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Abstract

Wheat (Triticum aestivum L.) plays a vital role in global food security, and understanding its root traits is essential for improving water
uptake under varying environmental conditions. This study investigated how over a century of breeding has influenced root
morphological and hydraulic properties in 6 German winter wheat cultivars released between 1895 and 2002. Field and hydroponic
experiments were used to measure root diameter, root number, branching density, and whole root system hydraulic conductance
(Kys). The results showed a significant decline in root axes number and K,s with release year, while root diameter remained stable
across cultivars. Additionally, dynamic functional-structural modeling using the whole-plant model CPlantBox was employed to
simulate K, development with root system growth, revealing that older cultivars consistently had higher hydraulic conductance than
modern ones. The combined approach of field phenotyping and modeling provided a comprehensive view of the changes in root traits
arising from breeding. These findings suggest that breeding may have unintentionally favored cultivars with smaller root systems and
more conservative water uptake strategies under the high-input, high-density conditions of modern agriculture. The results of this
study may inform future breeding efforts aimed at optimizing wheat root systems, helping to develop cultivars with water uptake

strategies better tailored to locally changing environmental conditions.

Introduction

Wheat (Triticum aestivum L.) is one of the world’s most important
staple crops, occupying the largest share of cultivated land and
supplying approximately one-fifth of food calories and proteins
globally (Erenstein et al. 2022). Wheat yields increased consider-
ably during the 20th century as a result of breeding programs
and modern agricultural management practices, but a tendency
towards yield stagnation has been observed across Europe in re-
cent decades (Le Gouis et al. 2020). With global demand expected
toincrease by 50% by 2050 (FAO 2017), the pressure on agricultur-
al systems to support this demand will intensify. This challenge
will be further exacerbated by the effects of climate change, par-
ticularly rising global temperatures and changing rainfall pat-
terns, which threaten to destabilize wheat production across
regions (Challinor et al. 2014). Understanding the evolution of
root traits through breeding could provide valuable insights into
potential avenues for yield improvement, as roots play a central
role in water and nutrient uptake.

It has been suggested that targeting root traits in breeding
could lead to significant gains in wheat productivity and poten-
tially herald a “second Green Revolution” (Lynch 2007). In particu-
lar, root architecture and root hydraulic traits are crucial to
crop functioning and productivity (Torres-Ruiz et al. 2024).
Historically, however, wheat breeding programs have focused
primarily on selecting for yield and aboveground traits, often

overlooking root traits (Waines and Ehdaie 2007). This is partly
due to the technical difficulties of root phenotyping, which is
more challenging than analyzing aboveground organs (Atkinson
et al. 2019), as well as the complex plasticity of root traits in re-
sponse to environmental cues (Schneider and Lynch 2018).
Despite this, recent studies have shown that plant breeding hasin-
advertently affected wheat root system architecture traits such as
root system size, number of roots, or root angles (Fradgley et al.
2020; McGrail and McNear 2021). However, a detailed analysis of
the effects of breeding on root diameter—a plastic trait that re-
sponds to factors such as water and nutrient availability, soil
structure, or temperature (Hodge 2010; Rich and Watt 2013) and
plays a key role in root water uptake (Awad et al. 2018; Heymans
2022)—is still lacking, particularly regarding differences between
root types. Even less is known about how breeding has influenced
whole root system conductance (Ky), a key plant trait that deter-
mines the capacity of the root system to take up water at a specific
evaporative demand. K integrates the root system architecture
and radial and axial water flows within the root system (Baca
Cabrera et al. 2024), providing insights into potential adaptations
in root water uptake under changing environmental conditions.
While an increase in K,s during the domestication process from
wild to modern cultivated wheat has been reported (Zhao et al.
2005), it remains unclear whether—and to what extent—K, differs
between old and modern wheat cultivars.
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One possible reason why the effect of breeding on K, has not
been (at least to our knowledge) investigated thus far is the inher-
ent technical challenges associated with its measurement. While
phenotyping methods for root architecture traits are well estab-
lished for field experiments and are relatively straightforward
(York 2018), the most common K, measurement methods are
laboratory-based and labor-intensive (Boursiac et al. 2022b).
Alternatively, mechanistic root water uptake modeling offers a
promising approach to bridge these complementary methods, fa-
cilitating the identification of root hydraulic phenotypes across
crop species and growth environments (Cai et al. 2022).
Crucially, functional-structural modeling also allows for a de-
tailed analysis of plant growth and K,s development (Baca
Cabrera et al. 2024), shedding light on their potential interactions
and how these dynamics may be influenced by breeding. Such an
approach, combining field and lab measurements with dynamic
modeling, would provide a more comprehensive understanding
of how breeding may have impacted root structure and function
over time.

In this context, this work focused on the effect of breeding on
the morphological traits of seminal, crown, and lateral roots, as
well as the hydraulic conductance of whole root systems in wheat.
We differentiated root traits of crown, seminal, and lateral roots,
as they are morphologically and functionally different (Gregory
et al. 1978; Nakhforoosh et al. 2014). For this, 6 German winter
wheat varieties were selected, released between 1895 and 2002
and which were previously grown in the long-term experiment
Dikopshof, in Germany (Schellberg and Huiging 1997). With ap-
proximately 20-yr intervals between the release of each variety,
varieties were selected under increasing fertilizer input and
nutrient availability (Ahrends et al. 2018; Rueda-Ayala et al.
2018). These conditions may have favored cultivars that are less
competitive as individuals, making them better suited to high-
input, high-density agricultural systems (Fradgley et al. 2020).
Additionally, greater nutrient availability may have reduced the
need for large root systems, allowing more assimilates to be di-
rected toward increasing yield. This development may have also
indirectly reduced the root water uptake capacity of wheat culti-
vars. Whether—and to what extent—this has been the case, re-
mains poorly understood.

We hypothesize that breeding for yield in high-input agricul-
tural environments may have inadvertently altered root hy-
draulic properties of wheat, favoring plants with low root
system hydraulic conductance. To address this hypothesis, we
investigated the changes in root traits across 6 German cultivars
released over a period of more than 100 years, representing a
breeding history gradient. Specifically, we analyzed the effect
of cultivar release year (i.e. the year the cultivars were intro-
duced for commercial use) on (i) root diameter, root axis num-
ber, and lateral branching density of wheat plants grown in
the field, and (ii) whole root system conductance (K,¢) and its in-
teractions with root system development. For this, we used a
pipeline integrating field-based phenotyping with detailed labo-
ratory measurements and state-of-the-art whole-plant model-
ing (CPlantBox, Giraud et al. 2023). This pipeline provided a
comprehensive view of the development of K, across different
wheat varieties, highlighting how over a century of breeding
may have affected root hydraulic properties and led to shifts
in root water uptake strategies. These findings have important
implications for future water use and drought resilience in
wheat agriculture, especially in the context of a changing
climate.

Results

Root diameter and root axes number variation
with breeding

In order to investigate the changes in root traits of wheat with
breeding, we conducted a field experiment over 2 growing seasons
(2022 to 2023 and 2023 to 2024) under conventional agricultural
management practices, using 6 German winter wheat cultivars.
The cultivars span over 100 years of breeding, based on their re-
lease year: (i) S. Dickkopf—1895, (ii) SG v. Stocken—1920, (iii)
Heines II—1940, (iv) Jubilar—1961, (v) Okapi—1978, and (vi)
Tommi—2002. These cultivars have been used in previous studies
on breeding effects in wheat (Ahrends et al. 2018; Rueda-Ayala
et al. 2018; Hernandez-Ochoa et al. 2023; Rezaei et al. 2024) and
were selected based on their historical prominence, seed avail-
ability, and inclusion in the long-term field experiment
Dikopshof (Schellberg and Huging 1997) (see Materials and
Methods section). At the end of the tillering phase, root samples
were obtained with the “shovelomics” method (York 2018) and an-
alyzed to determine the changes in root diameter, root axes num-
ber, and lateral branching density with cultivar release year. The
sampling was performed simultaneously for all cultivars, in 1-d
campaigns at the end of the tillering phase in both growing sea-
sons (sampling during spring 2023 and spring 2024, respectively).

Root diameter distributions of crown, seminal, and lateral roots
reflected systematic differences among root types (Fig. 1, P<
0.001), with narrow variation in mean diameter among cultivars:
crown roots=0.58 to 0.63 mm, seminal roots=0.28 to 0.32 mm
and lateral roots=0.17 to 0.18 mm (Fig. 2, A to C; Table 1).
Accordingly, there was no significant effect of breeding (based
on cultivar release year) on crown and seminal root diameters
(Fig. 2, A and B; Table 2). For lateral roots, a significant decrease
in root diameter with release year was observed (Fig. 2C; P<
0.05). However, the decrease was very small, with an average de-
crease per 100 years of 3.5% (Table 2). This corresponds to a de-
crease of 0.000063 mm yr~?, taking the oldest cultivar as the
reference.

On the contrary, a highly significant decrease in root axes num-
ber with release year was observed for crown, seminal, and total
axileroots (Fig. 2, D to F and Table 2, P <0.001). Crown root number
decreased on average from 15.4 to 11.9 (22.7%) and seminal root
number from 8.2 to 5.9 (28.0%) between the oldest (S. Dickkopf—
1895) and the most modern cultivar (Tommi—2002).
Additionally, there was a highly significant linear relationship be-
tween crown root number and tiller number across cultivars
(Supplementary Fig. S1, P<0.001), as tiller number also decreased
highly significantly with release year (Table 2, P<0.001). This was
not the case for the branching density of lateral roots, which was
constant across all cultivars (Tables 1 and 2) and had an overall

average value of 1.1 lateral roots cm™.

Whole root system conductance variation

with breeding

The same cultivars used in the field experiment were grown in a
hydroponic medium in the laboratory to measure the hydraulic
conductance of whole root systems (K;) in young plants (10 to
12 days old, with no crown roots), using the pressure chamber
technique. K,; showed a range of variation from 1.3x107° (the
oldest cultivar) to 0.7 x 107*° m*® MPa™* s™* (the most modern cul-
tivar), which corresponded to a highly significant decrease with
cultivar release year (Tables 1 and 2, Fig. 3A, P<0.01). On average,
K,s decreased 51.8% in a 100-yr period (Table 2). A similar
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Figure 1. Root diameter density distribution for 6 different cultivars of winter wheat (T. aestivum L.). Data corresponds to lateral A) and axile B) roots
obtained from the field with the shovelomics technique, for 2 experimental years (n=27 to 32 plants). Density plots of lateral and axile roots were
separated for visualization purposes. The arrows are a reference of the median value, for the different root types. The color scale indicates the cultivar

release year.

significant negative trend with release year was observed for K¢
normalized by root system surface area (Kys area) OT total length
(Krs_tength, Supplementary Fig. S2), but those trends were less
pronounced (38.1% and 36.8% decrease in 100-yr period,
respectively).

To complement these early-stage measurements, the develop-
ment of Ky with plant growth was modeled using the whole-plant
model CPlantBox (Giraud et al. 2023), including the dynamics of
tillering and crown root growth. The model was parametrized
for the 2 most contrasting cultivars (oldest vs. newest) based on
our measurements of root architecture and K5 (Supplementary
Table S1). For both cultivars, a nonlinear relationship between
age and K, was observed, with a very steep increase of K, during
the first 20 to 30 days and a flattening out of the curve until the end
of the simulation (Fig. 3B). For both cultivars, K, increased ~ 3 or-
ders of magnitude throughout the simulated growing period, pri-
marily due to the large increase in total root length (exceeding
120 m for cultivar S. Dickkopf and 63 m for cultivar Tommi, re-
spectively; Supplementary Fig. S3). Cultivar Tommi showed a con-
sistently lower K, than cultivar S. Dickkopf, which was in line
with the chamber pressure measurements. K, of Tommi was be-
tween ca. 35% and 60% lower than that of S. Dickkopf (average dif-
ference 50.8%) and the difference between cultivars was most
pronounced at the end of the simulation period (Fig. 3B). The mod-
el was also capable of capturing differences between cultivars in
terms of Krs_area and Kis_tength. FOr both parameters, the model
showed approximately 25% lower values for Tommi compared
with S. Dickkopf, at the time when the pressure chamber meas-
urements were taken (10 to 12 day-old plants).

Discussion

Root axes number declined, but root diameters
were unaffected by breeding

This study analyzed the variation of root morphological and hy-
draulic traits among 6 German wheat cultivars, spanning over
100 years of breeding history based on their release year. A key
finding of our research was the significant decline in root axes
(crown, seminal, and total axile roots) with release year, consis-
tent with trends in wheat cultivars from the United States

(McGrail and McNear 2021), the United Kingdom and Northern
Europe (Fradgley et al. 2020), and China (Zhu et al. 2019). This de-
cline may be a result of unconscious breeding for smaller root sys-
tems, which would reduce below-ground competition, improving
resource use. As selection probably occurred under high-input
management (which is typical of agroecosystems, particularly in
Germany), phenotypes with fewer axes may have been prioritized,
which would impact root system architecture overall. We did not
directly measure root angles or total root biomass; thus, we can-
not precisely quantify the effect of reduced root axis numbers
on root system size and root architecture at different develop-
mental stages. However, a strong relationship between the num-
ber of roots and root system size has been reported for wheat
(Magbool et al. 2022). Moreover, CPlantBox simulations indicated
that S. Dickkopf (the oldest cultivar) had an almost 2-fold greater
root system length compared with Tommi (the most modern cul-
tivar) at the end of the simulation period (Supplementary Fig. S3),
primarily due to the higher number of root axes. Whether the de-
crease in root axes with cultivar release year also promoted
changes in root system architecture, such as a shift toward the
steep and deep root ideotype (Lynch 2013), should be explored in
future studies.

Notably, the decrease in root axes with release year was
strongly shaped by the oldest cultivar, which had significantly
more axile roots than all others (P<0.001, Tukey post hoc test,
Supplementary Table S2), with reduced variation in root axes
after 1920, pointing to homogenization among cultivars. Similar
patterns were found in US cultivars classified as either old
(<1935), intermediate (1970 to 1989) or modern, where large differ-
ences in root traits were observed between the old cultivars and
the intermediate and modern ones, but not between the last 2
groups (McGrail and McNear 2021). Limited phenotypic diversity
in modern cultivars may explain this, as they originated from
just 2 ancestral wheat groups, maintaining haplotype integrity
(Cheng et al. 2024). Also, as there are only a handful of genes in-
volved in crown root formation in wheat (Xu et al. 2021), they
may have been involuntarily counter-selected early in breeding
programs.

Moreover, our data revealed a highly significant positive rela-
tionship between crown root number and tiller number, for all
cultivars (P <0.001, Supplementary Fig. S1), suggesting that crown
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Figure 2. The relationship between year of cultivar release and root morphological traits for 6 different cultivars of winter wheat (T. aestivum L.). Panels
A to C) show root diameter, and panels D to F) show number of root axes for different root types. Data points and error bars represent the mean + CI95%
across 2 years of field experiment (n=27 to 32 plants). The dashed lines and the shaded areas represent the regression line + CI95% (only shown if
significant, P <0.05). Statistical significance was assessed using linear mixed models. Data were log-transformed prior to model fitting and

back-transformed for visualization.

root number variation was linked to size rather than to changes in
node number per tiller. Modern cultivars typically have smaller
root systems (Waines and Ehdaie 2007) and less tillers (Fang
et al. 2011) than older ones, which possibly indicates adaptation
to high-density planting. Zhu et al. (2019) found that newer culti-
vars produce higher yields only at higher sowing densities, sug-
gesting changes in competitive behavior. Our findings point in
that direction, as modern cultivars with fewer root axes are better
suited for reducing intra-crop competition and maximizing yield.

On the contrary, root diameters showed negligible variation
among cultivars. Distinct average diameters were observed for
crown (0.58 to 0.63 mm), seminal (0.28 to 0.32 mm), and lateral
roots (0.17 to 0.18 mm), with significant differences among root
types (P<0.001), which was consistent with previous studies
showing systematically bigger diameters in crown roots than in
seminal roots across wheat accessions (Xu et al. 2021). However,
there were no significant trends in root diameters with release
year, except for a significant decrease in lateral root diameter
(3.5% per 100 years). In terms of water uptake capacity, a decrease
in lateral root diameter of 0.1 mm (i.e. the difference between the
oldest and the newest cultivar) would result in less than a 0.1%

decrease in Ky or root system volume, according to CPlantBox
simulations. However, the observed changes in lateral root
diameter—albeit small—might underlie adaptations in resource
acquisition strategies with breeding, such as suitability for mycor-
rhizal colonization, as has been shown in maize (Zea mays L.) (Wild
et al. 2024).

Our results indicated high stability among cultivars in root di-
ameters, suggesting homogenization of this trait with modern
breeding. Similarly, a study with 196 wheat accessions (Xu et al.
2021) found that the coefficient of variation of root diameter was
the lowest among multiple root traits, both for seminal and crown
roots. Likewise, Peng et al. (2019) observed no variation in average
root diameter among 10 US varieties but noted effects of field site
and irrigation. In contrast, Awad et al. (2018) reported significant
differences in average root diameter among cultivar lines from
Colorado. Interestingly, though, this experiment was conducted
under drought stress only (no well-watered treatment). In our
study, performed under nonstress conditions (common nutrient
application and crop protection practices and precipitation above
the long-term average in both growing seasons, Materials &
Methods), root diameters remained stable across cultivars

GZ0Z BuNf 90 UO JOSN ¥aY10l|qiqIenuaZ * yoliny wniuazsbunyasio Aq 9161 18/9911en/L/86/a1ome/sAydid/woo dno-oiwepese/:sdpy woly papeojumoq



Wheat root traits over 100 years of breeding |

Table 1. Root morphological and hydraulic traits for 6 different cultivars of winter wheat (T. aestivum L.)

Cultivar name (year of release)

Parameter S. Dickkopf SG v. Stocken Heines IV Jubilar Okapi(1978) Tommi
(1895) (1920) (1940) (1961) (2002)

(@) crown root diameter (mm) 0.62+0.009 0.58 +£0.008 0.61+0.009 0.61+0.007 0.63+0.011 0.6+0.01
seminal root diameter (mm) 0.30+0.008 0.30+0.008 0.30+0.009 0.28 +0.005 0.32+0.009 0.30+0.007
lateral root diameter (mm) 0.18+£0.001 0.17+£0.002 0.18 £0.002 0.17+£0.001 0.17 £0.002 0.17 +£0.002
crown root number 154+0.8 12.8+0.7 13.1+£0.6 13.0+0.7 12.6+0.6 11.9+0.5
seminal root number 8.2+05 6.2+0.3 5.6+0.2 51+0.2 6.2+0.3 59403
tiller number 6.6+0.2 4.8+0.1 42+0.1 56+0.2 4.9+0.2 4.1+0.2
branching density (cm™) 1.1+0.05 1.16+0.15 1.1+0.05 0.98+0.06 0.91+0.04 1.09+0.06

(b) root surface area (cmm?) 7.8+0.5 7.6+0.9 7.4+0.5 7.4+09 7.8+0.6 6.4+0.6
total root length (cm) 71.5+47 69.2+9.1 69.5+6.2 66.4+8.3 70.4+6.0 57.9+6.1
Ky (m® MPa~ts7! x 1079 1.3+0.2 1.1+0.2 1.3+0.2 12402 0.9+0.1 0.7+0.1
Ky area (M MPa™? 571 x107) 1.7+0.2 1.5+0.2 1.7+0.2 1.6+0.1 1.2+0.1 1.1+0.1
Krs tengmn (m® MPa™' s7' m™'x 1077 19402 1.6+0.1 1.8+03 1.8+0.1 1.3+0.2 1.2+0.1

Plants were grown in the field in dense canopies (a) or as individual plants in hydroponic medium in the laboratory (b). Root traits of field-grown plants were

determined during the tillering phase using shovelomics (n=27 to 32). Root hydraulic traits were measured with a pressure chamber in 10- to 12-d-old plants (n=_8 to

12) in the lab. Values correspond to the mean + SE.

Table 2. Effect significance (P-value) and regression slope of the
relationship between year of cultivar release and root
morphological and hydraulic traits of winter wheat (T. aestivum L.)

Effect of

year

of release
Parameter P-value % Change per n

100 years

crown root diameter (mm) 0.74 +0.6% 27 t0 32
seminal root diameter (mm) 0.92 +0.3% 26 to 32
lateral root diameter (mm) < 0.05 -3.5% 26 to 32
crown root number < 0.001 -19.4% 27 to 32
seminal root number < 0.001 -23.4% 26 to 32
tiller number < 0.001 -31.3% 26 to 32
branching density (cm™) 0.27 -9.2% 26 to 32
root surface area (cm?) 0.22 -13.7% 8to12
total root length (cm) 0.19 -15.1% 81t012
Ky (m® MPa™ s7'x 1079 <0.01 -51.8% 8t0 12
Kys area (M MPa™t 571 x107) <0.01 -38.1% 8to 12
Kys jengm (M>MPa™'s7'm™'x107°) < 0.01 -36.8% 8to 12

Significant effects are given in bold type. Statistical tests were performed on the
log-transformed data. The % change in 100 years was calculated based on the
back-transformed regression slope.

representing >100 yr of breeding in Germany. Whether this stabil-
ity persists under stress conditions requires further investigation,
especially as it has been suggested that breeding has not reduced
root trait plasticity to environmental pressures in wheat (Nimmo
etal. 2023). This underscores the importance of studying the inter-
actions between breeding and environmental stress, as growth
conditions strongly influence root development and morphology.

Whole root system conductance decreased

with breeding

Our study revealed a significant decrease in the conductance of
whole root systems (K,s) with breeding over the past century.
This trend was observed both in absolute terms (51.8% decrease
over 100 years) and when K, was normalized by the root system
surface area (Kis_area) OF total root length (Kis tengrm), though the
normalized values exhibited a less pronounced decline (38.1%
and 36.8% decrease over 100 years, respectively). It is important
tonote that the pressure chamber measurements were performed
on young plants (10 to 12 d) consisting of seminal and first-order
lateral roots only (no crown roots). To complement these

early-stage measurements, we utilized the CPlantBox model to
simulate the changes in root system architecture and K,s with
plant development, including the dynamics of tillering and crown
root growth, for the 2 most contrasting cultivars (i.e. oldest and
most modern ones). Consistent with the pressure chamber meas-
urements, the model showed that K, in the most modern cultivar
(Tommi) was 37.5% lower compared with the oldest cultivar
(S. Dickkopf) at plant age 10 to 12 d. This pattern also applied to
the modeled Kis_area and Kig jengtn, With both showing approxi-
mately 24% lower values in Tommi than in S. Dickkopf at that
age. Additionally, the modeled K, remained systematically higher
in S. Dickkopf than in Tommi throughout the entire simulation
period, with the differences becoming more pronounced in the
later stages (Fig. 3B). Moreover, the model indicated a nonlinear
increase in K, with age for both cultivars, with a very steep rise
during the first 20 to 30 days, followed by a flattening out. This
nonlinear pattern has been reported for various crops and is asso-
ciated with the counteracting effects of root growth, which adds
more conductances to the hydraulic network—thus increasing
the total conductance—and the increment in the proportion of
less conductive root segments with age, causing hydraulic limita-
tions at later stages of development (Baca Cabrera et al. 2024).
This study has investigated the effect of breeding on K. To bet-
ter contextualize the extent of the observed decrease in K,s and
Kys area, We compared our results with published data on wheat,
for non-stressed conditions. The decrease in Kys_area With breeding
(from 1.7x107 to 1.1x10~" m MPa~" s7%) fell well within the range
of variation reported in the literature, which was of more than 1
order of magnitude (1.5x1078 to 5.9x10™ m MPa~' s7}, Fig. 4A).
As Kys_area already accounts for possible differences in root system
size, the large range of variation in the literature must have been
associated with contrasting experimental designs. This signalizes
that the breeding effect on K¢ areq detected in our study could po-
tentially be even higher in less controlled environments than the
one we used (hydroponics, with no nutrient limitation).
Interestingly, our measurements were on the higher end of re-
ported values and were only clearly lower than 1 study involving
plants grown in hydroponics (Zhao et al. 2005). In most of the re-
maining studies, the plants were grown in soil, so that the large
range of variation could reflect differences in the growth medium,
as has been pointed out previously (Garthwaite et al. 2006).
Moreover, the K,s development with age observed in our model
aligned closely with a fitted curve based on literature data
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Figure 3. The relationship between year of cultivar release and whole root system conductance (K,¢) of winter wheat (T. aestivum L.). A) shows pressure
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Figure 4. Comparison between root hydraulic properties of wheat (T. aestivum L.) obtained from the literature and this study. A) Area-normalized
conductance of individual roots (kyeet) OF Whole root systems (Krs area); and B) whole root system conductance (K;s) development with age. Black symbols
represent literature values measured using a hydrostatic driving force under nonstress conditions (data extracted from a root hydraulic properties
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Fig. 3 (n=6 simulation runs). The dashed black line in (B) represents a fitted exponential model for the literature data (Baca Cabrera et al. 2024).

(Fig. 4B), underscoring that our findings were within a reasonable
range for wheat, not only for point measurements, but likewise re-
garding the dynamics of K¢ and root system development.

K,s and root axes number decrease with breeding
suggest unconscious selection for more
conservative root water uptake

The present work showed that root diameter classes have re-
mained constant, but there was a significant decrease in root
axes number and K,s with breeding, based on cultivar release
year. As the cultivars used in this study have been bred under
the high-input, high-density agricultural systems typical of
Germany, this trend was likely related to unconscious selection

for less selfish phenotypes, as has been proposed elsewhere
(Waines and Ehdaie 2007; Aziz et al. 2017; Fradgley et al. 2020).
This suggests that breeding has favored smaller root systems be-
cause, with high inputs of fertilizers, large root systems were less
necessary for efficient nutrient uptake. Notably, it was shown for
Australian wheat cultivars that selection for yield reduced total
root length, while increasing nitrogen uptake per unit root length,
indicating a trend toward smaller, more efficient root systems
with breeding (Aziz et al. 2017). Such a reduction in root system
size would also lead to a decrease in K,s in modern cultivars.
Consequently, breeding for yield may have indirectly favored gen-
otypes with more conservative characteristics regarding their root
water uptake capacity.
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It is noteworthy that the most pronounced differences in root
axes number were observed between the oldest cultivar and the
more recent ones, suggesting a potential homogenization and lim-
ited phenotypic diversity in modern wheat cultivars (McGrail and
McNear 2021; Chenget al. 2024). To further investigate how breed-
inghas influenced root hydraulic traits, future studies could focus
on a larger panel of cultivars released after the Green Revolution,
with particular emphasis on K, measurements. Such targeted
studies may provide additional insights into breeding-driven var-
iation in root water uptake capacity and could inform future
breeding efforts.

In rainfed agricultural systems, like the one where our experi-
ment was conducted and which is common for wheat cultivation
in Germany, low K, could be advantageous, especially with
drought events becoming more common in the future. Plants
with low root hydraulic conductance can potentially conserve
water during early growth, allowing for more efficient use at later
developmental stages (Passioura 1972). In fact, low axial conduc-
tance has been identified as a key trait for supporting sustainable
grain yield under drought conditions in wheat. However, the ad-
vantage of low K in terms of water use efficiency also depends
on aboveground canopy development—a factor we did not ana-
lyze here— as the water demand imposed by large leaf area could
revert water savings. In this regard, the relationship between root
system conductance, water use, canopy development, and yield
with breeding should be addressed in more detail in future stud-
les, particularly under drought conditions.

As previously mentioned, this study was performed under non-
stress conditions. Nevertheless, the observed decrease in Kys area
per 100 years of breeding history (38.1%) resembled the difference
between an elite drought-tolerant and a drought-sensitive cultivar
from Australia under well-watered conditions (ca. 40% difference,
Schoppach et al. 2013). However, interpreting changes in water up-
take strategies based on this comparison is challenging, due to the
stark differences between the drought-prone climate of Australia
and Germany'’s rather moist and mild climate, as well as the differ-
ing breeding pressures. Additionally, the direct impact of de-
creased K, on total water use remains uncertain, since
transpiration was not measured alongside shovelomics and root
hydraulic measurements. Interestingly, though, Schoppach et al.
(2017) found in wheat cultivars released between 1890 and 2008
that breeding for yield inadvertently favored genotypes with a
limited-transpiration trait, optimizing water use to meet evapora-
tive demand and enhancing water conservation. In addition,
measurements from our field experiment after flowering indicated
a trend of reduced canopy transpiration and per tiller transpiration
in the more modern cultivars (Supplementary Fig. S4). While these
findings suggest unconscious selection for root traits associated
with more conservative root water uptake, the observed decrease
in K;s may also reflect an unintended side effect of root system
adaptations to the high-input agricultural systems typical of
Germany, such as the decrease in root axis number, which reduces
inter-plant competition. Further studies combining plant transpi-
ration, K, and root architecture measurements are needed to dis-
entangle these effects.

Finally, a limitation of our study is that all measurements of K¢
were performed on plants grown in hydroponics, while root mor-
phological traits were derived from field-grown plants.
Hydroponic systems provide an idealized growth environment,
free from physical soil constraints such as compaction, exces-
sively large pores, or uneven nutrient and water distribution
(Passioura 2002; Poorter et al. 2016), and exclude inter-plant com-
petition, which significantly shapes root traits in natural canopies
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(Poorter et al. 2016). These differences may influence root hy-
draulic properties, potentially complicating the extrapolation of
results from hydroponics to natural agroecosystems. Moreover,
studies comparing K,s between hydroponic and soil-grown plants
report inconsistent results (Hernandez and Orioli 1985; Brar et al.
1991; Yang and Grantz 1996), emphasizing the need for cautious
interpretation.

To bridge the gap between approaches, in this study we mod-
eled root growth using field-derived shovelomics data. Although
the simulations did not explicitly account for soil conditions, the
model was parameterized with key traits observed in the field, in-
cluding seminal and crown root number, root diameter classes,
and branching density (Supplementary Table S1), to capture the
main dynamics of root growth under field-like conditions and its
effect on K,s development. This integrative approach using the
functional-structural model CPlantBox represented an effort to-
ward connecting laboratory and field measurements and reduc-
ing the uncertainty on the hydroponics-based K,s observations.
Nevertheless, future studies investigating the effect of breeding
on K¢ should explicitly include a dynamic representation of soil
conditions and their influence on root growth and water uptake
dynamics. Such modeling framework would help better account
for the complexities of soil-root interactions, including physical
and hydraulic heterogeneity, and improve the relevance of simu-
lation outputs for natural agroecosystems.

Potential drivers for changes in K,

Our results showed not only a decrease for total K, but also when
normalized by either total root surface area or root length (Kys_area
and Ky jengtn). This suggests that the decline in root system con-
ductance with breeding was not solely due to a size effect (i.e.
modern cultivars having smaller root systems), but also due to a
reduced water transport capacity per unit root. While our study
evidenced a size effect (i.e. a decrease with cultivar release year
in the total number of root axes and root surface area before till-
ering, Tables 1 and 2), the mechanisms behind the decrease in
conductance per unit root could not be assessed. Studies in maize
have shown that declines in K, under phosphorus deficiency were
driven by reorganization of the root system rather than solely by
changes in overall size (Bauer et al. 2024) and that higher root
length does not necessarily lead to higher whole root system con-
ductance under contrasting soil types and water conditions
(Nguyen et al. 2024), highlighting the complex relationship be-
tween root structure and function. These findings underscore
the need for more detailed measurements at the individual root
or root segment scale, which, however, laid beyond the scope of
this study.

Furthermore, a key finding in our study is that K,s and Ky area
decreased with cultivar release year, even though root diameter
classes and branching density remained constant. Root diameter
has been proposed as a good proxy for root conductance
(Heymans 2022), but we did not see this relationship across the se-
lected cultivars. Similarly, Schoppach et al. (2013) found signifi-
cant differences in Kis areq between 2 wheat cultivars with
contrasting drought sensitivity despite no differences in root di-
ameter. This might be related to the fact that radial conduc-
tance—often considered the more limiting component of K¢
(Frensch and Steudle 1989)—is proportional to the root cross-
sectional area to water flow, but also inversely proportional to
the path length from the root-soil interface to the xylem vessels
(Bramley et al. 2009). While the former depends mostly on root
diameter, the latter is affected by various anatomical features
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(e.g. formation of apoplastic barriers and aerenchyma, cortex
width, stele diameter, and root cortical senescence; Schneider
and Lynch 2018; Heymans et al. 2021). Similarly, axial conduc-
tance of roots can vary based on the number and diameter of xy-
lem vessels, independent of root diameter (Schoppach et al. 2013).
Additional factors, such as aquaporin (AQP) expression and axial
flow limitations, also significantly impact root water transport. In
wheat, conductance reductions of up to 50% in both individual
roots and entire systems following AQP inhibition have been ob-
served (Bramley et al. 2009). Moreover, as the axial conductivity
of xylem vessels can become limiting with increasing length
(Boursiac et al. 2022a; Bauget et al. 2023), a decrease in whole
root system conductance can occur without changes in root diam-
eter. This decrease would result from the presence of longer roots
with conductive segments farther from the base, connected by
greater resistance due to increased xylem length. Clearly, there
is a need for complementing our findings with anatomical data
for the same (or similar) cultivars to the ones we used in our ex-
periment, to better understand the mechanisms behind the de-
crease in K, over 100 years of breeding.

Genetic considerations and perspectives

Although investigating the genetic basis of the observed decrease
in Ky was not the primary focus of this study, identifying specific
quantitative trait loci (QTLs) would be a valuable next step in ad-
vancing our findings. Such research could help link phenotypic
changes with the underlying genetic mechanisms, providing
deeper insights into the factors driving long-term alterations in
root hydraulic properties.

In this context, it is important to acknowledge that the root
traits analyzed here, though phenotypic, are ultimately gov-
erned by genetic factors. However, direct selection on root traits
has not historically been a focus in wheat breeding programs.
Instead, changes in these traits likely occurred indirectly, result-
ing from breeding efforts targeting yield performance under
high-input agricultural systems. For simpler traits such as root
axes number, which we found to decrease significantly with
breeding, QTLs have already been identified in wheat (Guo
etal. 2012; Atkinson et al. 2015). In contrast, more complex inte-
grative traits like K,c—which reflect the combined effects of root
system architecture and hydraulic properties—are controlled by
many genes with small individual effects and are further modu-
lated by environmental conditions (Voss-Fels et al. 2018). To
date, no QTLs specifically associated with K,s have been identi-
fied in wheat, likely due to this genetic complexity and the tech-
nical challenges of measuring K,s. However, QTLs linked to K¢
have been identified in Arabidopsis, providing insights into the
genetic control of this trait in model species (Shahzad et al.
2016; Tang et al. 2018). Our findings provide a valuable pheno-
typic foundation, highlighting how key root hydraulic traits
have changed over a century of breeding. They offer a basis for
future studies to identify genetic markers or QTLs linked to these
long-term trends in wheat.

Conclusions and future perspectives

Our study revealed a significant decrease in whole root system hy-
draulic conductance (Kys) of wheat with breeding, based on culti-
var release year, as a result of both a decrease in root axes
number and of K,s per unit root area (Kys area). This suggests that
breeding has indirectly selected for root systems which are less
competitive as individuals, making them more suited to modern

high-input agricultural systems and potentially exhibiting more
conservative root water uptake. These findings underscore the
value of methods that can disentangle changes in root hydraulic
architecture, as demonstrated by our integration of field root sam-
pling, pressure chamber phenotyping, and whole-plant modeling
with CPlantBox.

This pipeline captured both cultivar differences at the sampled
growth stage and the dynamics of K,s and root system develop-
ment effectively narrowing the gap between hydroponic-based
K,s measurements—free from soil constraints and inter-plant
competition— and the challenges of extrapolating these results
to field-grown plants. Expanding the model to include soil dynam-
ics and soil-root interactions could further enhance its applicabil-
ity to natural agroecosystems.

Furthermore, our work intentionally focused on German culti-
vars to avoid complexities arising from differing breeding strat-
egies influenced by climate or agricultural practices. Future
studies would benefit from including cultivars from diverse prov-
enances, providing insights into how breeding and environmental
pressures interact to shape K5 and other traits. To facilitate such
analyses, a comparison of very old versus modern cultivars—
where the largest differences were observed in our study—would
be particularly valuable.

Despite its large economic and agricultural importance, there
is a surprising scarcity of studies focused on K, in wheat (fewer
than 10; see Fig. 4, A and B), likely due to the technical complexity
of K,s measurements in tillering grass species with fibrous root
systems. The phenotyping pipeline applied here could be repli-
cated to explore how breeding has affected root hydraulic proper-
ties under different environmental stress conditions (e.g. drought,
nutrient limitation, salt stress).

Additionally, while it was not the purpose of this study, inves-
tigating the genetics underlying the decrease in K,.—such as iden-
tifying specific QTLs—would be a critical next step. Such studies
would bridge the gap between phenotypic observations and genet-
ic mechanisms, providing deeper insights into the drivers of root
hydraulic evolution. As some of the largest changes in our dataset
were observed between the oldest cultivar and the more recent
ones, future research could focus on a broader panel of
post-Green Revolution cultivars to further investigate variation
in K¢ and its potential for breeding applications.

Moreover, this research framework could be applied not only
to wheat but also to other tillering grass species of economic im-
portance such as barley or rice. Also, further investigation into
the effects of breeding on wheat root anatomy is essential to un-
cover the mechanisms driving the evolution of root hydraulic
traits presented here. In particular, a promising area for future
exploration involves breaking down whole root system conduc-
tance into its axial and radial components, as has been done
with Arabidopsis (Boursiac et al. 2022a) and maize (Bauget
et al. 2023). This would provide a clearer understanding of how
each component has been affected by breeding, allowing us to
disentangle their contributions to the long-term decrease in K¢
of wheat cultivars. Finally, the insights from our study could
serve as a foundation for future breeding efforts aimed at opti-
mizing wheat root systems. By focusing on root hydraulic traits,
breeders may be able to develop cultivars with more conserva-
tive water uptake strategies and enhanced adaptability to chang-
ing environmental conditions. Incorporating root traits into
breeding programs could help meet the challenges posed by cli-
mate change, ensuring that wheat cultivars are better equipped
to thrive under increasing stress and locally changing environ-
mental conditions.
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Figure 5. Monthly average temperature and monthly total precipitation profiles at Campus Klein-Altendorf, Germany. Lines represent monthly
average temperature and bars represent monthly total precipitation measured during the years 2022, 2023 and 2024. For comparison, the long-term

means (based on data from 1956 to 2014) are also presented.

Table 3. Soil characteristics of a Haplic Luvisol from Campus Klein-Altendorf, Germany

Depth Silt (%) Sand (%) Clay (%) Texture pPH Bulk density (g cm™) Corg (%)
0-15 cm 75.8 7.2 17.8 SiL 5.93 1.42 0.92
15-45 cm 70.3 5.1 25 SiL 6.03 1.57 0.48
45-60 cm 64.3 4.4 315 SiCL 5.63 1.55 0.56
60-75 cm 63.8 4.5 31.8 SiCL 5.88 1.59 0.43
75-90 cm 66.3 3.9 29.8 SiCL 6.35 1.58 0.48

Values are means of 4 soil profiles (a more detailed description can be found at Vetterlein et al. (2013)).

Materials and methods
Field experiment description

A rainfed field experiment with winter wheat (Triticum aestivum L.)
was conducted during 2 growing seasons between the years 2022
and 2024 at the research station Campus Klein-Altendorf, near
Bonn, Germany (50°37’ N, 6°59’ E). Campus Klein-Altendorf is lo-
cated within the temperate oceanic climate zone according to
Peel et al. (2007). Long-term weather data for the years between
1956 and 2014 showed a yearly precipitation of 603 mm, a yearly
mean temperature of 9.4 °C and a growing season between 165
and 170 days. Each experiment comprised an entire growing sea-
son: October 25, 2022 to July 19, 2023 and October 23, 2023 to July
31, 2024, respectively. During the experimental years, the yearly
mean temperature was 11.6 °C and the yearly precipitation sum
was 602.5mm (Fig. 5). The soil is characterized as a Haplic
Luvisol, developed on loess, which is known to be very homoge-
nous (Table 3).

The experiment has been assembled as a complete randomized
block design with 6 cultivars and 4 field repetitions. Six German
winter wheat cultivars, spanning a range of breeding history of

over 100 years, were selected. The grown cultivars, sorted by their
release year were: (i) S. Dickkopf—1895, (ii) SG v. Stocken—1920,
(iii) Heines II—1940, (iv) Jubilar—1961, (v) Okapi—1978, and (vi)
Tommi—2002. The cultivar selection was based on historical rele-
vance, experimental feasibility, and consistency with prior stud-
ies. Specifically, we applied the following criteria: (i) cultivars
had clear records of their release dates, ensuring accurate repre-
sentation of distinct breeding periods; (ii) they were prominent
and widely cultivated in Germany during their release periods, ac-
cording to the German Federal Plant Variety Office (Beschreibende
Sortenliste 2005, ISSN 0948-4167; Beschreibende Sortenliste 1985);
(iii) seed availability, particularly important for older cultivars;
and (iv) inclusion in other studies investigating breeding effects
on winter wheat (Ahrends et al. 2018; Rueda-Ayala et al. 2018;
Hernandez-Ochoa et al. 2023; Rezaei et al. 2024), enabling compa-
rability across datasets. All selected cultivars were previously
grown in the long-term fertilization experiment at Dikopshof
(Schellberg and Hiiging 1997). Given the technical complexity
and labor-intensive nature of the root traits analyzed—particularly
the measurement of whole root system hydraulic conductance—
we focused on 6 cultivars from the 18 historically grown in the
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experiment. A systematic 20-yr interval between cultivars was ap-
plied to span the breeding history while ensuring manageable
workloads and robust data.

All cultivars were sown with the target density of 320 plants
m~2. The experimental field was managed conventionally with a
mineral fertilizer application of 170 kg of N ha™* and year (60 kg
before sampling) and herbicide application at early growth stages
before sampling. Yield features of the cultivars with regard to nu-
trient use efficiencies were recently investigated by Ahrends et al.
(2018); Rueda-Ayala et al. (2018) and Herndndez-Ochoa et al.
(2023).

Root sampling

We used a slightly modified “shovelomics” method for wheat
(York 2018) to phenotype several root traits from the field experi-
ment. The sampling was performed at the end of the tillering
phase (BBCH < 30) for both growing seasons (sampling in spring
2023 and spring 2024, respectively), with all cultivars sampled si-
multaneously during 1-d campaigns. We excavated a representa-
tive area of the plots, with a diameter and depth of 20 to 30 cm in
the topsoil. Given the high planting density, each individual sam-
ple contained around 5 to 10 plants. The sample bags with entire
excavated plants were transported to the laboratory and stored at
5 °C until root washing. In the laboratory, the samples were
soaked in water and then gently washed with a hose and nozzle
to remove the soil, without damaging the roots. The root crowns
were then severed from the shoots close to the base (with ca.
3 cm of the tillers attached) and then stored again at 5 °C in a
water (37.5%)-ethanol (37.5%)-glycol (25%) solution. 3 to 4 plants
per sample were preserved for further analysis.

Images of seminal and crown roots were taken for a total
of 27 to 32 plants per cultivar (3 to 4 plants per plot and year).
For each sample, the tillers were separated from the roots by cut-
ting directly above the mesocotyl and then manually counted.
Subsequently, seminal and crown roots were carefully separated
and placed on root scanning trays filled with distilled water and
scanned at 600 dpi (Epson Expression 12000XL, Epson, Japan).
The scanned images were analyzed using SmartRoot (Lobet
et al. 2011) to determine the following traits: number of crown
and seminal roots and total axes number; crown, seminal, and lat-
eral root diameter; and inter-branching density of lateral roots on
crown and seminal roots.

Root hydraulic conductance measurements

The same cultivars used in the field experiment were grown in the
laboratory in a hydroponic medium to perform root hydraulic
conductance measurements. The growing protocol has been de-
scribed previously for maize plants (Bauget et al. 2023). In brief,
seeds were surface sterilized with 1.5% (v/v) bleach mixed with 1
drop (=50 uL) of Tween-20 for 5 to 8 min and then treated with
35% (v/v) Hy,O, for 2 min, rinsed with 70% (v/v) ethanol, and
washed 6 times with sterilized water. Seeds were then germinated
for 4 d in plastic boxes filled with wet clay aggregates (Agrex 3-8,
Agrex Co., Portugal) and covered with a transparent plastic foil.
The plastic boxes were placed in a growth chamber at 65% relative
humidity, with 22 °C/20 °C and 16h/8h light/dark cycles
(250 umol m~2 s~ photosynthetic photon flux density). At 5 days
after sowing (DAS), the plants were transferred to a hydroponic
container placed in the same growth chamber and filled with
hydroponic solution with the following composition:1.25 mum
KNO3, 0.1 mm CaCly, 1.5 mm Ca(NO3),, 0.5 mm KH,PO4, 0.75 mm
MgSO4, 0.1mm Na,Si0;, 0.05mwm FeEDTA, 0.05mwm H3BOs,

0.012 mm MnSOy, 0.001 mm ZnS0Oy4, 0.0007 mm CuSOy4, 0.00024 mwm
Na2MoOQ,, 0.00001 mum CoCl,, and 1 mm MES. Air was continuously
injected into the containers with a bubbling system to ensure ad-
equate solution mixing and sufficient oxygen.

At 10 to 12 DAS root water transport was measured on de-
topped plants using a set of pressure chambers, as described in
Boursiac et al. (2022a) for Arabidopsis, with slight modifications.
The entire root system, consisting of 3 to 6 seminal roots and their
laterals, was excised directly below the seed and carefully in-
serted into an adapter sealed with silicon (Coltene Whaledent,
France), threaded through the seal of the pressure chamber lid
and placed in the pressure chamber filled with nutrient solution.
The adapter was connected to a high-accuracy flowmeter
(Bronkhorst, France) to record the sap flow (J,, m® s™?) from the
root system. The root system was subjected to various pressures
(P, MPa) applied using nitrogen gas, and the resulting sap flow
was recorded. The measurement protocol included a pre-
pressurization phase of >5min at 0.32MPa, to achieve stability
in the system, followed by measurements at pressures of
0.16, 0.24, 0,1, 0.32 and 0.24 mPa. The resulting slope of the J,(P)
linear relationship was used to deduce the whole root system con-
ductance (K. m>MPa~'s™%) of the wheat cultivars. Measurements
that did not show a linear J,(P) relationship were excluded from
the analysis. A total of 8 to 12 measurements were obtained per
cultivar.

After the measurements, the roots were placed in a tray with
distilled water and scanned at 600 dpi with a desktop scanner.
The images were analyzed with SmartRoot to obtain the diameter
of seminal and lateral roots and the total length and surface area
of the root system. To account for size effects on possible K, var-
lation among cultivars, K,s was normalized by either total root
length (Kys tengtn, m> MPa™" s™ m™") or root surface area (Kys_area,
m MPa~! s7%). Outliers were determined using the interquartile
range (1.5%xIQR) method and confirmed with the Grubbs’ test.
Samples were identified as outliers when the values of K,
Krs_tength, and Krs_area Were outside the interquartile range.

Modeling of K, development with age

The pressure chamber measurements delivered accurate infor-
mation on K¢ at a very young plant age (10 to 12 d). However,
K,s is not a static value, as it shows a nonlinear increase with
root system age (Baca Cabrera et al. 2024). Additionally, at meas-
urement age the plants had still not developed crown roots, which
are major contributors to total water uptake in grasses (Ahmed
et al. 2018). To widen our analysis, we modeled the development
of the root system and K,s with age, using the 3D whole-plant mod-
el CPlantBox (Giraud et al. 2023). Simulations were performed for
the oldest (S. Dickkopf) and the most modern (Tommi) cultivars
for 70 d, which corresponded to plant development until the end
of the tillering phase. CPlantBox simulates the development of
the whole-plant architecture, which is represented as a series of
segments corresponding to different plant organs (e.g. leaves,
crown, and seminal roots, pseudo-stems). Plant development oc-
curs via the elongation of previously existing segments or the cre-
ation of new ones. Water flow from the soil-root interfaces to
xylem vessels at the plant collar and K, are dynamically simu-
lated at each time step using the analytical solution of water
flow within infinitesimal subsegments (Meunier et al. 2017), asim-
plemented in CPlantBox (Giraud et al. 2023; Bauer et al. 2024).
For the parametrization of the whole-plant architecture in
CPlantBox, we used an existing XML-input parameter file for
wheat (Giraud et al. 2023) and modified it based on the root

GZ0Z BuNf 90 UO JOSN ¥aY10l|qiqIenuaZ * yoliny wniuazsbunyasio Aq 9161 18/9911en/L/86/a1ome/sAydid/woo dno-oiwepese/:sdpy woly papeojumoq



sampling data (Supplementary Table S1). Segment scale root hy-
draulic properties (radial conductivity k, and axial conductance
ky) needed for the simulation of K,s were parametrized according
to the pressure chamber measurements and published data for
wheat, extracted from a root hydraulic properties database
(Baca Cabrera et al. 2024) (Supplementary Table S1). The age
dependency of k, and ky, was modeled using linear piecewise
functions, analogously to (Meunier et al. 2018) for maize.
Parameterization uncertainty was addressed through a sensitivity
analysis, as in Baca Cabrera et al. (2024).

Statistical analysis

All statistical analyses were conducted in R v.4.4.1 (R Core Team
2024). Kolmogorov-Smirnov tests were applied to compare the di-
ameter distribution of the different root types (crown, seminal,
and lateral) across all cultivars. Linear mixed models were per-
formed to test the effect of breeding (expressed as year of cultivar
release) on the following traits obtained from root sampling: num-
ber of seminal and crown roots, total number of axes (i.e. the sum
of seminal and crown roots), average diameters, and branching den-
sity. As the field experiment was repeated in 2 consecutive growing
seasons, the experimental year was included as the random factor
in the models. For the K,s measurements, the effect of breeding was
tested using linear regression models. Additionally, differences
among cultivars (defined as categorical variables) were tested ap-
plying ANOVA and Tukey post hoc tests to assess whether the ob-
served effects in the linear models were driven by specific
cultivars (e.g. differences between the oldest and newest cultivars).
In all cases, we used plant averages for the statistical analyses (n=
27-30 for shovelomics traits and n=8 to 12 for K,; measurements).

All dependent variables were log-transformed to meet model val-
idation criteria. Models were validated by testing the residuals for
normality using the Shapiro-Wilk test (Supplementary Table S3)
in combination with visual inspection of Q-Q plots. For plotting pur-
poses, data were back-transformed (Figs. 2 and 3), and the %-change
per year (Table 2, Figs. 2 and 3) was calculated for all traits by back-
transforming the slope of the linear regression models using the for-
mula: %-change per year=exp (slope—1)x100. The R packages
nlme (Pinheiro et al. 2023) and ggplot2 (Wickham 2016) were used
for fitting linear mixed models and data plotting, respectively.

Acknowledgments

The authors thank Hanna Bernartz for assistance with the prepara-
tion of root samples and root scanning, and Nicolas Briiggemann
and Nikolaos Kaloterakis (IBG-3, Forschungszentrum Jilich
GmbH) for granting access to the root scanner and offering techni-
cal support in its operation.

Author contributions

J.CB.C,D.B., T.G, G.L, and].V. designed the research; J.C.B.C. and
Y.B. performed the hydroponics experiment; D.B. performed the
field experiment, with the assistance of T.H.N.; D.B. provided the
seed material; Y.B. provided the resources for the hydroponics ex-
periment; J.C.B.C. analyzed the data, performed the modelling
and wrote the manuscript. All authors contributed to the revision
of the manuscript.

Supplementary data

The following materials are available in the online version of this
article.

Wheat root traits over 100 years of breeding | 11

Supplementary Figure S1. The relationship between tiller
number and crown root number across cultivars.

Supplementary Figure S2. The relationship between year of
cultivar release and normalized whole root system conductance.

Supplementary Figure S3. The relationship between plant age
and simulated root traits in 2 wheat cultivars.

Supplementary Figure S4. Transpiration dynamics measured
after flowering in the field experiment.

Supplementary Table S1. P-values of Tukey post-hoc compar-
isons of different parameters between cultivars.

Supplementary Table S2. List of modified input parameters for
the K, simulation with CPlantBox.

Supplementary Table S3. P-values of Shapiro-Wilk tests as-
sessing the normality of residuals from linear (mixed) models
for all investigated root traits.

Funding

This research was supported by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) (SFB 1502/1-2022—
Projektnummer: 450058266). G.L. is co-funded by the European
Union (ERC grant 101125638). Y.B. is supported by Agence
Nationale de la Recherche (ANR-22-CE45-0009 EAUDISSECT).
T.H.N. is part of the “COINS project”, funded by the Federal
Ministry of Education and Research (BMBF).

Conflict of interest statement. The authors declare no conflict of
interest.

Data availability

Data supporting the findings of this study are available within the
paper, within its Supplementary data or on request.

References

Ahmed MA, Zarebanadkouki M, Meunier F, Javaux M, Kaestner A,
Carminati A. Root type matters: measurement of water uptake
by seminal, crown, and lateral roots in maize. J Exp Bot.
2018:69(5):1199-1206. https:/doi.org/10.1093/jxb/erx439

Ahrends HE, Eugster W, Gaiser T, Rueda-Ayala V, Huging H, Ewert F,
Siebert S. Genetic yield gains of winter wheat in Germany over
more than 100 years (1895-2007) under contrasting fertilizer ap-
plications. Environ Res Lett. 2018:13(10):104003. https://doi.org/10.
1088/1748-9326/aadel2

Atkinson JA, Pound MP, Bennett MJ, Wells DM. Uncovering the hidden
half of plants using new advances in root phenotyping. Curr Opin
Biotechnol. 2019:55:1-8. https://doi.org/10.1016/j.copbio.2018.06.002

Atkinson JA, Wingen LU, Griffiths M, Pound MP, Gaju O, Foulkes MJ,
Le Gouis J, Griffiths S, Bennett MJ, KingJ, et al. Phenotyping pipe-
line reveals major seedling root growth QTL in hexaploid wheat. ]
Exp Bot. 2015:66(8):2283-2292. https://doi.org/10.1093/jxb/erv006

Awad W, Byrne PF, Reid SD, Comas LH, Haley SD. Great plains winter
wheat varies for root length and diameter under drought stress.
Agron J. 2018:110(1):226-235. https://doi.org/10.2134/agronj2017.
07.0377

Aziz MM, Palta JA, Siddique KHM, Sadras VO. Five decades of
selection for yield reduced root length density and increased ni-
trogen uptake per unit root length in Australian wheat varieties.
Plant Soil. 2017:413(1-2):181-192. https://doi.org/10.1007/511104-
016-3059-y

Baca Cabrera JC, Vanderborght J, Couvreur V, Behrend D, Gaiser T,
Nguyen TH, Lobet G. Root hydraulic properties: an exploration

GZ0Z BuNf 90 UO JOSN ¥aY10l|qiqIenuaZ * yoliny wniuazsbunyasio Aq 9161 18/9911en/L/86/a1ome/sAydid/woo dno-oiwepese/:sdpy woly papeojumoq


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf166#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf166#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf166#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf166#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf166#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf166#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf166#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf166#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf166#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf166#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf166#supplementary-data
https://doi.org/10.1093/jxb/erx439
https://doi.org/10.1088/1748-9326/aade12
https://doi.org/10.1088/1748-9326/aade12
https://doi.org/10.1016/j.copbio.2018.06.002
https://doi.org/10.1093/jxb/erv006
https://doi.org/10.2134/agronj2017.07.0377
https://doi.org/10.2134/agronj2017.07.0377
https://doi.org/10.1007/s11104-016-3059-y
https://doi.org/10.1007/s11104-016-3059-y

12 | Plant Physiology, 2025, Vol. 198, No. 1

of their variability across scales. Plant Direct. 2024:8(4):e582.
https://doi.org/10.1002/pld3.582

Bauer FM, Baker DN, Giraud M, Baca Cabrera JC, Vanderborght J,
Lobet G, Schnepf A. Root system architecture reorganization
under decreasing soil phosphorus lowers root system conduc-
tance of Zea mays. Ann Bot. 2024:mcael198. https:/doi.org/10.
1093/aob/mcae198

Bauget F, Protto V, Pradal C, Boursiac Y, Maurel C. A root functional-
structural model allows assessment of the effects of water deficit
on water and solute transport parameters. J Exp Bot. 2023:74(5):
1594-1608. https://doi.org/10.1093/jxb/erac471

Boursiac Y, Pradal C, Bauget F, Lucas M, Delivorias S, Godin C, Maurel
C. Phenotyping and modeling of root hydraulic architecture re-
veal critical determinants of axial water transport. Plant Physiol.
2022a:190(2):1289-1306. https://doi.org/10.1093/plphys/kiac281

BoursiacY, Protto V, Rishmawi L, Maurel C. Experimental and concep-
tual approaches to root water transport. Plant Soil. 2022b:478(1-2):
349-370. https://doi.org/10.1007/511104-022-05427 -z

Bramley H, Turner NC, Turner DW, Tyerman SD. Roles of morphol-
ogy, anatomy, and aquaporins in determining contrasting hy-
draulic behavior of roots. Plant Physiol. 2009:150(1):348-364.
https://doi.org/10.1104/pp.108.134098

Brar GS, McMichael BL, Taylor HM. Hydraulic conductivity of cotton
roots as influenced by plant age and rooting medium. Agron J.
1991:83(1):264-266. https://doi.org/10.2134/agronj1991.00021962
008300010059

Cai G, Ahmed MA, Abdalla M, Carminati A. Root hydraulic pheno-
types impacting water uptake in drying soils. Plant Cell Environ.
2022:45(3):650-663. https://doi.org/10.1111/pce. 14259

Challinor AJ, Watson J, Lobell DB, Howden SM, Smith DR, Chhetri N.
A meta-analysis of crop yield under climate change and adapta-
tion. Nature Clim Change. 2014:4(4):287-291. https://doi.org/10.
1038/nclimate2153

Cheng S, Feng C, Wingen LU, Cheng H, Riche AB, Jiang M,
Leverington-Waite M, Huang Z, Collier S, Orford S, et al
Harnessing landrace diversity empowers wheat breeding.
Nature. 2024:632(8026):823-831. https://doi.org/10.1038/541586-
024-07682-9

Erenstein O, Jaleta M, Mottaleb KA, Sonder K, Donovan J, Braun H-J.
Global trends in wheat production, consumption and trade. In:
Reynolds MP, Braun H-J, editors. Wheat improvement: food security
in a changing climate. Cham: Springer International Publishing;
2022. p. 47-66.

FangY, Liu L, Xu B-C, Li F-M. The relationship between competitive
ability and yield stability in an old and a modern winter wheat
cultivar. Plant Soil. 2011:347(1-2):7-23. https://doi.org/10.1007/
511104-011-0780-4

FAQO. The future of food and agriculture: trends and challenges. Rome, Italy:
Food and Agriculture Organization of the United Nations; 2017.

Fradgley N, Evans G, Biernaskie JM, Cockram J, Marr EC, Oliver AG,
Ober E, Jones H. Effects of breeding history and crop management
on the root architecture of wheat. Plant Soil. 2020:452(1-2):
587-600. https://doi.org/10.1007/s11104-020-04585-2

Frensch ], Steudle E. Axial and radial hydraulic resistance to roots of
maize (Zea mays L.). Plant Physiol. 1989:91(2):719-726. https://doi.
0rg/10.1104/pp.91.2.719

Garthwaite AJ, Steudle E, Colmer TD. Water uptake by roots of
Hordeum marinum: formation of a barrier to radial O, loss does
not affect root hydraulic conductivity. J Exp Bot. 2006:57(3):
655-664. https://doi.org/10.1093/jxb/erj055

Giraud M, Gall SL, Harings M, Javaux M, Leitner D, Meunier F, Rothfuss
Y, van Dusschoten D, Vanderborght J, Vereecken H, et al. CPlantBox:
a fully coupled modelling platform for the water and carbon fluxes

in the soil-plant-atmosphere continuum. in Silico Plants. 2023:5(2):
diad009. https://doi.org/10.1093/insilicoplants/diad009

Gregory PJ, McGowan M, Biscoe PV, Hunter B. Water relations of win-
ter wheat: 1. Growth of the root system. J Agric Sci. 1978:91(1):
91-102. https://doi.org/10.1017/50021859600056653

GuoY, Kong F-M, Xu Y-F, Zhao Y, Liang X, Wang Y-Y, An D-H, Li S-S.
QTL mapping for seedling traits in wheat grown under varying
concentrations of N, P and K nutrients. Theor Appl Genet.
2012:124(5):851-865. https://doi.org/10.1007/s00122-011-1749-7

Hernandez LF, Orioli GA. Relationships between root permeability to
water, leaf conductance and transpiration rate in sunflower
(Helianthus annuus L.) cultivars. Plant Soil. 1985:85(2):229-235.
https://doi.org/10.1007/BF02139627

Hernéndez-Ochoa IM, Gaiser T, Hiiging H, Ewert F. Yield components
and yield quality of old and modern wheat cultivars as affected
by cultivar release date, N fertilization and environment in
Germany. Field Crops Res. 2023:302:109094. https://doi.org/10.
1016/j.fcr.2023.109094

Heymans A. In silico analysis of the influence of root hydraulic anatomy
on maize (Zea mays) water uptake. Louvain-la-Neuve, Belgium:
UCL—Université Catholique de Louvain; 2022.

Heymans A, Couvreur V, Lobet G. Combining cross-section images
and modeling tools to create high-resolution root system
hydraulic atlases in Zea mays. Plant Direct. 2021:5(7):e00290.
https://doi.org/10.1002/pld3.334

Hodge A. Roots: the acquisition of water and nutrients from the het-
erogeneous soil environment. In: Luttge U, Beyschlag W, Biidel B,
Francis D, editors. Progress in botany 71. Berlin, Heidelberg:
Springer Berlin Heidelberg; 2010. p. 307-337.

Le Gouis J, Oury F-X, Charmet G. How changes in climate and agricul-
tural practices influenced wheat production in Western Europe. ]
Cereal Sci. 2020:93:102960. https://doi.org/10.1016/j.jcs.2020.102960

Lobet G, Pages L, Draye X. A novel image-analysis toolbox enabling
quantitative analysis of root system architecture. Plant Physiol.
2011:157(1):29-39. https://doi.org/10.1104/pp.111.179895

Lynch JP. Roots of the second green revolution. AustJ Bot. 2007:55(5):
493-512. https://doi.org/10.1071/BT06118

Lynch JP. Steep, cheap and deep: an ideotype to optimize water and N
acquisition by maize root systems. Ann Bot. 2013:112(2):347-357.
https://doi.org/10.1093/aob/mcs293

Magbool S, Ahmad S, Kainat Z, Khan MI, Masgbool A, Hassan MA,
Rasheed A, He Z. Root system architecture of historical spring
wheat cultivars is associated with alleles and transcripts of major
functional genes. BMC Plant Biol. 2022:22:590.

McGrail RK, McNear DH. Two centuries of breeding has altered root
system architecture of winter wheat. Rhizosphere. 2021:19:100411.
https://doi.org/10.1016/j.rhisph.2021.100411

Meunier F, Draye X, Vanderborght J, Javaux M, Couvreur V. A hybrid
analytical-numerical method for solving water flow equations in
root hydraulic architectures. Appl Math Model. 2017:52:648-663.
https://doi.org/10.1016/j.apm.2017.08.011

Meunier F, Zarebanadkouki M, Ahmed MA, Carminati A, CouvreurV,
Javaux M. Hydraulic conductivity of soil-grown lupine and maize
unbranched roots and maize root-shoot junctions. J Plant Physiol.
2018:227:31-44. https:/doi.org/10.1016/j jplph.2017.12.019

Nakhforoosh A, Grausgruber H, Kaul H-P, Bodner G. Wheat root diver-
sity and root functional characterization. Plant Soil. 2014:380(1-2):
211-229. https://doi.org/10.1007/s11104-014-2082-0

Nguyen TH, Gaiser T, Vanderborght J, Schnepf A, Bauer F, Klotzsche
A, Larm L, Higing H, Ewert F. Responses of field-grown maize to
different soil types, water regimes, and contrasting vapor pres-
sure deficit. Biogeosciences. 2024:21(23):5495-5515. https://doi.
0rg/10.5194/bg-21-5495-2024

GZ0Z BuNf 90 UO JOSN ¥aY10l|qiqIenuaZ * yoliny wniuazsbunyasio Aq 9161 18/9911en/L/86/a1ome/sAydid/woo dno-oiwepese/:sdpy woly papeojumoq


https://doi.org/10.1002/pld3.582
https://doi.org/10.1093/aob/mcae198
https://doi.org/10.1093/aob/mcae198
https://doi.org/10.1093/jxb/erac471
https://doi.org/10.1093/plphys/kiac281
https://doi.org/10.1007/s11104-022-05427-z
https://doi.org/10.1104/pp.108.134098
https://doi.org/10.2134/agronj1991.00021962008300010059x
https://doi.org/10.2134/agronj1991.00021962008300010059x
https://doi.org/10.1111/pce.14259
https://doi.org/10.1038/nclimate2153
https://doi.org/10.1038/nclimate2153
https://doi.org/10.1038/s41586-024-07682-9
https://doi.org/10.1038/s41586-024-07682-9
https://doi.org/10.1007/s11104-011-0780-4
https://doi.org/10.1007/s11104-011-0780-4
https://doi.org/10.1007/s11104-020-04585-2
https://doi.org/10.1104/pp.91.2.719
https://doi.org/10.1104/pp.91.2.719
https://doi.org/10.1093/jxb/erj055
https://doi.org/10.1093/insilicoplants/diad009
https://doi.org/10.1017/S0021859600056653
https://doi.org/10.1007/s00122-011-1749-7
https://doi.org/10.1007/BF02139627
https://doi.org/10.1016/j.fcr.2023.109094
https://doi.org/10.1016/j.fcr.2023.109094
https://doi.org/10.1002/pld3.334
https://doi.org/10.1016/j.jcs.2020.102960
https://doi.org/10.1104/pp.111.179895
https://doi.org/10.1071/BT06118
https://doi.org/10.1093/aob/mcs293
https://doi.org/10.1016/j.rhisph.2021.100411
https://doi.org/10.1016/j.apm.2017.08.011
https://doi.org/10.1016/j.jplph.2017.12.019
https://doi.org/10.1007/s11104-014-2082-0
https://doi.org/10.5194/bg-21-5495-2024
https://doi.org/10.5194/bg-21-5495-2024

Nimmo V, Violle C, Entz M, Rolhauser AG, Isaac ME. Changes in crop
trait plasticity with domestication history: management practi-
ces matter. Ecol Evol. 2023:13(11):e10690. https://doi.org/10.1002/
ece3.10690

Passioura JB. The effect of root geometry on the yield of wheat grow-
ing on stored water. Aust J Agric Res. 1972:23(5):745-752. https:/
doi.org/10.1071/AR9720745

Passioura JB. Soil conditions and plant growth’. Plant Cell Environ.
2002:25(2):311-318. https://doi.org/10.1046/j.0016-8025.2001.00802.x

Peel MC, Finlayson BL, McMahon TA. Updated world map of the
Koppen-Geiger climate classification. Hydrol Earth Syst Sci.
2007:11(5):1633-1644. https://doi.org/10.5194/hess-11-1633-2007

PengB, Liu X, Dong X, Xue Q, Neely CB, Marek T, Ibrahim AMH, Zhang
G, Leskovar DI, Rudd JC. Root morphological traits of winter
wheat under contrasting environments. J Agron Crop Sci.
2019:205(6):571-585. https://doi.org/10.1111/jac.12360

PinheiroJ, Bates D. 2023. Linear and Nonlinear Mixed Effects Models.
R package version 3.1-164. R Core Team.

Poorter H, Fiorani F, Pieruschka R, Wojciechowski T, van der Putten
WH, Kleyer M, Schurr U, Postma J. Pampered inside, pestered out-
side? Differences and similarities between plants growing in con-
trolled conditions and in the field. New Phytol. 2016:212(4):
838-855. https://doi.org/10.1111/nph.14243

R Core Team. R: a language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing; 2024.

Rezaei EE, Hey K, Munter C, Huging H, Gaiser T, Siebert S. A tale of
two eras: assessing the impact of breeding programs on historical
and modern German wheat cultivars under distinct manage-
ment. Eur J Agron. 2024:156:127179. https://doi.org/10.1016/j.€ja.
2024.127179

Rich SM, Watt M. Soil conditions and cereal root system architecture:
review and considerations for linking Darwin and Weaver. ] Exp
Bot. 2013:64(5):1193-1208. https:/doi.org/10.1093/jxb/ert043

Rueda-Ayala V, Ahrends HE, Siebert S, Gaiser T, Huging H, Ewert F.
Impact of nutrient supply on the expression of genetic improve-
ments of cereals and row crops—a case study using data from a
long-term fertilization experiment in Germany. Eur ] Agron.
2018:96:34-46. https:/doi.org/10.1016/j.eja.2018.03.002

Schellberg ], Higing H. Die entwicklung der ertrdge von getreide,
hackfriichten und klee im dauerdiingungsversuch dikopshof
von 1906 bis 1996. Arch Agron Soil Sci. 1997:42(3-4):303-318.
https://doi.org/10.1080/03650349709385734

Schneider HM, Lynch JP. Functional implications of root cortical sen-
escence for soil resource capture. Plant Soil. 2018:423(1-2):13-26.
https://doi.org/10.1007/s11104-017-3533-1

Schoppach R, Fleury D, Sinclair TR, Sadok W. Transpiration sensitiv-
ity to evaporative demand across 120 years of breeding of
Australian wheat cultivars. ] Agron Crop Sci. 2017:203(3):219-226.
https://doi.org/10.1111/jac.12193

Schoppach R, Wauthelet D, Jeanguenin L, Sadok W. Conservative
water use under high evaporative demand associated with small-
er root metaxylem and limited trans-membrane water transport

Wheat root traits over 100 years of breeding | 13

in wheat. Funct Plant Biol. 2013:41(3):257-269. https://doi.org/10.
1071/FP13211

Shahzad Z, Canut M, Tournaire-Roux C, Martiniére A, Boursiac Y,
Loudet O, Maurel C. A potassium-dependent oxygen sensing path-
way regulates plant root hydraulics. Cell. 2016:167(1):87-98.e14.
https://doi.org/10.1016/j.cell.2016.08.068

TangN, Shahzad Z, Lonjon F, Loudet O, Vailleau F, Maurel C. Natural
variation at XND1 impacts root hydraulics and trade-off for
stress responses in Arabidopsis. Nat Commun. 2018:9(1):3884.
https://doi.org/10.1038/s41467-018-06430-8

Torres-Ruiz JM, Cochard H, Delzon S, Boivin T, Burlett R, Cailleret M,
Corso D, Delmas CEL, De Caceres M, Diaz-Espejo A, et al. Plant hy-
draulics at the heart of plant, crops and ecosystem functions in
the face of climate change. New Phytol. 2024:241(3):984-999.
https://doi.org/10.1111/nph.19463

Vetterlein D, Kihn T, Kaiser K, Jahn R. Illite transformation and po-
tassium release upon changes in composition of the rhizophere
soil solution. Plant Soil. 2013:371(1-2):267-279. https://doi.org/10.
1007/s11104-013-1680-6

Voss-Fels KP, Snowdon RJ, Hickey LT. Designer roots for future crops.
Trends Plant Sci. 2018:23(11):957-960. https://doi.org/10.1016/j.
tplants.2018.08.004

Waines JG, Ehdaie B. Domestication and crop physiology: roots of
green-revolution wheat. Ann Bot. 2007:100(5):991-998. https:/
doi.org/10.1093/aob/mcm180

Wickham H. Elegant graphics for data analysis. 2nd ed. Cham,
Switzerland: Springer International Publishing; 2016.

Wild AJ, Steiner FA, Kiene M, Tyborski N, Tung S-Y, Koehler T,
Carminati A, Eder B, Groth J, Vahl WK, et al. Unraveling root
and rhizosphere traits in temperate maize landraces and modern
cultivars: implications for soil resource acquisition and drought
adaptation. Plant Cell Environ. 2024:47(7):2524-2539. https://doi.
org/10.1111/pce.14898

Xu F, Chen S, Yang X, Zhou S, Chen X, Li J, Zhan K, He D.
Genome-wide association study on seminal and nodal roots of
wheat under different growth environments. Front Plant Sci.
2021:11:602399. https://doi.org/10.3389/fpls.2020.602399

Yang S, Grantz DA. Root hydraulic conductance in pima cotton: com-
parison of reverse flow, transpiration, and root pressurization.
Crop Sci. 1996:36(6):1580-1589. https://doi.org/10.2135/cropscil996.
0011183X003600060029x

York LM. Phenotyping crop root crowns: general guidance and spe-
cific protocols for maize, wheat, and soybean. In: Ristova D,
Barbez E, editors. Root development: methods and protocols.
New York (NY): Springer; 2018. p. 23-32.

Zhao C-X, Deng X-P, Shan L, Steudle E, Zhang S-Q, Ye Q. Changes in
root hydraulic conductivity during wheat evolution. J Integr Plant
Biol. 2005:47(3):302-310. https:/doi.org/10.1111/j.1744-7909.2005.
00043.x

Zhu Y-H, Weiner ], Yu M-X, Li F-M. Evolutionary agroecology: trends
in root architecture during wheat breeding. Evol Appl. 2019:12(4):
733-743. https://doi.org/10.1111/eva.12749

GZ0Z BuNf 90 UO JOSN ¥aY10l|qiqIenuaZ * yoliny wniuazsbunyasio Aq 9161 18/9911en/L/86/a1ome/sAydid/woo dno-oiwepese/:sdpy woly papeojumoq


https://doi.org/10.1002/ece3.10690
https://doi.org/10.1002/ece3.10690
https://doi.org/10.1071/AR9720745
https://doi.org/10.1071/AR9720745
https://doi.org/10.1046/j.0016-8025.2001.00802.x
https://doi.org/10.5194/hess-11-1633-2007
https://doi.org/10.1111/jac.12360
https://doi.org/10.1111/nph.14243
https://doi.org/10.1016/j.eja.2024.127179
https://doi.org/10.1016/j.eja.2024.127179
https://doi.org/10.1093/jxb/ert043
https://doi.org/10.1016/j.eja.2018.03.002
https://doi.org/10.1080/03650349709385734
https://doi.org/10.1007/s11104-017-3533-1
https://doi.org/10.1111/jac.12193
https://doi.org/10.1071/FP13211
https://doi.org/10.1071/FP13211
https://doi.org/10.1016/j.cell.2016.08.068
https://doi.org/10.1038/s41467-018-06430-8
https://doi.org/10.1111/nph.19463
https://doi.org/10.1007/s11104-013-1680-6
https://doi.org/10.1007/s11104-013-1680-6
https://doi.org/10.1016/j.tplants.2018.08.004
https://doi.org/10.1016/j.tplants.2018.08.004
https://doi.org/10.1093/aob/mcm180
https://doi.org/10.1093/aob/mcm180
https://doi.org/10.1111/pce.14898
https://doi.org/10.1111/pce.14898
https://doi.org/10.3389/fpls.2020.602399
https://doi.org/10.2135/cropsci1996.0011183X003600060029x
https://doi.org/10.2135/cropsci1996.0011183X003600060029x
https://doi.org/10.1111/j.1744-7909.2005.00043.x
https://doi.org/10.1111/j.1744-7909.2005.00043.x
https://doi.org/10.1111/eva.12749

	Decreased root hydraulic traits in German winter wheat cultivars over 100 years of breeding
	Introduction
	Results
	Root diameter and root axes number variation with breeding
	Whole root system conductance variation with breeding

	Discussion
	Root axes number declined, but root diameters were unaffected by breeding
	Whole root system conductance decreased with breeding
	Krs and root axes number decrease with breeding suggest unconscious selection for more conservative root water uptake
	Potential drivers for changes in Krs
	Genetic considerations and perspectives

	Conclusions and future perspectives
	Materials and methods
	Field experiment description
	Root sampling
	Root hydraulic conductance measurements
	Modeling of Krs development with age
	Statistical analysis
	seckiaf166-s5.6

	Acknowledgments
	Author contributions
	Supplementary data
	Funding
	Data availability
	References


