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Abstract

Plant water uptake is determined by the root system architecture and its hydraulic capacity, which together define the root hy-
draulic architecture. The current research aims at understanding the water uptake capacities of maize (Zea mays), a model or-
ganism and major crop. We explored the genetic variations within a collection of 224 maize inbred Dent lines and successively
defined core genotype subsets to access multiple architectural, anatomical, and hydraulic parameters in the primary root (PR) and
seminal roots (SR) of hydroponically grown seedlings. We found 9-, 3.5-, and 12.4-fold genotypic differences for root hydraulics
(Lp,), PR size, and lateral root size, respectively, that shaped wide and independent variations of root structure and function.
Within genotypes, PR and SR showed similarities in hydraulics and, to a lesser extent, in anatomy. They had comparable aquaporin
activity profiles that, however, could not be explained by aquaporin expression levels. Genotypic variations in the size and number
of late meta xylem vessels were positively correlated with Lp,. Inverse modeling further revealed dramatic genotypic differences in
the xylem conductance profile. Thus, tremendous natural variation of maize root hydraulic architecture underlies a high diversity
of water uptake strategies and paves the way to quantitative genetic dissection of its elementary traits.

thought to be responsible for the majority of water uptake
from the soil. In contrast, the taproot would mostly collect
the water absorbed by the LR and transport it to the shoot
(Zarebanadkouki et al. 2013; Ahmed et al. 2016). At later
stages, when maize plants mature, the newly formed crown
roots seem to have the highest water transport capacity,
making them the major pathway for water uptake (Ahmed

Introduction

Water availability is one of the major limiting abiotic factors
that affects photosynthesis and plant growth. Maintaining a
continuous supply of water to the plant shoot is a fundamen-
tal role of roots (Maurel et al. 2010). The spatiotemporal pat-
tern of water uptake in plants is mainly determined by the
root hydraulic architecture, i.e. the spatial composition of

the whole root system architecture (RSA) and of its hydraulic
capacity. The different root classes that determine RSA have
been proposed to play distinct roles in water uptake
throughout the plant’s life cycle (Doussan et al. 1998;
Hochholdinger and Tuberosa 2009; Ahmed et al. 2018;
Hazman and Kabil 2022). In lupine (Lupinus spp.) and maize
(Zea mays) seedlings, for example, lateral roots (LR) are

et al. 2018). Several studies have explored the intraspecific
variation of RSA in maize and other species, and its response
to various abiotic stresses (Dowd et al. 2020; Klein et al. 2020;
Zheng et al. 2020; Zhang et al. 2021). While these variations
are supposed to deeply influence root water transport, the
precise links between the natural variations of RSA and the
hydraulic properties of root systems are yet to be explored.
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Water uptake is mediated through combined radial and
axial flows. Radial water transport from the soil to the root
stele depends on the anatomical and physiological properties
of the concentric cell layers that shape root tissues (Steudle
2000). In particular, radial water transport is strongly con-
trolled by aquaporins that are distributed along cellular
membranes of essentially all root cells (Maurel et al. 2015;
Lynch 2018). Aquaporins are membrane proteins that consist
of 6 membrane-spanning a-helices and function as homo- or
heterotetramers to facilitate the diffusion of water (Murata
et al. 2000; Bienert et al. 2012). The activity of aquaporins
is tightly controlled by their abundance and gating proper-
ties, the 2 aspects being regulated by post-translational mod-
ifications that eventually regulate the water flow (Zelazny
et al. 2007; Di Pietro et al. 2013). In maize, 41 homologs define
the aquaporin family and are classified into 4 subfamilies; the
Plasma membrane Intrinsic Proteins (PIPs), Tonoplast
Intrinsic Proteins, NOD26-like Intrinsic Proteins, and Small
basic Intrinsic Proteins (Chaumont and Tyerman. 2014; Bari
et al. 2018; Su et al. 2022). Besides determining cell-specific
water transport properties, aquaporins play a pivotal role
in the responsiveness of root hydraulics to a large variety
of environmental stimuli (Alexandersson et al. 2005; Aroca
et al. 2005; Hachez et al. 2006).

Several studies have shown the role of root anatomical
parameters in determining water uptake capacity and profile.
Besides lignification and suberization of endodermal cells, cell
layer number, and organization can strongly impact root hy-
draulics (Enstone et al. 2003; Fan et al. 2006; Kreszies et al.
2019). Roots with more root cortical aerenchyma are asso-
ciated with lower metabolic costs and thicker roots, hence
greater soil exploration and eventually better yields under
water deficiency (Zhu et al. 2010; Hu et al. 2014; Saengwilai
et al. 2014; Klein et al. 2020). Moreover, a larger root cortical
cell size or a lower number of cortical cell files can influence
tissue hydraulics and are further beneficial parameters for
maize drought tolerance (Chimungu et al. 2014a, 2014b).
The genetic network determining the latter root feature
has recently been elucidated (Ortiz-Ramirez et al. 2021).

The axial hydraulic conductivity mainly relies on the char-
acteristics of xylem vessels and, according to Hagen-
Poiseuille’s law, can be locally approximated from the fourth
power of vessel diameter. Yet, large conductive vessels can
become more vulnerable to dysfunction due to cavitation
under drought conditions (Hacke and Sperry 2001; Yang
et al. 2019). Conversely, narrow vessels are less conductive
but can be beneficial, as they can enhance drought tolerance
by restricting water uptake and conserving soil moisture
(Comas et al. 2013; Klein et al. 2020).

A number of modeling approaches have aimed at under-
standing the general relations between root architecture,
anatomy, and hydraulics (Tron et al. 2015; Meunier et al.
2017; Couvreur et al. 2018; Boursiac et al. 2022). However,
the multiple parameters that act on root hydraulic architec-
ture have been investigated experimentally but in multiple
independent species or physiological contexts. In particular,
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very few studies have concomitantly addressed RSA and hy-
draulic traits by typically comparing few genotypes exhibiting
contrasting RSA (Schneider et al. 2017; Kreszies et al. 2019;
Strock et al. 2021). To date, there are only rare studies that
carried out an in-depth analysis on root hydraulics within a
species, using a collection of 13 Arabidopsis (Arabidopsis
thaliana) accessions or 6 rice varieties (Sutka et al. 2011;
Grondin et al. 2016). Root hydraulic conductivity was tenta-
tively associated with aquaporin expression and endodermal
suberization; however, its relation to RSA and vascular anat-
omy and function was not investigated.

Maize is one of the most vital crops worldwide, economically
and nutritionally for both humans and livestock (Revilla et al.
2022). Although maize has been recognized as a model organ-
ism since the 1900s (Hacke and Sperry 2001), the phenotypic
and genetic variations in its root traits are still largely unknown
(Hochholdinger et al. 2018). This study represents part of a pro-
ject aimed at understanding the major parameters that regulate
the hydraulic architecture of maize embryonic roots, to further
explore and validate their genetic regulators. The latter will be
deliberated in a separate study. The current research primarily
aims at understanding the water uptake capacities and strat-
egies present in maize roots. To this end, we explored the nat-
ural variation of root hydraulic architectures within a collection
of several hundreds of genotypes. Noticeably, the distinctive
embryonic maize root system, which is composed of a primary
root (PR) and seminal roots (SR) that can be studied separately,
provides an advantage for understanding the reciprocal relation
between root architecture, anatomy, and hydraulics. Even
though we investigated plants grown under standard (nonstres-
sing) conditions, our study reveals dramatic genotypic-
dependent variation in root water uptake capacity.

Results

Extensive variation of root architectural and
hydraulic parameters in a maize diversity panel
We investigated the genetic variation of root hydraulic archi-
tecture in maize (Z. mays) using a diversity panel of 224 inbred
Dent lines (Supplemental Table S1). When grown under
standard hydroponic conditions, 11- to 12-d-old seedlings
showed a root system composed of 2 types of axial roots,
the PR and SR, each carrying their respective LR (see
Supplemental Table S2 for parameter abbreviations). Since
characterizing the full hydraulic architecture of hundreds of
lines is technically demanding, we focused on a restricted
set of parameters, including the surface area of the PR
(SApr) and its LR (SA-LRpR), the hydraulic conductivity of
the PR (Lp,) and the number of SR (SRN). The mean values
of the 4 tested traits showed normal distributions (Fig. 1A
to D), with marked differences between the most extreme
lines, by 3.5- and 12.4-fold for SApg and SA-LRpg, respectively
(Fig. 1, A and B). A 9-fold difference in Lp, was observed among
genotypes (Fig. 1C) while SRN varied from 0 to 7 (Fig. 1D).
A principal component analysis (PCA) was performed to
investigate possible correlations between the 4 variables.
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Figure 1. Frequency distribution and PCA of main RSA and hydraulic traits in a diversity panel of 224 genotypes. A) Frequency distribution of PR
surface area (SApg). B) Frequency distribution of LR surface area (SA-LRpg). C) Frequency distribution of PR hydraulic conductivity (Lp,). D)
Frequency distribution of SRN. E) PCA using the 4 parameters above. The figure shows the first PCA plane with position of the parameters. F)
Cluster analysis of PCA to select contrasting genotypes. The 13 selected genotypes are highlighted on the graph, with indicated color code for

the 4 clusters.

Projection along the first and second dimensions, which
capture 45.9% and 25.9% of the variation, respectively,
showed that PR size (SApgr), PR hydraulics (Lp,), and SR
number are somewhat independent from each other
(Fig. 1E; Supplemental Fig. S, 1A and B). This confirms
the relevance of these few parameters to capture the
genotypic diversity of root hydraulic architectures pre-
sent in the panel. Yet, the surface area of the PR and its
LR were highly correlated, due to synchronized growth
of these 2 root types across the whole diversity panel
(Fig. 1E).

To investigate in closer detail the architectural, anatom-
ical, and molecular parameters that determine such varia-
tions in root hydraulic architecture, we decided to focus on
a core subset of the aforementioned panel. An elbow meth-
od indicated that the optimal number of clusters to sub-
classify the population is 4 (Supplemental Fig. S2). PCA
and pairwise comparisons within each cluster revealed
the same correlation pattern as in the whole panel.
Furthermore, we decided to select, as illustrated in
Fig. 1F, 3 genotypes from each cluster (2 extremes on the
cluster’s edges and 1 intermediate genotype), together
with the reference B73 genotype. The 13 selected lines
were thereafter taken as representative of the variations
present in the initial diversity panel.

Linked and independent variations of architectural
and hydraulics parameters of PR and SR
An in-depth analysis of root hydraulic architecture within the
core subset was performed, including a detailed characterization
of the RSA and hydraulics of SR, similar to that performed for
PR. Figures 2 and 3 report on the mean architectural and hy-
draulic parameters measured in the 13 selected lines, with
variations between genotypes comparable to the maximal
variations seen in the whole diversity panel. A PCA analysis
using the RSA and hydraulics parameters (Lp,) of PR and SR
showed that, among the 13 genotypes, the Lp, of PR and SR
were closely linked, whereas their respective sizes (SA) were
largely independent (Fig. 2C). Yet, PR size (SApr) appeared
to be negatively correlated to the SRN (Fig. 2C). A linear
plot of the aforementioned parameters confirmed their nega-
tive correlation (Fig. 2D). We therefore hypothesized that the
emergence of SR could be controlled by an early physiological
parameter, such as the amount of nutrients stored in the
seed, that would be competitively used for both SR emer-
gence and PR growth. Indeed, we observed a positive correl-
ation between seed weight and SR number (Supplemental
Fig. S3).

Detailed analysis of root hydraulic parameters indicated that
genotypes that belong to the same cluster had comparable PR
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Figure 2. RSA of a core subset of 13 genotypes. A) SRN among the indicated genotypes and clusters. B) Same analysis of PR and SR surface area. C)
PCA analysis using RSA and hydraulics parameters of PR and SR. The figure shows the first PCA plane with position of the 7 parameters analyzed. D)
Pearson correlation study between the SApr and SRN. Each dot represents the average values of one of 13 selected genotypes. In A and B), each of 4
clusters (see Fig. 1F) is represented by 3 adjacent genotypes, as indicated. Each bar represents the mean value (+se) of 10 replicates.

and SR Lp, values (Fig. 3A), a pattern that was not noticed for
RSA parameters (Fig. 2, B and C). To further inspect the relation
between Lp, of PR and SR, we measured the Lp, values of the PR
and all SR in 5 selected genotypes: 1 arbitrarily chosen member
from each cluster (B89, DK78010, EZ46, Lo1124) and B73
(Fig. 3B). Although the different SR of a same plant showed vari-
ation in their SA (Supplemental Fig. S4A), they had almost simi-
lar Lp, values (Fig. 3B). Thus, each genotype exhibited a typical
Lp, that was shared between all axial roots.

The total root hydraulic conductance (Lo) represents the
true water uptake capacity of a plant. It is determined by
the SA and Lp, of each axial root and its LR, and the SRN,
and could be reconstructed for each of the 5 selected geno-
types (Fig. 3C). The data show marked differences in Lo, up to
4-fold between EZ46 and B73 (Fig. 3C). Interestingly,
DK78010 had a lower Lp, than B73 which was compensated
by a higher SRN and, therefore, a higher total root SA
(Supplemental Fig. S4B). This restricted set of lines indicates
that L, is truly diverse, due to independent genetic variations
of RSA and root hydraulic parameters.

Genotypic variations of PR elementary water and
solute transport parameters

To determine genuine variations of elementary water trans-
port parameters (axial and radial conductivities) according
to genotypes, we used a model-assisted workflow proposed
by Boursiac et al. (2022) and recently adapted to maize
(Bauget et al. 2023). In brief, we worked with PR excised
from the 4 lines (Fig. 3, B and C) representing each of the 4
clusters (B89, n=9; DK78010, n = 7; EZ46, n = 10; Lo1124,
n=7) and performed flow-to-pressure measurements in
roots that were progressively cut from tip to base.
Figure 4A shows how inverse modeling of such excised roots
allowed to deduce the mean axial hydraulic conductance (K)
profiles of each line. Although the lines exhibit differences in
PR length, a dramatic increase in K was observed at ~50% of
the distance from root tip to base in B89, EZ46, and Lo1124,
and at ~80% in DK78010. Furthermore, EZ46 and DK78010
showed the highest and lowest K profiles, respectively, with
differences by more than 1 order of magnitude. B89 and
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Figure 3. Characterization of hydraulics in PR and SR. A) Lp, of the PR and first SR in the core subset of 13 selected genotypes. Each of 4 clusters is
represented by 3 adjacent genotypes, as indicated. B) Detailed analysis of the Lp, of PR and all SR of 5 further selected genotypes. Note that SR
number varies between genotypes (Supplemental Fig. S4). C) Root hydraulic conductance (L,) reconstructed for 5 selected genotypes. In A)
and B), asterisks (*) indicate significant differences in Lp, between the PR and the indicated SR of the same genotype (t-test, P-value <0.05). In
A to C) each bar represents the mean value (£st) of 10 replicates, 12 replicates, and 12 replicates, for all samples except Lo1124 (8 replicates),

respectively.

Lo1124 lines were intermediate but with dramatically differ-
ent longitudinal profiles. However, normalizing the x axis
(distance to tip) to take into account growth rate differences
between genotypes showed that B89 and Lo1124 both ex-
hibit an intermediate K over the whole distance range.
These analyses provide direct evidence for genotypic differ-
ences in xylem functionality (Fig. 4A).

Solute transport parameters (Supplemental Fig. S5) and,
most importantly, mean radial hydraulic conductivity (k) va-
lue were also determined using the same inverse modeling
approach (Fig. 4B). The latter parameter showed more
than 4-fold variation between lines and a similar trend as
the axial conductance (K), with EZ46 and DK78010 having
maximum and minimum k values, respectively, and B89
and Lo1124 intermediate values. Overall, this model-assisted
determination of radial water conductivity (k) yields values
and a genotype ranking that are somewhat consistent with
those obtained in whole root Lp, measurements (Fig. 3A).
The modeling approach was also used to visualize at high

resolution the hydraulic functioning of contrasting root sys-
tems. In brief, real RSAs representative of each line was digi-
tized and the hydraulic parameters described above were
used to simulate localized water inflows occurring through-
out the root system. In each line, the heterogeneity of osmot-
ic and hydrostatic driving forces throughout RSA yielded
higher flows in PR vs. LR and root base vs. root tips
(Fig. 4C). Although performed on only 4 lines, this compara-
tive modeling approach provides an accurate representation
and sampling of the high genetic diversity of PR hydraulic ar-
chitectures present in maize (Fig. 4C).

Contribution of aquaporins to genetic variation of
root hydraulics

Aquaporins play a critical role in radial water transport,
thereby controlling water uptake (Maurel and Nacry 2020).
In order to understand the genetic variation of PR and SR
Lp, among the 13 genotypes of the core subset, and of radial
conductivity (k) in the PR of the 4 genotypes representing
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each cluster, aquaporin activity was probed pharmacologic-
ally using the reversible blocking effects of sodium azide
(NaNs) (Sutka et al. 2011). Thirty minutes of a treatment
with T mm NaNj; caused a 33% to 69% reduction in the Lp,
of the PR and first SR (Fig. 5A), with rate constants in the
range of 13.5 to 35.6 10~ s™', meaning that Lp, reduction
was stabilized in most lines at the end of the treatment
(Supplemental Fig. S6, A and B). In addition, the rate constant
of Lp, inhibition by NaN; was independent of the % of inhib-
ition or the relative residual Lp, value, suggesting that kinetic
differences between lines were not linked to incomplete in-
hibition in some of these (Supplemental Fig. S6, C and D).
With the exception of 2 genotypes (DK78010, Lo1124), the
extent of Lp, inhibition was similar in the PR and SR of
each genotype but much more variable between genotypes.
In particular, lines of the second cluster showed the lowest
inhibition among the core subset (Fig. 5A), in accordance
with their low Lp, values (Fig. 3A) and the low k value of
DK78010 (Fig. 4A). Yet, some lines with a low Lp,, such as
B73, showed a high rate of inhibition. Thus, the relative con-
tribution of aquaporin-dependent pathways to Lp, can show
strong variations between genotypes, whereas it is pretty
homogenous within the embryonic roots of each genotype.

To further dissect the contribution of aquaporins to genet-
ic variation of Lp,, we used qPCR and investigated the relative
abundance of mRNAs of the all ZmPIPs in the PR and SR of
the 13 genotypes. In some of these, expression of ZmPIP2;1
and ZmPIP2;4 mRNA could not be probed, probably due to
variations in primer binding sequences. Nevertheless, all
other ZmPIPs showed a huge genotypic variation in their
relative expression levels (Fig. 5, B to D; Supplemental Fig.
S7). Interestingly, expression levels of 4 of the tested
ZmPIPs (ZmPIP1;1, ZmPIP1;3, ZmPIP1;4, ZmPIP1;5) were of
comparable magnitude in PR and SR of a same genotype,
in agreement with the similar Lp, and sodium azide inhib-
ition profiles of the 2 root types. When looking across geno-
types, however, no individual ZmPIP showed a significant
correlation between its expression and Lp, values (Fig. 5, B
to D; Supplemental Fig. S7). We conclude that, in contrast
to pharmacological inhibition of aquaporins, expression le-
vels of ZmPIPs at the whole root level cannot easily explain
genotypic differences in Lp, values. Yet, aquaporin expression
levels may provide punctual phenotypic explanation. For in-
stance, EZ46 exhibited the highest relative expression of most
of the ZmPIPs in agreement with its high Lp, value (Fig. 5, B
to D; Supplemental Fig. S7).
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Figure 5. Contribution of aquaporins to Lp,. A) Percentage (+st) of Lp, inhibition by NaNj; in the PR (green) and first SR (orange) of indicated gen-
otypes (n = 8 to 10). Asterisks (*) indicate significant differences in Lp, inhibition between the PR and SR of a same genotype (t-test, P-value <0.05).
B) Natural variation of ZmPIP2;5 relative expression. C) Natural variation of ZmPIP1;1 relative expression. D) Natural variation of ZmPIP1;5 relative
expression. In B to D), the expression level of each of the ZmPIPs in B73 roots was set to 1 and subsequently used to calculate the relative expression
level of the same gene in the 12 other genotypes. Asterisks (*) indicate a significant difference in relative expression levels between the PR (green) and
SR (orange) of a same genotype (t-test for normally distributed data; Kolmogorov-Smirnov test for nonparametric data, P-value <0.05). Error bars

represent Se.

Genetic variations of root anatomy and their relation
to root hydraulics

Root anatomical traits (Supplemental Fig. S8) such as the thickness
of the root, or of concentric tissues (stele or cortex) may influence
radial water transport (k), acting on the length and tortuosity of
aquaporin-dependent and -independent paths. Other traits re-
lated to vasculature anatomy (Supplemental Fig. S8) may, in con-
trast, determine the root axial conductance (K) profile.
Cross-sections at 7 cm from the tip of PR and SR of the 13
genotypes, that is, in the young, fully elongated part of these
roots, revealed dramatic variations of all these traits (Fig. 6A).
We observed, for instance, a 2.7-fold difference in the mean
cross-section area between the thinnest (B14a) and thickest
(Lo1124) PR (Fig. 6B). The same range of surface area differ-
ence was observed in cross-sections of the first SR (Fig. 6B).

The mean number of cortical layers in PR and SR, which var-
ied among genotypes between 6.5 (B14a) and 9.9 (F230)
(Supplemental Fig. S9A) was positively correlated with the
area of the PR and SR cross-sections and with LMX size
(Supplemental Fig. S10, A and D), thereby explaining part
of variations in root thickness.

In some genotypes (B89, CO109, W604S, DKIBO2, EZ46,
CG1), the PR was thicker than the SR, whereas in all others
(B14a, DK7810, Oh02, W182E, Lo1124, B73), the PR and SR
had comparable thickness (Fig. 6B). In one of the latter lines
(Oh02), the axial length of the PR was much higher than
that of SR (Supplemental Fig. S11), indicating that, in this
line, the radial growth rate of SR was somewhat higher
than that of PR. Moreover, there was no correlation among
the 13 genotypes between the length of PR and SR and
their respective cross-section areas (Supplemental Fig.
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Figure 6. Natural variation of root anatomical parameters. A) Representative cross-sections of PR of the 13 genotypes of the core subset. Scale bars
=200 pym. B) Mean cross-section areas (+sg n = 10 to 12) of the PR and SR of the same 13 genotypes. C) Mean LMZ size (+sg n = 10 to 12) of the
same 13 genotypes. Asterisks (*) indicate a significant difference between PR and SR of a same genotype (Kolmogorov-Smirnov test, P-value <0.05).

S10B). Thus, the thickness and length of PR and SR show
largely independent genotypic variations, providing a large
array of root morphological profiles (Fig. 6A). Yet, none of
the traits related to root or cortex thickness was associated
with Lp, across the 13 genotypes.

We then focused on the anatomy of the stele; its area var-
ied about 2.6-fold among the 13 genotypes (Supplemental
Fig. S9B). We more specifically inspected the late meta xylem
(LMX) vessels (Supplemental Fig. S8) which are potentially
critical for axial water transport (Purushothaman et al.
2013; Lynch 2022). Their mean number varied in PR between
3.5 (DK78010) and 10.2 (Lo1124) and, in SR of the same lines,
between 3.2 and 17.2 (Supplemental Fig. S9C). Comparable
variation patterns were observed in both PR and SR for
LMX vessel size (averaged radial height and width of all ves-
sels) (Fig. 6C). When considered across genotypes, both the
number and size of LMX showed a weak but statistically sig-
nificant correlation with Lp, (R>=0.36 and R*=0.33, re-
spectively) (Fig. 7). This was true in particular for the
extensively studied BK89, DK78010, EZ46, and Lo1124 lines
(Fig. 3B). More specifically, the moderately developed

vasculature observed in DK78010 (Fig. 6C Supplemental
Fig. 59, B to D) was in line with its reduced K values, as deter-
mined by inverse modeling (Fig. 4A). Yet, there was no strong
link between xylem anatomical parameters at 7 cm from
root tips of B89, EZ46, or Lo1124 PR and model-derived K.

In conclusion, several of root molecular and anatomical traits
inspected in this study may potentially contribute to root hy-
draulics, thereby explaining its large genotypic diversity. In these
respects, LMX anatomy appears to exert the most pronounced
effects. Moreover, variations in root anatomy between the PR
and SR of individual genotypes were less pronounced than var-
iations between genotypes (Fig. 6, B to C; Supplemental Figs S9
and S12), explaining, in part, the somewhat related hydraulic
properties of the 2 root types in a same genotype.

Discussion

The natural variation of maize root hydraulic

architecture reveals a high plasticity of root functions
In the present work, we used the concepts of “root hydraulic
architecture” and even “root hydraulic anatomy” (introduced

€202 1udy $Z uo 1asn NONODIAY VNI Aq 2e€/1 1 2/€Lgpeny/sAudid/e601 01 /10p/ajoe-aouepe/sAydid/woo dno-olwepede)/:sdiy woly papeojumod


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad213#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad213#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad213#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad213#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad213#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad213#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad213#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad213#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad213#supplementary-data

Maize root hydraulic architecture and water uptake

>

100+

804

60+

404

Lp, (ul/cm?/hr/MPa)

204

0 I T
N ) KN

7’5\_

Number of LMX

o)

100

80

60+

40

Lp, (ul/cm?/hr/MPa)

204

LMX size (um)

Figure 7. Relation between cross-section anatomical parameters and
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size and Lp,. LMX size was calculated as the average radial height and
width of individual LMX vessels. In A) and B), each dot represents
the average values of one of 13 genotypes of the core subset.

by Couvreur et al. 2018) to explore the importance of com-
bined, intraspecific genetic variations in root architecture, anat-
omy, and hydraulics. With respect to previous studies made in
the model dicot A. thaliana (Sutka et al. 2011) or rice (Grondin
et al. 2016), we opted to work on maize which has a highly pro-
grammed root system development and dissected the respect-
ive roles of individual root types (e.g. PR and SR).

More specifically, we started from a whole diversity panel of
224 maize lines and delineated 4 typical clusters, each with 3 or,
in some approaches, a single representative genotype. These
successively defined core genotype subsets allowed a progres-
sive refinement of our analyses and deep insights into multiple
root architectural and anatomical parameters: SR number, the
surface of individual PR and SR and their LR, the anatomy of
their cortical and vascular tissues including size of LMX vessels
were therefore considered. Concerning hydraulics, we could
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independently investigate the hydraulics of PR and individual
SR, going down to elementary radial and axial conductances
in the former root type. Aquaporin activity and expression of
individual ZmPIP genes were determined in both PR and SR.
We note that more than 2-fold variations could be observed
between genotypes, for all functional, anatomic, or molecular
parameters investigated.

In retrospect, the set of 4 parameters that was used to in-
vestigate the whole diversity panel, and that focused on PR
RSA and hydraulics, proved to be relevant due to the correl-
ation existing between the Lp, of PR and SR, and to a lesser
extent between PR and SR anatomy. Thus, these few para-
meters allowed capture of extremely broad genetic variations
in root hydraulic architecture.

Our full data set more specifically revealed wide arrays of
root morphologies with marked variations in both SR num-
ber and PR and SR morphology. In the latter case, we could
even observe somewhat independent variations between PR
and SR morphology and, within each root type, of length vs.
thickness. The rationale for such huge root structure varia-
tions is not fully understood but must be linked to variations
in root functions as diverse as nutrition or anchorage.

The hydraulic traits also displayed a large range of variations
that were somewhat independent of RSA traits. At first sight,
this might be surprising if we assume that hydraulics possibly
compensates for morphological variations to achieve adequate
water uptake capacities. Such a remarkable genetic diversity
with regard to water uptake may have evolved to meet the con-
straints of extremely diverse soil and water availability condi-
tions or water demand from the plant’s aerial parts. We also
conclude that the genetic regulators of root architecture and
root hydraulics assort independently to permit an extensive
root structure and function plasticity, yet compatible with a
wide range of water uptake strategies.

Yet, we acknowledge that the comprehensive phenotyping of
root hydraulic architectures that underlies this work required
specific experimental conditions for plant growth and root
function analyses. Firstly, plants were grown in hydroponics
which we assimilate to a water-sufficient growth condition
but may not accurately report on the growth pattern and func-
tion of roots in genuine soil conditions. Secondly, hydraulic phe-
notyping was performed on excised roots, a procedure that can
lead to substantial aquaporin inhibition and Lp, downregulation
(Vandeleur et al. 2014). In this study, all lines exhibited aquapor-
in activities contributing to at least 35% of Lp, (Fig. 5A) indicat-
ing that, if present, this inhibition phenomenon was partial. Yet,
aquaporin activity was probed pharmacologically using a single
type of sodium azide treatment. Despite these restrictions on its
physiological importance, our data set provides a unique infor-
mation on the dramatic natural variation of root hydraulic
architecture in maize.

PR size and SRN are dependent on seed weight

Whereas RSA is undoubtedly dependent on water and nutri-
ent availability, our study also points to a role for seed re-
sources. Indeed, correlative analyses on a subset of
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representative genotypes suggested that a higher seed weight
would result in an increase in the SRN, in total embryonic
root length (Supplemental Figs S3 and S4B) and, thereby,
in root hydraulic conductance (Fig. 3C). The number and
the length of SR were previously shown to be linked to nitro-
gen and phosphorus availability and transport (Zhu et al.
2006; Perkins and Lynch 2021). In the present work, the
SRN was negatively correlated with PR size (Fig. 2D), pointing
to a competition between different root types for the nutri-
ents stored in the seed. These analyses exemplify how a crit-
ical root trait, SR number, integrates multiple internal and
environmental components to shape the water and nutrient
uptake capacity of the plant.

PR and SR have some similar hydraulic capacities
The PR and SR of maize are thought to play distinctive roles,
due to differences in their global gene expression profiles un-
der favorable and stress conditions (Zhang et al. 2015; Tai
et al. 2016). For example, genes responsible for cell remodel-
ing and cell wall formation and stress-related genes were
more represented in PR than SR (Tai et al. 2016).
Moreover, salt stress resulted in a more pronounced growth
inhibition in SR than PR (Zhang et al. 2015). At variance with
this idea, and even though the PR and the first SR of a same
genotype exhibited distinct sizes (Supplemental Fig. S12),
their hydraulic capacities were somewhat comparable
(Fig. 3A). This was confirmed by detailed analysis of the
whole set of SR produced in 5 selected genotypes (Fig. 3B;
Supplemental Fig. S4A). Accordingly, the PR and first SR
had comparable aquaporin activity profiles, as revealed using
sodium azide inhibition (Tournaire-Roux et al. 2003)
(Fig. 5A). In support for this, several ZmPIPs showed a com-
parable expression pattern between the 2 root types
(Fig. 5, B to D; Supplemental Fig. S7). One noticeable excep-
tion was ZmPIP2;5, with a higher expression level in PR than
SR, in 7 out of the 13 genotypes (Fig. 5B). ZmPIP2;5 is the
most highly expressed aquaporin gene in the maize root
and knocking it out resulted in a marked decrease in Lp,
(Hachez et al. 2006; Ding et al. 2020). At variance with obser-
vations in Arabidopsis and rice (Sutka et al. 2011; Grondin
et al. 2016), expression levels of individual ZmPIP genes where
not indicative of whole root hydraulic properties. We realize
that a more precise understanding of cell-specific expression
of specific aquaporin isoforms together with understanding
their post-translational regulations will be required to spa-
tially integrate transcellular pathways throughout the maize
root system. Nevertheless, our data indicate that aquaporin
function is fairly well conserved within the embryonic roots
of a same genotype, whereas it is highly variable between
genotypes.

Root anatomy can partially account for root
hydraulic properties

A precise phenotyping of root anatomy provided another di-
mension to address the genetic variation of radial and axial

Rishmawi et al.

root hydraulic conductances. The most striking differences
observed between genotypes were in the thickness of the
root and size of the LMX, that both varied by up to
2.7-fold (Fig. 6, B and C). Root thickness, which was asso-
ciated with the number of cortical layers and the stele area
(Supplemental Fig. S10, A and C) did not show any clear
link to Lp,. We did not investigate root cell suberization,
which can oppose radial resistance to water flow
(Calvo-Polanco et al. 2021), due to the large efforts required
to obtain a quantitative and thorough comparison of geno-
types. Thus, our work did not allow to identify any clear ana-
tomical component for radial conductivity, which was
mostly contributed by aquaporins.

In contrast, our analyses revealed a slight positive correl-
ation between root hydraulics and the number and size of
LMX (Fig. 7). Although this correlation seems to agree with
the commonly used Hagen—Poiseuille’s law, several notes
of caution are needed here. Firstly, LMX size was sampled
at a unique distance (7 cm) from root tip whereas axial K
conductance is eminently variable along root axis.
Secondly, our calculation indicates that, in relation to
Hagen—Poiseuille’s law, $°/n (where S is the total LMX cross-
sectional area and n is the number of LMX vessels) is a more
appropriate proxy for axial conductivity than vessel size. Yet,
our data did not show any strong link across 13 genotypes
between Lp, and $?/n. Thirdly, several recent studies have
shown that the Hagen—Poiseuille’s law does not provide an
appropriate approximation of K as it neglects possible hy-
draulic limitations at vessel junctions or at root branching
sites (Frensch and Steudle 1989; Tixier et al. 2013; Bouda
et al. 2018). For these reasons, we used an inverse modeling
approach to achieve a more detailed understanding of radial
and axial conductances (Fig. 4). Although it had to be re-
stricted to 4 genotypes for technical reasons, this approach
pointed to a good correspondence between elementary ra-
dial conductance (k) and whole root hydraulics (Lp,) (Figs
3 and 4). Most importantly, this approach revealed with an
unprecedented resolution dramatic genotypic differences
in xylem conductance profile.

Root hydraulic architecture and resistance to drought
Several of the anatomical phenotypes described in this work
have been tentatively linked with drought resistance (Lynch
2018, 2022). For instance, plants with larger cortical cell size
or reduced cortical cell files had a better performance under
drought conditions, due to their capacity to explore the soil
at reduced metabolic costs (Chimungu et al. 2014a, 2014b).
In contrast, the links between xylem conductance and
drought tolerance have been more disputed (reviewed by
Lynch 2013). While a high xylem conductance, in root tips es-
pecially, can provide advantage for capturing residual water
in drying soils (Tang et al. 2018), it can also enhance root vul-
nerability to cavitation or result in an early soil water exhaus-
tion that is detrimental at terminal drought stages.
Variations in RSA have also been linked to the plant’s cap-
acity to respond to drought (Lynch 2013). For instance, maize
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genotypes having high root system efficiency (high transpir-
ation to root size ratio) had better yield under drought con-
ditions (Hammer et al. 2009; van Oosterom et al. 2016).
Separate experiments revealed that a reduced LR branching
favors plant performance under drought (Zhan et al. 2015).
Although our present study was performed with plants
grown in standard hydroponic conditions, it will be instruct-
ive to further investigate the same set of 224 genotypes un-
der water deficit conditions, to possibly identify
correspondences between root water transport properties
and drought tolerance (Fig. 1, A, C, and D) (Millet et al.
2016). The restricted set of lines described in this work,
with highly contrasting root hydraulic architectures, provides
another entry point for such studies.

Perspectives

In this study, we show that multiple root architectural, ana-
tomical, and molecular parameters shape root hydraulic cap-
acities and allow tremendous variations in root hydraulic
architecture.

This type of study can also assist in choosing proper geno-
types or ideotypes in breeding programs. As long as en-
hanced water uptake is needed, our work points to the
possible limitation of xylem functionality and axial water
transport. Yet, conducive xylem vessels may have to be
coupled to high aquaporin activities, such as in EZ46, to ob-
tain root hydraulic architectures suited to high density plant-
ing (Ren et al. 2022). In contrast, DK78010 represents, with its
numerous lowly conductive SR, an interesting genotype, that
may be efficient for seedling establishment and water uptake
under frequent but limited rainfalls.

Characterizing the natural variation of a trait of interest can
also reveal its genetic basis. Here, we chose a Dent group that
was previously used for assessing the genetic variability of toler-
ance to various heat and drought scenarios (Millet et al. 2016).
We believe that this diversity panel will be suitable for future
genome wide association studies. In Arabidopsis, a 4-fold vari-
ation in Lp, was observed among 143 accessions (Tang et al.
2018) compared to 9-fold variation in Lp, in the current study.
We are confident that future work using this population will
allow the identification of genetic regulators of the root hy-
draulic architecture. Further comparison with genetic data ob-
tained in the field (Millet et al. 2016) will hopefully allow to
establish genetic links between root hydraulics and drought
tolerance.

Materials and methods

Plant material, seed sterilization, and growth
conditions

The initial phenotyping experiments relied on characteriza-
tion of 6 to 8 individual plants of each of the 224 maize
(Z. mays) inbred lines from the Amazing Dent panel (Millet
et al. 2016). Subsequently, in-depth analyses were performed
on the following lines: B73, DK78010, B14a, Oh02, CG1,
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CO109, F230, Lo1124, B89, W604S, W182E, DKIBO2, and
EZ46. Unless mentioned otherwise, the different physiologic-
al, anatomical, or molecular experiments were performed
with 3 technical repeats and a total of at least 10 plants
per genotype. Seeds were surface sterilized with 1.5% (v/v)
bleach mixed with few drops (50 to 100 pL) of Tween-20
for 5 to 8 min. The seeds were then shortly treated with
70% (v/v) of ethanol, soaked for 2 min in 35% (v/v) H,O,
and washed 6 times with autoclaved water. Seeds were ger-
minated for 6 d in pots filled with wet expanded clay aggre-
gates (Agrex 3-8, Agrex Co. Portugal). Afterwards, the
germinated seedlings were transferred to a hydroponic sys-
tem filled with a hydroponic solution composed of
125 mm KNO;, 0.1 mm CaCl,, 1.5 mm Ca(NOs),, 0.5 mm
KH,PO,4 0.75 mm MgSO4 0.1 mm NaySiOs, 0.05 mm Fe—
EDTA, 0.05 mm H3BOs3, 0.012 mm MnSQO,, 0.001 mm ZnSO,,
0.0007 mm CuSO,, 0.00024 mm Na,MoO,, 0.00001 mm
CoCl,, and 1 mm MES. The hydroponic system was equipped
with a bubbling system to ensure sufficient levels of oxygen.
The seedlings were hydroponically grown for 5 to 6 d in a
growth chamber at 70% relative humidity under cycles of
16 h of light (250 umol photons m~> s™") and 8 h of dark,
all at 20 °C.

Root hydraulic conductance and root architecture
Root hydraulic measurements were performed essentially as
described in Arabidopsis (Sutka et al. 2011). In brief, a PR or
SR was excised from an individual maize plant, tightly con-
nected to a rubber disk using a dental paste (Coltene
Whaledent, France), and placed into a pressure chamber
filled with hydroponic solution. The root base was then con-
nected to a tubing device that itself is connected to high-
accuracy flow meters (Bronkhorst, France). The excised
root was subjected to 6 different pressures, while pressure
(P)-induced sap flow (J,) exuded from the detopped root
was continuously recorded. The slope of the J,(P) curve
was used to estimate the root hydraulic conductance
(Boursiac et al. 2005). A WInRHIZO software (Regent
Instruments Inc) was used to analyze the root architecture
parameters of the scanned roots. The following parameters
were considered: PR length, PR surface area, LR length, LR
root surface area, and the SRN. The root hydraulic conduct-
ivity (Lp,) was calculated by dividing the hydraulic conduct-
ance by the total surface area of the root. When indicated,
excised roots were placed under constant P (0.2 MPa) in a
hydroponic solution containing 1 mm NaNs;. The percentage
of inhibition was calculated from the ratio of Jv at initial time
and after 30 min of treatment.

Statistical analysis

All statistical analyses were conducted using GraphPad
(Dotmatics, MA, USA). A Shapiro—Wilk normality test was
used to test the data distribution. While a t-test was applied
on normally distributed data, a Kolmogorov-Smirnov test
was applied on non-normal distributed data. Linear correl-
ation analyses (R?) were based on genotype averages of
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each trait. The PCA and cluster analysis were performed
using the 2 R packages “FactoMineR” and “Factoextra.”

RNA extraction, cDNA synthesis, and qPCR

RNA was isolated from roots of 12-d-old seedlings. TRI re-
agent (MRC) was added on the homogenized tissue followed
by trapping and washing the RNA using a dedicated RNA ex-
traction kit (Zymo Research) and treatment with DNASe1
(Promega). cDNA synthesis was performed using 2 pg of
RNA and a GoScript reverse transcriptase (Promega). qPCR
was performed as previously described (Hachez et al. 2006).
Alpha-tubulin, elongation factor 1-alpha, and actin1 were
used as reference genes. The expression level of each gene
in B73 was used to calculate its relative expression in other
genotypes. Primers used in gPCR are described in Hachez
et al. (2006). Primer specificity was tested in all genotypes
prior to running the qPCR. PIP1,6 and PIP2;6 primers did
not amplify any band for CO109 and F230; PIPT;6 primers
did not amplify any band from the PR of Lo1124; PIP2;2 pri-
mers did not work on the B89 genotype. Finally, PIP2;7 and
PIP2;4 primers were excluded because they failed to amplify
bands on most of the genotypes used in this study. The gene
accession numbers of all genes used in this study and the pri-
mer sequences are indicated in Supplemental Table S3.

Root anatomy

The fixing and the clearing of PR and SR were done as previ-
ously described (Kurihara et al. 2015). Briefly, fresh roots were
fixed with paraformaldehyde 4% for 1 h in a vacuum cham-
ber, washed 2 times with phosphate-buffered saline 1%,
transferred into a ClearSee solution (250gL™" urea,
100 g L™ xylitol, 150 g L' sodium deoxycholate), and kept
on a shaker for 5 d.

Root segments of 4 cm spanning from 5 to 9 cm from the
root tip were embedded in 4% agarose placed in a special
mold that was designed for preparing root cross-sections
(Atkinson and Wells 2017). The middle part of the embed-
ded root (i.e. around 7 cm from the root tip) was further
used for preparing with a microtome 100 ym-thick cross-
sections. Individual cross-sections were then collected with
forceps, transferred to slides under a coverslip, and visualized
using a axio observer (Zeiss). Phiv-Rootcell was used to esti-
mate the cross-section parameters (number of LMX, area of
LMX, LMX size, stele area, number of cortical layers), based
on the autofluorescence of cell walls, as described in
Lartaud et al. (2015).

Inverse modeling determination of root transport
parameters

Root water and solute transport parameters were deter-
mined using the model inversion approach described by
Bauget et al. (2023). The analysis was performed on the fol-
lowing maize inbred lines: B89, DK78010, EZ46, and Lo1124.
In brief, J,(P) measurements were performed on detopped
PR subjected to 11 different hydrostatic pressures in a
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pressure chamber. A cut-and-flow procedure was then ap-
plied, as described in details in Boursiac et al. (2022). The
model used essentially corresponds to the HydroRoot func-
tional-structural root hydraulic model (Boursiac et al.
2022) coupled with solute transport equations (Bauget
et al. 2023). Water transport consists of a radial transfer,
from the bathing solution to the xylem vessels, and an axial
transfer along the vessels. The 2 phenomena are character-
ized by a radial conductivity, k (m s~' MPa~"'), and an axial
conductance, K (m*s~' MPa™"), respectively. Solute uptake
consists of an active pumping, at a J,* rate (mol s~' m™?),
and a passive leak due to the solute concentration difference
between the xylem vessels and the external medium, where
Ps (ms™') is the tissue permeability. The K profile was repre-
sented as a linear piecewise function of the distance to root
tip. The number of points and their abscissa correspond to
the number of cuts and their distance to tip, respectively.
k, J.*, and P, were assumed to be uniform all over the root.
A reflection coefficient of 0.85 was used as in Bauget et al.
(2023) where the full set of equations and all the procedures
are described in details. Because they are moderately relevant
for the present study and their model-assisted determination
shows lower resolution (greater se) than that of hydraulic
parameters (Bauget et al. 2023), root solute transport para-
meters were only documented in the supplemental data.

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers indi-
cated in Supplemental Table S3.
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