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Abstract

The water uptake capacity of a root system is determined by its architecture and hydraulic properties, which together shape
the root hydraulic architecture. Here, we investigated root responses to water deficit (WD) in seedlings of a maize (Zea mays)
hybrid line (B73H) grown in hydroponic conditions, taking into account the primary root (PR), the seminal roots (SR), and their
respective lateral roots. WD was induced by various polyethylene glycol concentrations and resulted in dose-dependent inhibi-
tions of axial and lateral root growth, lateral root formation, and hydraulic conductivity (Lp,), with slightly distinct sensitivities
to WD between PR and SR. Inhibition of Lp, by WD showed a half-time of 5 to 6 min and was fully (SR) or partially (PR) re-
versible within 40 min. In the two root types, WD resulted in reduced aquaporin expression and activity, as monitored by
mRNA abundance of 13 plasma membrane intrinsic protein (ZmPIP) isoforms and inhibition of Lp, by sodium azide, respect-
ively. An enhanced suberization/lignification of the epi- and exodermis was observed under WD in axial roots and in lateral
roots of the PR but not in those of SR. Inverse modeling revealed a steep increase in axial conductance in root tips of PR
and SR grown under WD that may be due to the decreased growth rate of axial roots in these conditions. Overall, our
work reveals that these root types show quantitative differences in their anatomical, architectural, and hydraulic responses
to WD, in terms of sensitivity, amplitude and reversibility. This distinct functionalization may contribute to integrative accli-
mation responses of whole root systems to soil WD.

The key role played by roots in water acquisition can easily
be grasped in relation to their highly specialized anatomy and
architecture (McCully and Canny 1988; Lynch et al. 2014).
Continuous growth and branching of plant roots results in
a complex network defined as root system architecture
(RSA) (Lynch 1995; Maurel and Nacry 2020). Multiple para-

Introduction

Water is fundamental for plant life contributing to key biochem-
ical processes such as photosynthesis, acting as a carrier of me-
tabolites and nutrients, and mediating structural support
through turgor pressure. In the soil-plant—atmosphere con-

tinuum, water always moves toward lowest water potentials.
In well-watered conditions, water can readily be absorbed by
the plant to sustain growth and transpiration (Jackson et al.
2000; Steudle 2001). Under drought, however, as the soil water
potential decreases, plants need to implement specific strategies
to sustain water acquisition and maintain their water status.

meters of RSA such as the length (depth) of the main root(s),
the density and elongation of lower-order roots, their gravi-
tropic set-point angle and the possible presence of adventi-
tious roots or crown roots (Maurel and Nacry 2020)
contribute to the capacity of roots to forage for water under
varying soil conditions. Conversely, numerous environmental
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factors govern the growth and development of roots thereby
shaping their highly specialized adaptive responses to abiotic
and biotic constraints (McCully 1999; Hochholdinger et al.
2004b; Zhan et al. 2015; Gao and Lynch 2016).

Like other cereals, maize (Zea mays L.) has a complex RSA
composed of embryonic and postembryonic axial root types.
The former comprise a primary root (PR) and several seminal
roots (SR) which contribute to the early vigour and establish-
ment of the seedling; postembryonic roots include lateral
roots (LR) and shoot-born crown roots (CR) and brace roots
(BR) (Hochholdinger et al. 2004a). Maize mutants exhibiting
specific root alterations have revealed that each root type de-
velops according to an endogenous genetic program (Bray
and Topp 2018; Hochholdinger et al. 2018). In addition, ana-
tomical studies in the maize inbred line B73 have shown that,
with respect to PR and CR, SR exhibit unique anatomic traits
such as smaller total area and stele area, and reduced number
of cortical cells (Tai et al. 2016). Inspection of a larger panel of
inbred lines confirmed these observations and revealed, in
some genotypes, a distinct xylem anatomy between PR and
SR (Rishmawi et al. 2023). In addition, SR were found to
exhibit a distinct transcriptome with an abundance of stress-
related genes and transcription factors, while the predomin-
ant functions revealed in PR and CR transcriptomes were
associated with cell wall formation and cell remodeling (Tai
et al. 2016). Despite their differences, all axial root types carry
LR which supposedly mediate most of the nutrient and water
uptake (Lynch 1995).

Upon entry into the root, water is first transported radially
to the stele along cell walls (apoplastic pathway) or from
cell-to-cell, across the symplasm (through plasmodesmata)
or across cell membranes, mostly through aquaporins
(AQP). Water is then loaded into the xylem and transported
to the leaves. Furthermore, depending on the plant's devel-
opmental stage, the different root types may achieve distinct
roles in water uptake (Hochholdinger and Tuberosa 2009;
Ahmed et al. 2016, 2018). In maize seedlings for instance,
LR are believed to be primarily responsible for the majority
of water absorption from the soil. Conversely, the PR and
SR axially transport the water collected by LR to the shoot
(Ahmed et al. 2016). During the later stages of maize plant
development, CR, in conjunction with LR, seem to exhibit
the highest water transport capacity (Ahmed et al. 2018).
In most plant species, water deficit (WD) induces deep mod-
ifications of root hydraulics (root hydraulic conductivity: Lp,)
by an early regulation of AQP function and, at later stages, by
alterations of root cell suberization and xylem differentiation
(Vandeleur et al. 2009; Hachez et al. 2012; Ramachandran
et al. 2018). Notably, it was observed in different plants in-
cluding Arabidopsis (Arabidopsis thaliana) and maize that
a mild WD stimulates Lp, to possibly optimize water uptake
(Siemens and Zwiazek 2004; Sutka et al. 2011; Hachez et al.
2012; Dowd et al. 2019; Rosales et al. 2019). On the contrary,
severe WD dramatically inhibited Lp, thereby reducing the
exchanges between the root and its environment (Sharp
and Davies 1989; Schmidhalter et al. 1998; Siemens and
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Zwiazek 2004; Rosales et al. 2019). Thus, a comprehensive
understanding, in each root type, of links between root hy-
draulics, anatomy and WD intensity is critically needed.

The availability of soil water also profoundly shapes RSA
(Steudle 2000; Maurel et al. 2015; Tang et al. 2018). Under
mild WD, most plant species develop a deeper root system
to promote water acquisition (Sharp and Davies 1985;
Schmidhalter et al. 1998; Dowd et al. 2019; Rosales et al.
2019) whereas others may promote the growth of shallow
roots in anticipation of episodic showers (Ogura et al.
2019). Severe WD generally exert inhibitory effects on root
growth, although some root types, such as maize PR and no-
dal roots, sustain their elongation thereby foraging for water
in deeper layers of the soil (Sharp and Davies 1979; Sharp et al.
1988, 2004; Van der Weele et al. 2000). LR formation and
growth also show strong and specific responses to soil water
content (Seiler 1998). In maize, for example, the formation
and elongation of LR on the PR (LRyim) showed dose-
dependent responses to WD that were either bell-shaped or
monotonous, depending on genotypes (Dowd et al. 2019).
In natural or field conditions, most of these growth phenom-
ena occur concomitantly during the course of root growth
and water acquisition, allowing plant roots to integrate com-
plex changes in space and time of soil water availability. Thus,
dissecting effects of well-controlled WD on specific root types
may help deciphering the complexity of these processes.

The water uptake capacity of a root system is determined
by both its architecture and hydraulic properties, which to-
gether shape the root hydraulic architecture (Maurel and
Nacry 2020; Rishmawi et al. 2023). In a recent study aimed
at elucidating the water uptake capacity of maize seedlings,
the root hydraulic architecture of plants grown under stand-
ard conditions was analyzed in a panel of 224 inbred Dent
lines (Rishmawi et al. 2023). Although comparable hydraulics
were found in PR and SR of a given genotype, this study re-
vealed dramatic differences in RSA and hydraulics between
genotypes. A functional-structural model of root systems
further showed substantial genotypic differences in xylem
conductance profile and emphasized the broad range of
water uptake strategies present in the diversity panel
(Rishmawi et al. 2023). Except for a recent study on
Arabidopsis (Rosales et al. 2019), which pointed to the coord-
inating role of abscisic acid (ABA), there have been few works
addressing the integration of hydraulic and growth responses
of roots to WD. In the present work, we performed such ana-
lysis focusing on maize hybrid line (B73H) seedlings with two
main aims: (i) to address the integration and consistency of
architectural, anatomical, and hydraulic responses to WD,
(ii) to understand the precise functions of different root
types, taking into account the PR, SR, and their respective
LR (LRptims LReem). Our work reveals that these root types
show quantitative differences in their responses to WD, in
terms of sensitivity, amplitude, and reversibility. Differences
in anatomical and molecular responses may support this dis-
tinct root functionalization and contribute to integrative ac-
climation responses of root systems to WD.
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Root type-specific responses to water deficit

Results

Dose-dependent response of RSA to WD

In order to analyse the architectural response of PR and SR to dif-
ferent WD intensities, maize plants were hydroponically grown
under control conditions until 11 days after sowing (DAS) or,
from 7 to 11 DAS, in the presence of various concentrations
(250225 g L") of a high molecular weight polyethylene glycol
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(PEG-8000) vyielding final external water potentials from
—0.034 MPa (Control) to —0.7 MPa (225 g L™" PEG; 225PEG)
(Supplementary Fig. S1). The latter water potential corresponds
to a rather severe drought condition in maize (Caldeira et al.
2014; Koehler et al. 2023). Measurements were refined in roots
treated for 4 d with 50 gL™" PEG (S0PEG; —0.070 MPa) or
150 g L' PEG (150PEG; —0.332 MPa) (Fig. 1A), which mimics
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Figure 1. RSA response of PR and SR to PEG-induced WD. A) Representative images of PR or SR of plants exposed to the indicated PEG concen-
tration for 4 d. B) Growth kinetics of PR (blue triangles) and SR (green circles) in control (light blue, light green) or 150PEG (dark blue, dark green)
conditions. Red arrow indicates the time of PEG application (cumulated data from two independent plant cultures; PR: n = 38, SR: n = 48). C to F)
Axial length of PR (C), axial length of SR (D), LRyim length (E), and LR, length (F) after 4 d in the presence of the indicated PEG concentration. Data
in (C) and (D) are normalized to PR length in control conditions while data in (E) and (F) are normalized to LR, length in control conditions. For
(C) to (F), the figure shows cumulated data from seven independent experiments (PR: n = 35 to 75; SR: n = 50 to 120). Error bars indicate SEM. For
each root type, different letters indicate statistically different values (ANOVA followed by Tukey test; P < 0.05).
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a moderate WD (Caldeira et al. 2014). All growth and develop-
mental parameters measured in the PR and SR and their laterals
are shown in Fig. 1 and Supplementary Figs. S1 and S2. Here, we
examined in particular the growth rate of axial roots and the
length of their LR in plants grown under 50PEG and 150PEG con-
ditions (Fig. 1, B to F). Over the full hydroponic growth period
(from 5 to 11 DAS), PR and SR grew in control conditions by
51+ 03and 3.9+ 0.3 cm d~, respectively. Under 150PEG con-
ditions, PR and SR reduced their growth rate to 0.8 + 0.2 and 0.5
+0.1 cm d™, respectively (Fig. 1B). Thus, PR showed a higher
growth rate than SR during the whole course of our experiments,
by 34 + 5% and 50 =+ 4%, under control and 150PEG conditions,
respectively (Fig. 1B). Overall, exposure to 150PEG resulted in a
reduction in axial root length (at 11 DAS) by 25% and 39% for
PR and SR, respectively (Fig. 1, C and D). By comparison, a
50PEG treatment had no significant effect on PR length while
it caused a reduction in SR length by 12% (Fig. 1, C and D).

Concerning LR, the average length of LR, was reduced
by 41% and 56%, under 50PEG and 150PEG conditions as
compared to that under control conditions, respectively.
By comparison, LR, were notably smaller than LR, since
they were mostly formed during the last 4 d of culture, i.e.
during the WD treatment. Yet, the average length of LR,
was not altered under 50PEG conditions, as compared to
that under control conditions, while being reduced by 34%
under 150PEG conditions (Fig. 1, D to E). The overall data
(Fig. 1; Supplementary Figs. S1 and S2) indicate that axial
growth rate of SR is lower and more sensitive to WD than
that of PR. In contrast, PR are more sensitive than SR regard-
ing LR growth.

Dose- and AQP-dependent response of root
hydraulics to WD

We next explored the dose-dependent impact of WD on
the root hydraulic properties of maize seedlings using the
pressure chamber technique. The conductance and balan-
cing pressure (see Supplementary Fig. S3), and resulting
Lp, values were measured on individual PR and SR excised
from plants grown in the absence or presence of PEG. In
control conditions, PR showed a mean Lp, of 75+ 4.8
mLh™" MPa~" g~", which was 31% higher than that of SR
(Lpy=52+33mLh™"MPa~'g™") (Fig. 2, A and B). A
50PEG treatment had no significant effect on Lp, of PR
while it reduced the Lp, of SR by 47%. In contrast, exposure
to 150PEG led to a Lp, reduction by 87% in PR and 79% in
SR. Thus, SR appear to be more sensitive than PR regarding
Lp, inhibition by WD (Fig. 2, A and B).

Water uptake by plant roots can be mediated by AQP
(Javot and Maurel 2002; Maurel et al. 2015). To evaluate
AQP contribution to Lp, under control and 150PEG condi-
tions, we applied 1 mm sodium azide, a well-characterized
AQP blocker (Sutka et al. 2011; Rishmawi et al. 2023), and
measured the residual Lp,. Under control conditions, azide
treatment resulted in a 58% reduction of Lp, (Fig. 3A) in
both PR and SR. Azide exerted a lower but significant inhibi-
tory effect (—33%) on the Lp, of PR under 150PEG treatment
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Figure 2. Root hydraulic response of PR and SR to WD. Lp, of individual
PR (A) or SR (B) excised from plants grown for 4 d in the presence of
the indicated PEG concentration. Cumulated data from eight inde-
pendent plant cultures for 0 and 150 g L' PEG (PR: n =76 to 82; SR:
n=54 to 67) and three independent plant cultures for 50 g L~ PEG
(PR: n = 20; SR: n = 15). Error bars indicate SEM. For each root type, dif-
ferent letters indicate statistically different values (ANOVA followed by
Tukey test; P < 0.05).

whereas it had no effect on the Lp, of SR under the same
treatment (Fig. 3B). The data indicate that AQP contribute
in large part to the Lp, of PR and SR under control conditions.
Their inhibition can account at least partially for the effects
of WD on Lp,. Furthermore, azide-sensitive AQP are totally
inhibited after 150PEG in SR while they remain partially ac-
tive in PR.

Dynamics of Lp, modulation in PR and SR

To investigate the dynamics of PR and SR hydraulics under
WD, we monitored short-time variations of Lp, following
changes in root bathing conditions. When roots of
11-d-old plants grown under control conditions were trans-
ferred to a 150PEG solution, the Lp, of both PR and SR rap-
idly decreased, with a half-time (t,,) of 5 to 6 min (Fig. 4, A
and B), down to values similar to those observed in plants of
the same age, but treated for 4 d with a similar PEG concen-
tration. Comparable variations in Lp, were observed using
bathing solutions that contained osmotically equivalent
sorbitol concentrations (Supplementary Fig. S4). In the con-
verse experiments, PR and SR of 11-d-old plants that had
been grown for 4d under 150PEG conditions and were
shifted to a control condition showed a rapid increase of
their Lp,, with t;,; of 11 to 19 min (Fig. 4, A and B). In these
experiments, Lp, of PR was partially restored, to 59% of its
control value, whereas Lp, of SR showed a complete rever-
sion, to 107.5% of its control values (Fig. 4, A and B). We
conclude that both PR and SR show a rapid inhibition of
Lp, in response to WD, which is partially (PR) or fully (SR)
reversible over a short time (<1 h).
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Figure 3. Effects of azide on root hydraulics. Lp, of PR and SR of plants
grown in control conditions (A) or after 4 d of a 150PEG treatment (B),
and measured in the absence (—) or presence (+) of 1 mm sodium azide.
Cumulated data from two independent plant cultures (PR: n =18 to
28; SR: n = 16 to 26). Error bars indicate SEM. For each root type, differ-
ent letters indicate statistically different values (ANOVA followed by
Tukey test; P < 0.05).

ZmPIP1 and ZmPIP2 gene expression in PR and SR
after short- and long-term WD

To address the molecular bases of distinct hydraulic proper-
ties of PR vs. SR, we used reverse transcription quantitative
PCR (RT-gPCR) and monitored the expression of six
PLASMA MEMBRANE INTRINSIC PROTEIN 1 (ZmPIP1) and se-
ven ZmPIP2 genes. For both PR and SR, a distinction was
made between the LR and the unbranched part of the axial
root. Figure 5 shows data for the most highly expressed PIPs
(ZmPIP1;1, ZmPIP1;5, ZmPIP2;1, ZmPIP2;5, ZmPIP2;6). For
plants grown in control conditions, the expression level of
genes, such as ZmPIP1;1, ZmPIP2;5 and ZmPIP2;6 was
>2-fold higher in LRy than in LR, (Fig. 5A). A 4 d expos-
ure to 150PEG induced in LRy a reduction of ZmPIP ex-
pression compared to that under control conditions, which
was greater than 2-fold in the case of ZmPIP1;1 and
ZmPIP2;6 (Fig. 5A), whereas WD had no effect on ZmPIP ex-
pression in the LR, (Fig. 5A). Under control conditions,
ZmPIP mRNA abundance was similar in the unbranched
parts of PR and SR (Fig. 5B). Furthermore, exposure for 4 d
to 150PEG resulted in a significant reduction in abundance
of ZmPIP2;1 and ZmPIP2;6 mRNA and of ZmPIP2;7 mRNA,
in the unbranched parts of PR and SR, respectively, compared
with that under control conditions. In both root types, all
other ZmPIP mRNAs showed a similar tendency to lower
abundance under 150PEG conditions compared with under
control conditions (Fig. 5B). The overall data indicate that
in control conditions ZmPIP genes are more highly expressed
in LRyyim than in LRem and a long-term WD induces a reduc-
tion of ZmPIP expression in the former but not the latter root
types (Fig. 5A). By contrast, the axial root tips of PR and SR
show similar ZmPIP expression profiles and similar reduction
in ZmPIP expression under WD (Fig. 5B).
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Figure 4. Kinetic analysis of Lp, in PR and SR in response to a sudden
change in PEG concentration in the bathing solution. Plants grown in
control (triangle) or 150PEG (circles) conditions for 4 d were trans-
ferred at time =0 to a 150PEG or control solution, respectively. Lp,
of PR (A) or SR (B) was measured at the indicated time after transfer.
Cumulated data from five independent plant cultures for PR (n = 16 to
24), and three independent plant cultures for SR (n = 15). Error bars in-
dicate se. The experimental data were fitted using a one-phase decay
exponential function.

To better understand the kinetic effects of water availabil-
ity on Lp, (Fig. 4), we investigated the effects of the same
treatments on ZmPIP expression, considering the whole set
of six ZmPIP1 and seven ZmPIP2 genes. As described above,
hydroponically grown plants were shifted from a control to
a 150PEG solution, and vice versa, and root tissues were col-
lected after 1 h (Fig. 6). Here, we focused on the response of
the axial unbranched parts of PR and SR, while essentially
similar results obtained in LR are shown in Supplementary
Fig. S5.1n PR, the transfer to 150PEG resulted in a rapid reduc-
tion (between 43% and 65%) of the relative gene expression
of ZmPIP1;1, ZmPIP2;1 and ZmPIP2;5 and a comparable, al-
though not significant, response for ZmPIP1;5 and ZmPIP2;6
(Fig. 6A). A similar trend was observed in the unbranched
parts of SR (Fig. 6B). In converse experiments, root transfer
from a 150PEG to a control solution did not induce any
change in ZmPIP gene expression, except for an increase in
mRNA abundance of ZmPIP1;1 in PR (Fig. 6A) and of
ZmPIP1;5 in SR (Fig. 6B). Therefore, WD induces a reduction
in ZmPIP gene expression in PR and SR that somewhat
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Figure 5. Effects of a 4-d-long 150PEG treatment on relative expression of selected ZmPIP1 and ZmPIP2 genes. nRNA abundance of the most highly
expressed ZmPIP1 (ZmPIP1;1, ZmPIP1;5) and ZmPIP2 (ZmPIP2;1, ZmPIP2;5, ZmPIP2;6) genes in LR (A) and in the unbranched zone (B) of PR and SR.
mRNA abundance was monitored under control conditions (WD: —) or after 4 d of a 150PEG treatment (WD: +). Cumulated data from three in-
dependent biological repeats (each with four segments from four independent roots for each zone). Error bars indicate SEM. For each root type,
different letters indicate statistically different values (Unpaired t test; P < 0.05).

accompanies a decrease in their Lp,. By contrast, shifting of
both root types from WD to control conditions does not al-
ter ZmPIP gene expression whereas a recovery of Lp, can be
observed.

Root anatomy and its response to WD

To gain a deeper understanding of the impact of WD on both
axial and radial water transport, and thereby on Lp,, we per-
formed a thorough anatomical analysis of PR and SR and
their LR. For this, we used plants that had been subjected
for 4 d to a 150PEG treatment, and investigated in both PR
and SR three specific segments (I to Ill), that were defined ac-
cording to their time of formation during WD exposure
(Fig. 7A). Taking into account differences in growth rate be-
tween roots in control and WD conditions, segment |lI

corresponds to the most basal and early (6 DAS) segment
and serves as a control. By contrast, segments |l and | are clo-
ser to the root tip, and were formed after 1 or 3 d of treat-
ment, at 8 and 10 DAS, respectively. LR,y and LR, were
sampled in segments lll and sectioned in regions formed after
WD application.

Suberin and lignin deposition in the epi-, exo-, and endo-
dermis (Fig. 7B) can be enhanced under WD, thereby altering
radial hydraulic conductivity (Calvo-Polanco et al. 2027;
Shukla and Barberon 2021). Here, we found that, in segments
Il of both PR and SR, a 150PEG treatment had the tendency
to increase suberin/lignin deposition in all three cell types
(Fig. 7, C and D; Supplementary Fig. S6). We also detected
a similar response in segments |, in particular in the PR endo-
dermis (Fig. 7G; Supplementary Fig. S6). LR,im under 150PEG
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Figure 6. Relative expression of selected ZmPIP1 and ZmPIP2 genes in the unbranched zone of PR and SR after short-term (1 h) change in PEG
concentration in the root bathing solution. The figure shows the relative mRNA abundance of the indicated ZmPIP in PR (A) and SR (B). The left-
hand side of each panel shows PIP expression in roots of 11-d-old plants grown in hydroponic control conditions during the last 4 d (WD: —) and
shifted to a 150PEG solution for 1 h (WD: +). Conversely, the right-hand side of each panel shows PIP relative expression in roots of plants of the
same age but grown in a 150PEG solution during the last 4 d (WD: +) and shifted to a control solution (WD: —) for 1 h. Cumulated data from two
independent biological repeats (each with four segments from four independent roots). Error bars indicate SEM. For each root type, different letters

indicate statistically different values (Unpaired t test; P < 0.05).

conditions also showed a significant increase in suberin/lig-
nin deposition in both exodermis and epidermis, and a simi-
lar tendency in endodermis. By contrast, suberization/
lignification of LR, was not altered by WD (Fig. 8, A to F).

Root diameter and thickness of the cortex were also ana-
lyzed in segments | to Il of PR and SR (Supplementary Fig.
S7). In control conditions, these two traits diminished from
PR base to tip whereas they remained constant in SR.
Under 150PEG conditions, the two traits remained similar
along PR length or even increased in the newly formed SR
parts (segment I) (Supplementary Fig. S7). Thus, WD induced
a thickening of the PR and SR tips. Finally, WD induced in
both LRyim and LR, an increase in cross section diameter
and a thickening of root cortex (Supplementary Fig. S8).

Xylem anatomy was also inspected to possibly get insights
into the axial conductance of PR and SR under control and
WD conditions. The total area and number of early and
late metaxylem vessels were higher in the PR than in the
SR (Supplementary Fig. S7). However, a 4 d 150PEG treat-
ment had no significant impact on either of these para-
meters, except for an increase in late metaxylem area in
apical segments (1) of PR.

In summary, a 4 d WD treatment had no marked effect on
the anatomy of the vascular tissues. In contrast, it induced a
thickening of the PR and SR tips and of LR, and LR, A
similar response was previously reported in wheat
(Triticum aestivum) (Ji et al. 2014). The WD treatment also

increased suberization/lignification in PR, SR, and LRy,
but not in LRy,

Axial conductance and radial conductivity under WD
We recently described an inverse modeling approach, which
allows the determination of radial and axial water transport
parameters of plant roots under control and WD conditions
(Boursiac et al. 2022; Bauget et al. 2023). This approach,
which relies on water transport measurements in root sys-
tems that undergo successive cuts from root tip to base, al-
lows in particular to capture the variation of radial
conductance along root axis. To refine the Lp, and anatom-
ical analyses described above, we applied this approach to
maize seedlings grown under standard conditions or under
150PEG conditions for 4 d.

In control conditions, PR and SR exhibited similar radial hy-
draulic conductivities (k) in the range of 2X 10" ms™'
MPa~" (Fig. 9A). Consistent with patterns of xylem differenti-
ation, axial conductance (K) showed a gradual increase as a
function of distance to root tip but was higher in PR than SR,
providing a possible explanation of a higher Lp, in the former
roots. In plants grown under WD, both root types showed a
10-fold decrease in k compared with that under control condi-
tions, in agreement with the inhibition of AQPs (Fig. 3) and en-
hanced suberization/lignification (Figs. 7 and 8) observed under
WD conditions. The K profiles of PR and SR grown under
150PEG conditions showed a steep increase that, with respect
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Figure 7. Deposition of suberin and lignin in PR and SR. A) Schematic representation of PR or SR grown in control or 150PEG conditions and se-
parated in three segments. Segment Ill was the oldest one, near the root base, whereas segment |, near the root tip, was the most recently formed. B)
Cross-section of a PR with arrows indicating the anatomical traits that were analyzed. Roots were stained with Auramine O for suberin and lignin
quantification. C, D) Quantification of suberin/lignin in endodermis of PR (C) and SR (D). Cumulated data from two independent plant cultures (PR:
n =12 to 14; SR n =14 to 16). Error bars indicate SEM. For each root type and segment, different letters indicate statistically different values (un-

paired t test; P < 0.05).

to corresponding profiles under control conditions, was notably
shifted to regions closer to the root tip (Fig. 9B). Nevertheless, PR
and SR showed, under these WD conditions, differences in K
amplitude that were comparable to those seen under control
conditions. To take into account the differences in growth
rate observed between root types or roots grown under control
or WD, we normalized all K curves according to root age (time
after sowing). These analyses revealed that PR and SR show a
similar increase in K during the 5 first days, before eventually
reaching distinct plateau values (Fig. 9C). Most importantly,
these root specific profiles appeared to be independent of the
plant growth conditions, with a reasonable overlap of all curves
from 0 to 4 d. Thus, the formation and early differentiation of

xylem seem to occur at a same rate in PR and SR, whether in
control or WD conditions. Furthermore, the high K seen in
root tips of PR and SR grown under WD (Fig. 9B) can simply
be explained by their reduced growth rate, assuming that the
rate of xylem differentiation indeed remains similar between
control and WD conditions.

Discussion

The ability of plants to continuously adjust their water up-
take capacity is based in large part on the remarkable devel-
opmental and functional plasticity of their roots. To address
the integration of these phenomena, we opted to work on
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Figure 8. Deposition of suberin and lignin in LR. Plants were grown un-
der control (WD: —) or 150PEG (WD: +) conditions and roots were
stained with Auramine O for suberin and lignin quantification in the fol-
lowing tissues: exodermis of LRyim (A) and LR (B); epidermis of LRyim
(C) and LR, (D); endodermis of LRy (E) and LRy, (F). Cumulated
data from two independent plant cultures normalized to the LRy, con-
trol. LRyyim control, n = 12; LRyim 150PEG, n=12; LRy, control, n =4;
LRsern 150PEG, n = 7. Error bars indicate st. For each root type, different
letters indicate statistically different values (Unpaired t test; P < 0.05).

the maize embryonic root system of a representative hybrid
line (B73H). We analyzed the developmental and hydraulic
properties of its different root types, under both water
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replete and WD conditions, thereby providing a comprehen-
sive view of root hydraulic architecture of maize seedlings.
We considered separately PR or SR systems, each comprising
an axial root and its proper LR. We noted that although SR
emerged at about 1 d after the PR, they maintained a growth
rate that was 1.5 times lower than the one of PR, in both con-
trol and WD conditions (Fig. 1B). In addition, the PR and SR
showed distinct anatomical characteristics (e.g. root diam-
eter, number of metaxylem vessels) that remained constant
throughout the 11-d-long experiments (Supplementary
Fig. S7). Thus, SR are not just younger PR, as further sup-
ported by the distinct molecular (transcriptomic) profiles
observed between the two root types (Tai et al. 2016).

One important finding of this work was the distinctive sen-
sitivity of PR and SR to water availability. Under a very mild
WD (50PEG; —0.070 MPa), PR maintained their axial growth,
but showed a partial inhibition of LRy, growth while their
Lp, was not significantly affected (Figs. 1, A, B, D and 2A). By
contrast, SR showed an inhibition of axial root growth while
maintaining the growth of their LR, (Fig. 1, A, C, and E)
and their Lp, was inhibited by almost half with respect to con-
trol conditions (Fig. 2B). A more pronounced, though moder-
ate WD (150PEG; —0.33 MPa) resulted in a marked inhibition
of all analyzed growth and hydraulic parameters in both PR
and SR (Figs. 1 and 2). Yet, LR growth was the most impacted
trait of PR, whereas this was axial root growth in SR. We specu-
late that, although revealed in a hydroponic system, these dis-
tinctive behaviors of PR and SR underlie integrated water
uptake strategies in soil. Thus, when WD arises, as mimicked
by the 50PEG treatment, PR would favor axial growth to pene-
trate deeper soil layers and forage for residual water thanks to
their high-water transport capacity (Lp,). This strategy is rem-
iniscent of that of other cereals with a strong pivotal root
growth such as pearl millet (Pennisetum glaucum) (Passot
etal. 2016). Conversely, SR would restrict deep soil exploration
and maintain LR growth to capture residual water in upper
soil layers. When the whole soil becomes dryer, as illustrated
by the 150PEG treatment, the plant would develop a conser-
vative strategy by downregulating the growth and hydraulics
of all root types. We note that dose-dependent and
root-type-specific responses to WD have already been de-
scribed in maize. For instance, distinct LR growth responses
of PR and SR to WD were observed in two maize inbred lines
(Dowd et al. 2019, 2020). These responses can vary according
to genotypes as the length of LRy in one of these lines
(FR697) showed, at variance with the other line (B73) or the
presently studied hybrid (B73H), a bell-shaped dose response
to WD and was slightly enhanced under mild WD (Dowd et al.
2019, 2020). In these and our study, most of the acclimation
response of RSA to a moderate WD can be attributed to
changes in axial root or LR growth and not LR formation indi-
cating that soil exploration can rapidly resume when growth
conditions are more favorable.

Whereas RSA reflects the long-term integration of elemen-
tary, water potential-dependent growth and developmental
processes, we further explored the acclimation capacity of
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Figure 9. Model-derived hydraulic parameters of PR and SR under WD. A) Radial hydraulic conductivity (k) of PR and SR of plants grown in control
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n = 8), CTR SR (dashed black; n = 7) and WD SR (orange, n = 8). The dot lines delineate the corresponding 95% confidence intervals. C) Variations of
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different root types using short-term kinetic experiments
(Fig. 4). Notably, WD treatments resulted in a prompt
(<1 h) decrease in Lp, of both PR and SR. Conversely, the
sudden release of a long-term WD was followed by a nearly
as rapid recovery of Lp, that was partial for PR and total
for SR (Fig. 4). With respect to reports in other species
(Tyerman et al. 1989; Boursiac et al. 2005; di Pietro et al.
2013; Kaneko et al. 2015), these measurements reveal a re-
markable responsiveness of maize root hydraulics to WD.
More generally, they indicate how root hydraulics provides
a highly flexible means for adjusting the plant water uptake
capacity, over time or during root growth across soil environ-
ments with heterogeneous water availability. This capacity
may be particularly relevant for those root types such as
SR that forage in upper soil layers, to capture punctual water
supply resulting from rainfall or irrigation. Thus, our study
highlights the importance of the maize embryonic root sys-
tem in plant adaptation to WD. Thanks to its quickly ad-
justed and tailored responses, this root system allows for

both superficial and deep soil exploration, thereby shaping
the capacity of seedlings to face various drought scenarios,
and enabling the plant to adapt to WD situations that would
otherwise prove fatal. Given the current scenarios of climate
change, which results in more frequent and earlier drought
events, it is advisable to exploit the high genetic variation
of maize root systems (Rishmawi et al. 2023) to select geno-
types that exhibit adaptability to alternating patterns of
drought and rainfall, especially during their seedling stage.
To meet this criterion, the chosen genotypes should have a
rapid PR growth in deeper soil layers, and a high number
of SRs carrying numerous LRs, thereby boosting their plasti-
city. A similar idea may not apply to adult plants under pro-
longed drought since previous studies have shown that the
growth of shoot-born roots seems to be detrimental to
drought tolerance in maize and other cereals (Sanchez
et al. 2002; Gao and Lynch 2016; Sebastian et al. 2016).

In order to have a more complete understanding of root
type-specific functionalization and physiological responses
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to WD, we also investigated the molecular and cellular me-
chanisms underlying maize root hydraulics.

The implication of AQPs was first probed using sodium
azide, a commonly used blocker in maize and other plant spe-
cies (Zhang and Tyerman 1991; Sutka et al. 2011; Rishmawi
etal.2023). In control conditions, AQP were found to contrib-
ute to more than 50% of PR and SR Lp, and a 150PEG treat-
ment induced a complete inhibition of AQP activity in SR
whereas a residual AQP activity was observed in PR (Fig. 3).
Although AQP function can be regulated at multiple levels,
from transcription to aquaporin trafficking and gating
(Aroca et al. 2012; Maurel et al. 2021), we restrained our study
to regulation of gene expression in the whole PIP subfamily
and investigated the mRNA abundance of 13 ZmPIP isoforms.
This study, which cannot inform on aquaporin abundance
nor activity, can nevertheless provide some hints at regula-
tions at work in maize roots. Under normal conditions for in-
stance (Fig. 2), ZmPIP mRNA abundance was higher in PR
than SR, possibly explaining the slightly higher Lp, of the for-
mer root type. Under both short- and long-term WD treat-
ments, a general reduction in ZmPIP mRNA abundance was
observed in PR, which could contribute to the WD-induced
Lp, inhibition. By contrast, WD-induced reduction of ZmPIP
mRNA was somehow restricted to the unbranched zone of
SR (Fig. 5). We speculate that the stability of ZmPIP mRNA
abundance in LR,.,, may allow fully reversible adjustments
of AQP functions under changing water availability, thereby
contributing to the high functional plasticity of SR and its
laterals. At variance with WD treatments, WD removal and
subsequent Lp, increase were not associated with any change
in ZmPIP mRNA abundance (Fig. 6). Typically, post-
transcriptional and post-translational regulatory mechan-
isms, involving reversible PIP phosphorylation and trafficking
to the plasma membrane need to be invoked in the two latter
cases. Although ZmPIP2;5 is a main contributor of maize Lp,, it
will also be needed to dissect isoform-specific regulations to
comprehend the complexity of molecular and cellular pro-
cesses occurring in the maize root under WD (Hachez et al.
2006; Ding et al. 2020).

In complement to AQP expression and regulation, we also
investigated possible links between WD-dependent changes
in root anatomy and Lp, (Zimmermann and Steudle 1998). In
particular, the enhanced suberization/lignification of the epi-
and exodermis observed under stress conditions is
thought to reduce the root radial conductivity (and Lp,)
(Ranathunge and Schreiber 2011; Calvo-Polanco et al.
2021). These changes were particularly pronounced in
LRprim (Fig. 7A). Together with the thickening of the cortex
in both LR,,im and axial root tip, they create mechanical bar-
riers that hinder the total recovery of Lp, (Wang et al. 2019;
Calvo-Polanco et al. 2021). On the contrary, WD did not in-
duce any change of suberization/lignification in LRy, (Fig. 8,
B to E), thereby supporting the more plastic response of SR
compared to PR. Altogether, our analyses reveal a distinct de-
velopmental plasticity of LR under WD, depending on their
axial root. Such response specificity of LR depending on their
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axis has already been observed for macroscopic parameters,
such as LR length (Dowd et al. 2019, 2020). As to the present
work, we realize that the hydraulics of LR could not be spe-
cifically resolved, neither through targeted water transport
assays nor inverse modeling. Thus, as indicated by studies
using neutron radiography of soil-grown roots (Ahmed
et al. 2016), LR hydraulics may contribute to the distinctive
properties attributed to whole PR or SR systems.
Furthermore, it will be important to investigate the water de-
pletion: repellency pattern induced by soil drying at the vicin-
ity of LR, and, overall, the capacity of LR to restore water
uptake upon rewatering (Cuneo et al. 2021). These character-
istics may be key to understand the root response of maize
seedlings to early drought in the field.

Last but not least, axial water transport was investigated
using a recently developed inverse modeling approach which,
we consider more accurate than investigating xylem vessel
anatomy in root cross-sections and using the Hagen-—
Poiseuille law to infer axial conductance (K) (Boursiac et al.
2022; Bauget et al. 2023). In the present work, K was found
to be higher in PR than SR, in line with the higher Lp, of
the former root type (Fig. 9B). Most importantly, our ap-
proach revealed a sharp increase of K in root tips of SR and
PR grown under WD. This phenomenon may prevent axial
limitations of water transport, which are the most pro-
nounced in distal root segments, thereby optimizing water
uptake in drying soil. To further investigate the bases of
this dramatic change of K in root tips, we traced back the ef-
fects of root age on K. Our data (Fig. 9C) indicate that the
alteration of longitudinal growth of roots by WD is sufficient
to generate a unique K profile, without invoking any effects
of WD on the rate of xylem differentiation. This is at variance
with the positive impact of WD on xylem development,
which in eudicots is mediated through enhancement by
ABA of expression of VASCULAR-RELATED NAC-DOMAIN
(VND) transcription factors (Ramachandran et al. 20271;
Cornelis and Hazak 2022). Although xylem development is
also under the control of VND-like regulators in maize, their
regulation under drought might vary from what was ob-
served in dicots (Dong et al. 2020). In addition, the thickening
(increase in cell cortex size) of root tips in PR and SR axial
roots and their LR also results from WD-dependent longitu-
dinal growth arrest and has been associated to long-term ef-
fects of strong WD on root ramification (Ji et al. 2014). These
examples illustrate the multiple interactions between growth
and hydraulics in cereal roots under WD.

In conclusion, recent studies have revealed a dramatic nat-
ural variation of maize root hydraulic architecture pointing to
various water uptake strategies within this species (Koehler
et al. 2023; Rishmawi et al. 2023). Here, we investigated the re-
sponse of this integrated trait to various WD, focusing on the
role of embryonic roots in a typical hybrid genotype.

We propose that differences between root types in ana-
tomical and molecular responses to WD may support their
distinct functionalization and contribute to integrative accli-
mation responses of whole root systems to WD. Vertical
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gradients of soil water availability may shape the specializa-
tion of distinct embryonic root types in order to optimize
water uptake in normal and WD conditions of different in-
tensities. By focusing on mild to moderate WD, our work em-
phasizes the important role of SR systems during seedling
establishment. LR, which were shown to be the preferential
site of water absorption in soils, would deserve more targeted
investigation as they may explain the distinctive properties of
their axial roots (Ahmed et al. 2016). It will also be interesting
to investigate the responses to more dramatic WD condi-
tions of adult plants with fully differentiated root systems in-
cluding crown roots (Ahmed et al. 2018). Overall, the present
work shows the power of combining precise anatomical,
architectural, functional, and modeling studies to address
the functioning of complex root systems.

Materials and methods

Plant material and growth conditions

Seeds of a maize (Z. mays) B73-UH007 hybrid (B73H) (Millet
et al. 2016) were surface-sterilized in 1.4% (v/v) bleach, 1%o
(v/v) Tween-20, for 15 min under gentle agitation. The seeds
were then treated with H,0, (35%; v/v) for 2 min, rinsed with
70% (v/v) ethanol, and washed six times with sterilized water.
The seeds were overlaid with wet clay beads in a plastic box,
which was itself covered by a transparent plastic film. Seeds
were germinated and further grown in a growth chamber at
65% relative humidity, with 15h/9 h light/dark cycles
(150 uE m~2 s7") at 22 °C (light)/20 °C (dark).

At 5 DAS, seedlings were transferred to hydroponic con-
tainers (61.6 X 35.8 X 13.6 cm; 20 seedlings/container) filled
with 24 L of a medium containing 1.25 mm KNO3, 0.75 mm
MgSO,, 1.5 mm Ca(NOs),, 0.5 mm KH,PO, 0.1 mm MgCl,,
0.05 mm Fe-EDTA, 0.05mm H3BOs; 0.012 mm MnSO,,
0.7 mm CuSO, 0.001T mm ZnSO,, 24 X 107> mM MoO,Na,,
1% 107> mm CoCl,, 0.1 mm Na,SiOs, and 1T mm MES. Plants
were grown in this solution for 2 d. At 7 DAS, seedlings
were transferred for four additional days to a fresh medium
containing different concentrations of high molecular weight
polyethylene glycol (PEG-8000) to reduce the water potential
of the nutrient solution. This plant culture procedure makes it
possible to impose WD treatments, prior to gently excising
roots, and analysing both their RSA and water transport cap-
acity. WD treatments were imposed by adding to the control
solution (water potential of —0.034 MPa) 25, 50, 75, 150, or
225 gL' PEG, yielding final water potentials of —0.047,
—0.070, —0,103, —0.332 or —0.700 MPa, respectively. To avoid
anoxia, culture solutions were constantly bubbled with air.
Solution water potential was measured with a WESCOR
5520 vapor pressure osmometer.

Analysis of RSA

Root systems were excised at 11 DAS from hydroponically
grown plants and immediately imaged. PR and SR were ana-
lyzed separately. Each axial root system was manually
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separated on a 240 X 240 mm” Petri dish containing water,
and scanned with an Epson Perfection V850 Pro scanner
(Epson Europe BV). RSA was analyzed using the OPTIMAS im-
age analysis software (Adept Turnkey Pty Ltd.) and
ImageJ-win64. Several parameters were measured: axial root
length, average length of LR, number of LR, length of non-
branching zone. Total root length was quantified on the
whole-root system.

Measurement of Lp,
Measurements of Lp, were performed using the pressure
chamber technique, essentially as described by Rishmawi
et al. (2023) and Bauget et al. (2023). This approach allows
probing root hydraulics under control and WD conditions,
taking into account both hydrostatic and osmotic forces
and measuring substantial outgoing sap flows in both control
and WD conditions (Bauget et al. 2023). PR and SR were ex-
cised from a same plant and analyzed separately. Upon exci-
sion, each axial root was inserted into a pressure chamber
filled with the same medium as used for plant culture. For
control growth conditions, the flow of exuded sap (J,) was
successively measured at pressures (P) of 50, 150, 100, 200
and 5 kPa for about 5 min at each pressure step. In 150PEG
growth conditions, pressure clamps were realized at 150,
250, 200, 300 and 100 kPa in order to possibly counteract os-
motically induced water efflux from the root. In either con-
trol or PEG conditions, a linear J,(P) relationship was
observed in the indicated P ranges, the slope of the curve
providing a correct estimate of Lp, (Bauget et al. 2023). In ki-
netic experiments, J, was first measured in the initial plant
growth solution. The root was then moved into either a con-
trol solution or a solution containing 150 g L~' PEG and J,
was monitored at four kinetic points (0, 20, 40, 60 min) fol-
lowing the same pressure protocol as above.

Root dry weight (DWr) was analyzed after measurement of
J,- The Lp, (mL g~ h™" MPa™") of an individual root system
was calculated using the following equation:

Lp, =), = /(DW, - P)

For azide inhibition experiments, roots were exposed to a
culture solution containing 1 mm NaN3 and Lp, was derived
from continuous J, measurement at 320 kPa as described in
Sutka et al. (2011).

Total RNA isolation and analysis

Root samples were frozen in liquid nitrogen and ground by
hand with pestle and mortar. Total RNA was extracted using
a Direct-zol RNA Miniprep Plus kit according to the manu-
facturer's instructions (Zymo Research) with a modification
for DNA removal with addition of five units RQ1
RNase-Free DNase (Promega) and 1puL of a RQ1 buffer.
One microgram of total RNA was used as a template for first
strand complementary DNA (cDNA) synthesis, which was
performed using Moloney Murine Leukemia Virus Reverse
Transcriptase, RNase H Minus, Point Mutant (Promega)
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and Oligo(dT)15 Primer (Promega) in a final volume of 20 pL,
according to the manufacturer's instructions.

First strand cDNA was diluted 10 times, and 4 pL of cDNA
were used as a template for gene expression level quantifica-
tion by quantitative PCR. The latter was performed in
384-well plates with a LightCycler 480 Real-Time PCR
System (Hoffmann-La Roche AG). Differentially labeled nu-
cleotides SYBR Premix Ex Taq OneGreen Fast QPCR
(ThermoFisher) were used to monitor cDNA amplification.
The PCR cycle program was one cycle of predenaturation
for 3 min at 95 °C for DNA polymerase activation, and 40
cycles of 5s at 95 °C and 60 s at 60 °C. The 27" method
was used to analyse the relative expression of six ZmPIP1
(ZmPIP1;1-ZmPIP1;6) and six ZmPIP2 (ZmPIP2;1-ZmPIP2;6)
genes. The ZmPIP2;7 gene which does not show detectable
expression in the PR was not taken into account (Aroca
et al. 2005; Zhu et al. 2005; Hachez et al. 2006). Two reference
genes, f-ACTIN 2 (ACT2) and POLYUBIQUITIN (UBQ), were
used to normalize the expression (Lin et al. 2014; Ding
et al. 2020). The primer sequences used for these studies
are shown in Supplementary Table S1.

Auramine O staining for lignin and suberin

Root samples were collected at 11 DAS in plants grown for
4 d in the presence or absence of PEG. Excised root systems
were fixed with 4% (v/v) paraformaldehyde (Merck) in 1 X
PBS by vacuum infiltration for 1 h and gentle agitation at
room temperature for an additional h. The fixed tissues
were then washed two times for 1min in 1XPBS.
Seedlings were then transferred into a ClearSee solution
(see below) and incubated at room temperature with gentle
agitation for 5 d. The solution was changed every second day.
The ClearSee solution is an aqueous solution composed of
10% (w/v) xylitol, 15% (w/v) sodium deoxycholate, and
25% (w/v) urea all from Sigma. The 0.5% (w/v) Auramine
O solution was directly prepared in ClearSee. Staining was
performed during 12 to 16 h, followed by two washings in
ClearSee during 30 min, and at least 1 h, respectively. One
centimeter-long root segments were cut in the area of inter-
est, using a Vibratome (thickness: 100 ym), and embedded in
4% (w/v) agarose. The sections were mounted on slides with
ClearSee solution for imaging. Auramine O staining was im-
aged using a Zeiss Apotom microscope, with excitation at
488 nm and detection at 505 to 530 nm. Images were ana-
lyzed with an Image)-win64 software.

Determination of root axial conductance and radial
conductivity by inverse modeling

The root hydraulic parameters (radial conductivity: k,
m s~ MPa™’; axial conductance: K, m*s™' MPa™") were de-
termined using the HydroRoot model as described by Bauget
et al. (2023). In brief, we used the cut-and-flow approach de-
scribed in (Boursiac et al. 2022), which consists of measuring
J, at a given pressure in an axial root that undergoes succes-
sive cuts from the tip. PR and SR were excised from a same
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plant and J, measurements were performed in the same me-
dium as for plant growth, the operating pressure being 200
and 300 kPa in control and 150PEG conditions, respectively.
While k was assumed to be uniform all over the root, the K
profile was represented as a linear piecewise function of
the distance to root tip. All transport parameters included
in the model (Bauget et al. 2023) were adjusted to get the
best fit on both J,(P) and cut-and-flow experiments.

Statistical analyses

Statistical analysis was performed using the GraphPad Prism5.
Student’s t test and one-way ANOVA followed by a Tukey test
were performed to determine significant differences between
groups of samples, as indicated by different letters.

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers
(Supplementary Table S1).
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