
may present a risk of desiccation under very low soil
water potentials.

Conclusion

Our study showed that low water potential in the
nutrient solution of hydroponics resulted in ROL bar-
rier formation in roots of rice as indicated by methyl-
ene blue staining. Similarly, an apoplastic barrier, as
identified by the apoplastic tracer periodic acid, was
also formed. The barrier significantly restricted RWL,
but root diameter and tissue porosity also influenced
RWL. Importantly, the barrier prevented roots from
shrinking during desiccation. Our numerical model
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reflected the empirical data and clearly demonstrated
that thick roots and a barrier to ROL restricts RWL
while cortical porosity accelerates it. Our model-
ling approach highlighted that increase in root tissue
porosity, a common response to drought, conserves
water when new roots are formed, but the higher
desiccation risk related to high-porosity roots can be
effectively counteracted by forming thick roots or
even better, by a barrier to ROL.
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