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Highlight
Plant root systems are important for crop productivity. Here we highlight the shared and
distinct responses of root systems to environmental stress conditions in maize and

sorghum.

Abstract

Under all environments, roots are important for plant anchorage and acquiring water
and nutrients. However, there is a knowledge gap as to how root architecture
contributes to stress-tolerance in a changing climate. Two closely related plant species,
maize and sorghum, have distinct root system architectures and different levels of
stress-tolerance, making comparative analysis between these two species an ideal
approach to resolve this knowledge gap. However, the current research has focused on
shared aspects of the root system that are advantageous under abiotic stress conditions
as opposed to differences. Here we summarize the current state of knowledge
comparing the root system architecture relative to plant performance under water deficit,
salt stress, and low phosphorus in maize and sorghum. Under water deficit, steeper root
angles and deeper root systems are proposed to be advantageous for both species. In
saline soils, a reduction in root length and root number has been described as
advantageous, but this work is limited. Under low phosphorus (P), root systems that are
shallow and wider are beneficial for topsoil foraging. Future work investigating the
differences between these species will be critical for understanding the role of root
system architecture in optimizing plant production for a changing global climate.

Keywords
abiotic stress, cereal crops, drought, maize, phosphorus, Poaceae, root system

architecture, salinity, sorghum

Introduction
The function of roots remains the same regardless of growing conditions. Roots are
responsible for keeping plants upright (anchorage) and acquiring water and nutrients -

arguably some of the most important functions for plant survival and productivity. These
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functional requirements are unchanged under abiotic stressors such as water deficit
(drought), salinity stress, and low phosphorus, however the functions may be optimized

by targeted changes in the root system architecture.

Maize (Zea mays) and sorghum (Sorghum bicolor) are two agriculturally and
economically important crops that are closely related. Both rank in the five most
important cereal crops worldwide and provide food, fuel, fiber, and fodder (Rooney et
al., 2007; Erenstein et al., 2022). While sorghum is maize’s closest relative (Swigoriova
et al., 2004), there are differences in their root systems (Singh et al., 2010).
Understanding the shared and distinct responses of maize and sorghum root systems to
abiotic stress will aid in the development of stress-tolerant crops, however research has
primarily focused on the shared aspects, and we understand little about the distinct
responses. This review highlights the current state of knowledge regarding the maize
and sorghum root responses to three prevalent abiotic stressors (drought, salt, and low

phosphorus).

Root system architecture in maize and sorghum

The function of roots (anchorage, water acquisition, and nutrient acquisition) is universal
across plants, however the root system architecture (defined as the spatial and
temporal distribution of roots (Lynch, 1995)) differs (Hochholdinger et al., 2004 a;
Atkinson et al., 2014; Blizard and Sparks, 2018). Monocots, like maize and sorghum,
have a fibrous root system that is composed of unique root types defined by their
developmental origin - seed-borne embryonic roots (primary and seminal roots), and
post-embryonic roots (nodal and lateral roots) (Hochholdinger et al., 2004 a;
Hochholdinger, 2009; Blizard and Sparks, 2018).

Despite many similarities, some root architectural traits have diverged between maize
and sorghum resulting in different development and morphology (Figure 1). For both
species, the embryonic primary root emerges first. In maize this emergence is followed
by embryonic seminal roots, whereas sorghum lacks seminal roots altogether (Singh et

al., 2010; Hochholdinger et al., 2018). In maize, the transition between the embryonic
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root system being the dominant root type and post-embryonic root system being the
dominant root type occurs by the vegetative leaf 6 (V6) stage (Hochholdinger et al.,
2004a,b). Due to the lack of seminal roots in sorghum, one might expect that the nodal
roots would develop earlier in sorghum to compensate for the function of the seminal
roots. Instead, the post-embryonic nodal roots develop much later in sorghum
compared to maize (Singh et al., 2010). These differences in root architecture persist
throughout maturity with maize developing a denser root system than sorghum (Figure
2), however it is unknown if these differences are due to slower node development or
slower root development. Counterintuitively, despite a lower root density (and a longer
period of reliance on the primary root), sorghum has greater tolerance to abiotic stress
than maize (Pardo and VanBuren 2021). We propose that the differences in root
architecture between maize and sorghum are likely to contribute to the differences in
abiotic stress tolerance. However, there is currently little data assessing the impact of
these differences on stress tolerance — most studies have focused on shared

responses.

The sequential emergence of roots based on their developmental timing likely
influences their functional importance. Yet, there have been limited studies that
investigate root type specific function across plant growth and development. The few
studies that have assessed different root types (Ahmed et al. 2016; Ahmed et al. 2018),
have looked at only water uptake in young maize plants grown in controlled
environments. While findings from these studies show that root type matters, there was
no temporal aspect to these studies to understand how root function changes over plant
growth stages. Thus, more research is needed to elucidate root type specific function
across different developmental phases of the plant in both optimal and stressed
conditions. It is further unknown how the differences in developmental timing between

maize and sorghum root development impacts root function.

Although the differences between maize and sorghum are likely of critical importance,
the shared aspects have been the focus of the literature. For example, recent research

has highlighted some shared genetic control of root system architecture between maize
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and sorghum (Zheng et al., 2020). Using a root excavation and analysis pipeline, the
authors identified SNPs associated with root traits of maize and sorghum by Genome
Wide Association (GWA) analyses. A comparison of the GWA hits identified seven
syntenic genes between maize and sorghum with root trait association (Zheng et al.,
2020). While this demonstrates a level of strong genetic conservation, each individual
species had additional unique gene associations that may be responsible for the
differences in root system architecture (Singh et al., 2010; Hochholdinger et al., 2018)
and stress tolerance thresholds. However, these divergent gene associations remain to
be investigated. The mechanism by which shared and divergent genetic landscapes
lead to the differences between sorghum and maize and how these traits correlate to

abiotic-stress tolerance remains unclear.

Impact of abiotic stress on root system architecture in maize and sorghum

Understanding the root response to different abiotic stresses is challenging. While field
experiments are highly applicable, many factors are uncontrollable, making it difficult to
quantify the response to individual environmental cues. Adding to the complexity,
assessing root system architecture in the field is limited by poor resolution (e.g., mini-
rhizotrons) or destructive (e.g., root crown excavation) approaches (Clark et al., 2020).
To overcome these challenges, many researchers opt for greenhouse or growth
chamber systems. Yet studies show that results from greenhouse studies are not
directly interpretable in the field setting (Poorter et al. 2016; Rich et al. 2020).

For the purposes of this review, we focus on a subset of prevalent abiotic stresses
(water deficit, high salt, and low phosphorus) that are perceived by root systems and
summarize the architectural changes that occur in maize and sorghum under these
conditions. Most of the published research in this area has been completed in maize,
with fewer studies in sorghum and even less work attempting to compare the two

species or determine the mechanism for differential stress tolerance mechanisms.
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Drought

Water deficit, often referred to as drought, affects plant growth, development, and
productivity. Drought is one of the leading causes of yield loss worldwide, making this
abiotic stressor a major concern for the growing population (Lamaoui et al., 2018; Igbal
et al., 2020). Since water availability is not always readily solved through management
practices (i.e., irrigation), there has been a significant focus on developing new drought-
tolerant plant varieties. The development of drought-tolerant varieties, with a focus on
optimizing roots for water use efficiency, would be an ideal approach since roots are the
first organ to sense, signal, and respond to water deficits. However, most of the
research has focused on improving drought tolerance via aboveground phenotypes. In
this section, we review what is known about the constitutive and inducible traits of maize

and sorghum root systems in response to drought.

In the absence of rain or irrigation, water can be found in deep soil layers, thus deeper
root systems are proposed to be advantageous for plants under drought because they
are able to access this water (Lynch, 2007, 2013; Lynch et al., 2014; Lynch and
Wojciechowski, 2015). The concept of deeper rooting has played a big role in the
development of the “steep, cheap, and deep” model that was first described in maize
(Lynch, 2013). Root systems that have increased growth of nodal roots (e.g., crown
roots) (Saengwilai et al., 2014) or steeper angles of the primary root (Trachsel et al.,
2011; Burton et al., 2014; Schneider et al., 2020) enable plants to reduce the metabolic
cost of soil exploration (e.g., through low-cost root cortical aerenchyma formation) while
increasing water extraction from deep soil layers (Lynch 2013; Zhan et al. 2015).
Notably, a single-gene associated with steeper root angles, DEEPER ROOTING 1
(DRO1), was first identified in rice to promote steeper root angles and increase plant
performance under drought (Uga et al., 2013). This gene has conserved function across
species such as Arabidopsis thaliana, Prunus species, and even maize (Guseman et
al., 2017; Feng et al., 2022). For maize, the expression of DRO1 under an ABA-
inducible promoter led to changes in root angle and increased drought tolerance (Feng
et al., 2022). A meta-analysis of quantitative trait loci (QTL) associated with root-related

drought stress adaptation across species, identified syntenic regions for DRO1 in
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wheat, barley, maize, and sorghum (Siddiqui et al., 2021). This conservation is
consistent with the shared genetic basis of maize and sorghum root architecture
identified in Zheng et al. (2020). Collectively, these studies demonstrate the power of
cross-species analysis and show promise that there are some pathways that provide
universal control of root architecture that can be used to develop drought tolerant
varieties. However, there are likely additional genes that can fine-tune this response in

different species, which remain to be identified.

The premise of steeper root angles and increased drought tolerance is built upon the
idea of a constitutive type of root architecture; however root systems are plastic and
responsive to their environment (Schneider and Lynch 2020; Lynch 2007). Maize shows
a decrease in crown root number in response to water deficit in both greenhouse and
field studies (Gao and Lynch 2016; Sebastian et al. 2016). In fact, Sebastian et al.
(2016) show that this suppression of crown roots post-emergence in response to water
deficit occurs not only in maize, but also other members of Poaceae like Setaria viridis,
sorghum, Brachypodium distachyon, and Panicum virgatum. This means that if drought
occurs at early stages, root growth will be suppressed, and a steeper growth angle
would not help even with the right genetics (unless alleles favoring crown root growth
under water deficit are identified). Another example of root system plasticity in response
to drought that has been broadly attributed to several plant species is a reduction in the
number and growth of lateral roots (Xiong et al., 2006). While this has been confirmed in
maize (Zhan et al., 2015), there is no published study assessing the lateral root
response to drought in sorghum. Again, these studies have focused on the shared

responses, and differences remain to be defined.

In addition to the DRO1 studies highlighted above, there are other association studies
that have attempted to link root traits with plant performance under drought stress. Most
of these studies have focused on aboveground phenotypes as a measure of plant
performance under drought stress. One of these phenotypes is the stay-green trait,
which is when plant leaves continue to photosynthesize and remain green during the

grain filling period providing an advantage under drought conditions (Borrell et al. 1999;
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Borrell et al. 2014; Borrell et al. 2022). In sorghum, a bi-parental QTL for nodal root
angle overlaps with QTL for stay-green (Mace et al., 2012). This finding is supported by
other studies that found that sorghum with steeper root angles were also more drought
tolerant (Singh et al., 2011; Lopez et al., 2017). A similar QTL analysis was performed
in maize and showed that QTL for root traits overlapped with QTL for shoot traits (Li et
al., 2018). Collectively, these data highlight the potential for cross-species analyses to
provide insight into shared physiological constraints that impact plant performance

under abiotic stress.

In optimizing root systems for drought tolerance, both constitutive and plastic responses
should be considered. While a steeper growth angle and deeper root systems are likely
to be advantageous for water acquisition under drought, the emergence of roots is
equally important for other root functions. Current research points to a shared
optimization mechanism between maize and sorghum, however there is limited work in
this area and more research is needed. It is unknown how the differences in constitutive
root architecture and different stress tolerance thresholds contribute to drought-

tolerance in maize and sorghum.

Salinity

Soil salinization is another prevalent abiotic stress that negatively impacts crops. Soil
salinity is a complex problem arising from both natural and human factors, and in
agriculture soil salinization typically worsens because of irrigation (Smedema and Shiati,
2002). With salinity stress, roots must be able to take up enough water to support the
demands of the plant (osmotic stress tolerance) while also excluding salt ions (ionic
stress tolerance). For some plant species, and even varieties within a species, osmotic
stress is more detrimental to plant productivity than ionic stress and for other plants the
opposite is true (Munns and Tester 2008). The different perception of stresses (osmotic
vs ionic) imposed by high salinity can impact the optimal root system architecture to be
targeted for salinity tolerance. Thus, understanding root system responses is important

for identifying candidate genes and traits to incorporate into breeding programs.
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Between the two crops discussed here, sorghum is considered a salt tolerant crop
(lgartua et al., 1995; Huang, 2018), whereas maize is considered a salt sensitive crop
(Maas and Hoffman, 1977; Maas et al., 1983; Rodriguez et al., 1997; Chinnusamy et al.,
2005; Munns and Tester, 2008; Shelden and Munns, 2023). In most species, including
maize and sorghum, the shoot growth is negatively impacted to a greater extent than
the root growth under salinity stress, resulting in a reduced shoot-to-root ratio
(Weimberg et al., 1984; Munns and Termaat, 1986; Wang et al., 2020; Shelden and
Munns, 2023). In both sorghum and maize, the primary root length decreases, with a
greater reduction occurring at higher salt concentrations and extended durations of salt
exposure (Kandil et al., 2012; Rajabi Dehnavi et al., 2020; Wang et al., 2020; Li et al.,
2021b). For both species, the roots of the salt tolerant genotypes were able to maintain
primary root growth under salinity more than the salt sensitive genotypes (Rajabi
Dehnavi et al., 2020; Wang et al., 2020).

Beyond the primary root, the response of other root types has been limited to studies in
maize. In maize, the primary root length is more tolerant to salt stress than other root
types (Rodriguez et al., 1997; Zhang et al., 2015; Wang et al., 2020; Li et al., 2021a).
Specifically, there is up to a 60% reduction in seminal root lengths (Rodriguez et al.,
1997; Zhang et al., 2015) and up to a 70% reduction in crown root lengths compared to
less than a 10% reduction in primary root lengths (Zhang et al., 2015). There is also up
to a 54% reduction in nodal root numbers under salinity stress (Wang et al., 2020).
While these data suggest a root-type specific response to salinity stress, the
experimental design or timing of stress may impact this interpretation (Shavrukov,
2013). Some studies introduced high concentrations of salts in a single dose (Zhang et
al., 2015; Li et al., 2021b,a) while others gradually increased salts to the desired
concentration, and no single study has reported a comprehensive root-type comparison

under different salinity stress conditions.

In mapping the genetic basis of salt-tolerance for both maize and sorghum, results show
an overlap in salt-tolerance QTL with root trait QTL (Luo et al., 2019; Hostetler et al.,

2021a). Additionally, there are overlaps in the response of root system architecture to
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drought stress and salt stress (Figure 1). Since salt stress has both an osmotic and
ionic stress phase, the impacts of osmotic stress are expected to phenocopy drought
stress, which is an osmotic stress. Yet, it remains unclear how roots distinguish
between the osmotic and ionic stresses imposed by salinity (Munns and Tester, 2008;
Shelden and Munns, 2023), and how this impacts root architectural responses. It is
further unclear how this leads to salt sensitivity in maize and salt-tolerance in sorghum.

Phosphorus

In addition to water and salt, roots are also faced with nutrient stresses. Nutrient
stresses have been mostly alleviated by the copious use of fertilizer; however, this
approach is unsustainable and there is a move toward more nutrient-use efficient crops.
The major nutrients required for plant growth are nitrogen (N) and phosphorus (P).
There have been extensive reviews written on the root responses to N (Lynch, 2013; Yu
et al., 2014, 2019; Sun et al., 2020), but less on P. Thus, we elected to focus on the

current state of knowledge for maize and sorghum root responses to P deficiency.

Although soil P availability mediates the below ground P-acquisition strategies of root
systems, the responses are complex and not uniform (spatially and temporally) (Wen et
al., 2019). P deficiency compromises plant growth in the early developmental stages,
while only moderately impacting growth during mature stages (Colomb et al., 2000).
The severity of P deficiency has differential effects on root system architecture in plants,
with moderate P deficiency stimulating root growth and more severe P deficiency
impairing root growth entirely (Wissuwa and Ae, 2001; Liu et al., 2004; Rose et al.,
2013). Under low P, uptake is restricted by the size of the root system, thus small
increases in the uptake of P will stimulate root growth and consequently elevate P
uptake (Wissuwa, 2003). The distribution of roots close to the nutrient-rich zone favors
P uptake and the establishment of plants. Under low P, a shallow root system, which
involves changes in seminal and lateral root growth (Zhu & Lynch, 2004; Zhu et al.,
2005; Zhu et al., 2006; Bayuelo-Jiménez et al., 2011; de Sousa et al., 2012; Postma et
al., 2014; Azevedo et al., 2015; Xucun et al., 2018; Perkins & Lynch, 2021; Alden et al.,
2021; Zhang & Ning, 2023; Ribeiro et al., 2023) and crown root angle (Baoru et al.,
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2018; Parra-Londono et al., 2018; Campolino et al., 2023), in addition to enhanced
proliferation of root hairs, provide potential adaptation to P scarcity through topsoil
foraging (Ho et al., 2005; Lynch, 2011; Lépez-Arredondo et al., 2014). Maize and
sorghum, genotypes with higher grain yield have wider crown root angle (Campolino et
al., 2023). Despite these similarities, maize and sorghum have differences in their
mining strategies, presumably with different costs (e.g., resources and energy) and
benefits. Maize plants present microorganism diversity and foraging traits (more
compact, bushy and shallow root system) and wider root angle than sorghum
(Campolino et al., 2023)(Figure 2).

Several mapping strategies have been applied to dissect the genetic complexity of root
morphology and architecture related to P deficiency in maize (Cai et al., 2012; Kumar et
al., 2014; Burton et al., 2014; Pace et al., 2015; Zurek et al., 2015; Azevedo et al., 2015;
Song et al., 2016; Ren et al., 2022; Ribeiro et al., 2023) and sorghum (Hufnagel et al.,
2014; Parra-Londono et al., 2018; Bernardino et al., 2019, 2021). One example in maize
suggests that different root plasticity mechanisms exist for adaptation to low P
conditions, with greater lateral root length and root surface (de Sousa et al., 2012;
Azevedo et al., 2015; Zhang & Ning, 2023) being significantly impacted as a result of P
level in all three genetic groups (Ribeiro et al., 2023). In sorghum, a GWA study
revealed significant QTL associated with several root traits, indicating hotspots
controlling root system development (Parra-Londono et al., 2018). At low P, the extent
of the root system was larger, likely due to more lateral roots and greater root length,
whereas at high P levels, roots were thicker. Interestingly, when looking at root system
architecture by cluster analysis, (Parra-Londono et al., 2018) identified three distinct
rooting types (small, exploratory, and compact and bushy), which would each be
favorable in different environmental conditions. These results further show that root
systems are plastic and that there is a lot of phenotypic and genetic variability in root

system architecture, which is important for breeding P-tolerant lines.

Nevertheless, there are not many genes directly linked to root system architecture and

P acquisition, particularly in crop species cultivated in soils with low P availability.
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However, one example in rice was identified as being a key player in P-deficiency
tolerance (Wissuwa et al., 2002). Rice lines overexpressing Phosphorus-starvation
tolerance 1 (PSTOL1), a receptor-like cytoplasmic kinase, were shown to have greater
total root length and surface area, P uptake, and grain yield under low P conditions
compared to the control (Wissuwa et al., 2002; Gamuyao et al., 2012). In sorghum,
multiple homologs of OsPSTOL1 have been shown to modify root system architecture
leading to increase in grain yield and biomass accumulation (Hufnagel et al., 2014;
Bernardino et al., 2019, 2021). Specifically, greater P uptake in low P environments was
associated with greater root length (primary and crown roots), smaller root diameter. In
maize, homologs of OsPSTOL1 that were preferentially expressed in roots and co-
localized with QTLs associated with root morphology and P acquisition traits (Azevedo
et al., 2015), mapped in the same region of QTLs for grain yield in a low P soil (Mendes
et al., 2014). Collectively this data shows that PSTOL1 is important in modulating total
root length (primary, seminal, and crown) and surface area in P-deficient environments

across species.

Another gene associated with root morphology is the maize transcription factor
ROOTLESS CONCERNING CROWN AND SEMINAL ROOTS (RTCS), which contains
a Lateral Organ Boundaries (LOB) domain. RTCS is responsible for the initiation of
embryonic seminal and postembryonic shoot-borne roots (Hetz et al., 1996; Taramino et
al., 2007; Xu et al., 2015). RTCS is highly expressed in a P efficient maize genotype
under low P conditions when compared to a P inefficient genotype (de Sousa et al.,
2012), indicating that it is modulated under low P and again emphasizing the

importance of root system size for P acquisition.

In contrast to drought and salt, the root system architecture that is advantageous for low
P is topsoil foraging, which requires shallow root systems and wider root angles (Figure
2). However, there is little knowledge about the root-type specific responses of maize
and sorghum to low P. This knowledge will be critical for future crop improvement aimed
at optimizing crops for multiple abiotic stressors.
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Functional trade-offs

Optimizing root system function is necessary to support plant growth, development, and
productivity in a changing environment. Throughout this review, we have focused on the
impact of abiotic stress on root system architecture primarily in the context of water and
nutrient acquisition, however, the impact of these changes on plant anchorage was not
discussed and is often overlooked. A failure of plant anchorage, called root lodging, has
significant detrimental impacts on crop yield (Carter and Hudelson, 1988; Rajkumara,
2008; Tirado et al., 2021). Plant anchorage is a complex trait defined by the strength of
the roots, the spatial and temporal distribution of the roots within the soil (root system
architecture), the strength of the root-soil adhesions, and the presence of microbial
communities (Ennos and Pellerin 2000). Of these, the root system architecture is
thought to be the most important for root anchorage. In maize, genotypes that have
greater root anchorage and are considered root lodging resistant, also have wider brace
root angles (Hostetler et al. 2022). However, a GWA analysis showed that root system
architecture only explains a portion of the root lodging characteristics (Zheng et al.,
2023). Thus, understanding the complexities of root anchorage is important for future

root optimization.

It's also interesting to consider how optimizing for different functions may influence other
functions. For example, studies in maize have shown that deeper and steeper root
systems are important for accessing water from deep soil layers (Lynch 2013), but other
results suggest that steep growth angles would compromise anchorage (Hostetler et al.
2022). Given the complex nature of root anchorage, more research is needed to
determine if anchorage could be improved without compromising other root functions

(e.g., water and nutrient uptake).

Most studies highlighted in this review have focused on primary roots, nodal roots, or
not distinguished the root type. Of note, there is a little focus on the unique
aboveground roots (brace roots) that are found in maize and sorghum (Hostetler et al.,
2021b). While these roots are important for anchorage (Reneau et al., 2020; Obayes et

al., 2022; Hostetler et al., 2022), there is limited information on how they respond to
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stresses. Thus, brace roots may be a critical way to overcome these tradeoffs by
providing anchorage, while enabling the belowground root system to respond

advantageously to abiotic stresses.

Conclusion

The spatial and temporal arrangement of roots is important for optimizing root function
while also minimizing the negative effects of abiotic stresses. In this review, we discuss
the constitutive and plastic responses of root system architecture in maize and sorghum
in response to drought, salt stress and low phosphorus. Under drought, there is little
known about how different root types respond and the potential for alleles that are
advantageous. However, constitutively steeper root angles and deeper root systems are
proposed to be important for drought tolerance in both maize and sorghum. In contrast,
there is no constitutive root system architecture proposed to optimize for high soil
salinity. This is likely because salt stress is a dual stress, which has both an osmotic
and ionic component. It is possible that the osmotic stress can be mitigated through
similar responses as drought stress, however more research is needed. In regard to
low P, a constitutive root system architecture proposed to be advantageous to tolerant
genotypes includes root systems that are wide and shallow to promote P acquisition via
topsoil foraging. Yet none of the work to-date allows us to link different root system
architectures with the differential stress tolerance of maize and sorghum. We propose
that comparative work focus not just on shared aspects, but also divergent aspects that
could elucidate different mechanisms of stress tolerance.

When considering the root system architecture that is advantageous under each of

these stressors, it is important to consider that there are both overlapping and distinct
features. However, each of these stresses has been studied in the absence of others,
and in a changing global climate there is a need to understand how to optimize plants
for multifaceted stressors. Moreover, root system architecture optimization is primarily
focused on nutrient and water acquisition, yet by only focusing on one root function,

other root functions such as anchorage could be compromised. Given that anchorage

is partially determined by root system architecture, there is an opportunity to
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compensate for any compromised anchorage by targeting specific root traits. Overall,
more research is needed to understand the functional trade-offs associated with
breeding for abiotic-tolerant crops, especially in important cereal crops like maize and

sorghum.

Acknowledgements

We thank Dr. Lindsay Erndwein of lllustrations by LindZeaMays for illustrating Figure 1
from this article. We thank members of the Sparks Lab, Eva Birtell, Teclemariam
Weldekidan, Irene Ibiwari Ikiriko, Thanduanlung Kamei, and Dave Giriffin, for providing
comments and suggestions on this manuscript. We also thank two anonymous

reviewers and the associate editor for their suggestions.

Author Contributions

All authors contributed to the writing and editing of the manuscript.

Conflict of Interest

No Conflict of Interest has been declared.

Funding
This work was supported by a United States Department of Agriculture (USDA) National

Institute of Food and Agriculture (NIFA) Postdoctoral Fellowship awarded to ANH (grant
no. 2022-67012-36840); Empresa Brasileira de Pesquisa Agropecuaria - Embrapa
(grant no. 20.20.03.024.00.00) awarded to SMDST; and Fundagao de Amparo a
Pesquisa do Estado de Minas Gerais - Fapemig (grant no. APQ-00606-21) awarded to
SMDST.

14



Accepted Manuscript
Version of Record at: https://doi.org/10.1093/jxb/erad390

References
Ahmed MA, Zarebanadkouki M, Kaestner A, Carminati A. 2016. Measurements of water

uptake of maize roots: the key function of lateral roots. Plant and soil 398, 59-77.

Ahmed MA, Zarebanadkouki M, Meunier F, Javaux M, Kaestner A, Carminati A. 2018.
Root type matters: measurement of water uptake by seminal, crown, and lateral roots in

maize. Journal of experimental botany 69, 1199-1206.

Atkinson JA, Rasmussen A, Traini R, Vo3 U, Sturrock C, Mooney SJ, Wells DM,
Bennett MJ. 2014. Branching out in roots: uncovering form, function, and regulation.
Plant physiology 166, 538-550.

Azevedo GC, Cheavegatti-Gianotto A, Negri BF, Hufnagel B, E Silva L da C, Magalhaes
JV, Garcia AAF, Lana UGP, de Sousa SM, Guimaraes CT. 2015. Multiple interval QTL
mapping and searching for PSTOL1 homologs associated with root morphology,
biomass accumulation and phosphorus content in maize seedlings under low-P. BMC
plant biology 15, 172.

Bernardino KC, de Menezes CB, de Sousa SM, Guimaraes CT, Carneiro PCS,
Schaffert RE, Kochian LV, Hufnagel B, Pastina MM, Magalhaes JV. 2021. Association
mapping and genomic selection for sorghum adaptation to tropical soils of Brazil in a
sorghum multiparental random mating population. TAG. Theoretical and applied
genetics 134, 295-312.

Bernardino KC, Pastina MM, Menezes CB, et al. 2019. The genetic architecture of
phosphorus efficiency in sorghum involves pleiotropic QTL for root morphology and

grain yield under low phosphorus availability in the soil. BMC plant biology 19, 87.

Blizard S, Sparks EE. 2018. Maize nodal roots. Annual plant reviews online 281-304.

15



Accepted Manuscript
Version of Record at: https://doi.org/10.1093/jxb/erad390

Borrell AK, Bidinger FR, Sunitha K. 1999. Stay-Green Trait Associated with Yield in
Recombinant Inbred Sorghum Lines Varying in Rate of Leaf Senescence. International
Sorghum and Millets Newsletter 40, 31-34.

Borrell AK, Mullet JE, George-Jaeggli B, van Oosterom EJ, Hammer GL, Klein PE,
Jordan DR. 2014. Drought adaptation of stay-green sorghum is associated with canopy
development, leaf anatomy, root growth, and water uptake. Journal of experimental
botany 65, 6251-6263.

Borrell AK, Wong ACS, George-Jaeggli B, et al. 2022. Genetic modification of PIN
genes induces causal mechanisms of stay-green drought adaptation phenotype.

Journal of experimental botany 73, 6711-6726.

Burton AL, Johnson JM, Foerster JM, Hirsch CN, Buell CR, Hanlon MT, Kaeppler SM,
Brown KM, Lynch JP. 2014. QTL mapping and phenotypic variation for root architectural
traits in maize (Zea mays L.). TAG. Theoretical and applied genetics 127, 2293-2311.

Cai H, Chen F, Mi G, Zhang F, Maurer HP, Liu W, Reif JC, Yuan L. 2012. Mapping
QTLs for root system architecture of maize (Zea mays L.) in the field at different

developmental stages. TAG. Theoretical and applied genetics 125, 1313—1324.

Campolino ML, dos Santos TT, Paula Lana UG de, Gomes EA, Guilhen JHS, Pastina
MM, Coelho AM, de Sousa SM. 2023. Crop type determines the relation between root
system architecture and microbial diversity indices in different phosphate fertilization

conditions. Field crops research 295, 108893.

Carter PR, Hudelson KD. 1988. Influence of simulated wind lodging on corn growth and

grain yield. Journal of Production Agriculture 1, 295-299.

Chinnusamy V, Jagendorf A, Zhu J-K. 2005. Understanding and improving salt

tolerance in plants. Crop science 45, 437—448.

16



Accepted Manuscript
Version of Record at: https://doi.org/10.1093/jxb/erad390

Clark NM, Van den Broeck L, Guichard M, et al. 2020. Novel Imaging Modalities
Shedding Light on Plant Biology: Start Small and Grow Big. Annual review of plant
biology 71, 789-816.

Colomb B, Kiniry JR, Debaeke P. 2000. Effect of soil phosphorus on leaf development

and senescence dynamics of field-grown maize. Agronomy journal 92, 428-435.

Duncan RR, Bockholt AJ, Miller FR. 1981. Descriptive comparison of senescent and

nonsenescent sorghum genotypes 1. Agronomy journal 73, 849-853.

Ennos AR, Pellerin S. 2000. Plant Anchorage. In: Smit AL,, In: Bengough AG, In:
Engels C, In: van Noordwijk M, In: Pellerin S, In: van de Geijn SC, eds. Root Methods:
A Handbook. Berlin, Heidelberg: Springer Berlin Heidelberg, 545-565.

Erenstein O, Jaleta M, Sonder K, Mottaleb K, Prasanna BM. 2022. Global maize
production, consumption and trade: trends and R&D implications. Food Security 14,
1295-1319.

Feng X, Jia L, Cai Y, et al. 2022. ABA-inducible DEEPER ROOTING 1 improves

adaptation of maize to water deficiency. Plant biotechnology journal 20, 2077—-2088.

Gamuyao R, Chin JH, Pariasca-Tanaka J, Pesaresi P, Catausan S, Dalid C, Slamet-
Loedin I, Tecson-Mendoza EM, Wissuwa M, Heuer S. 2012. The protein kinase Pstol1

from traditional rice confers tolerance of phosphorus deficiency. Nature 488, 535-539.
Gao Y, Lynch JP. 2016. Reduced crown root number improves water acquisition under

water deficit stress in maize (Zea mays L.). Journal of experimental botany 67, 4545—
4557.

17



Accepted Manuscript
Version of Record at: https://doi.org/10.1093/jxb/erad390

Guseman JM, Webb K, Srinivasan C, Dardick C. 2017. DRO1 influences root system
architecture in Arabidopsis and Prunus species. The Plant journal: for cell and
molecular biology 89, 1093-1105.

Hetz W, Hochholdinger F, Schwall M, Feix G. 1996. Isolation and characterization of
rtcs, a maize mutant deficient in the formation of nodal roots. The Plant journal: for cell

and molecular biology 10, 845-857.

Hochholdinger F. 2009. The Maize Root System: Morphology, Anatomy, and Genetics.
In: Bennetzen JL, In: Hake SC, eds. Handbook of Maize: Its Biology. New York, NY:
Springer New York, 145-160.

Hochholdinger F, Park WJ, Sauer M, Woll K. 2004a. From weeds to crops: genetic
analysis of root development in cereals. Trends in plant science 9, 42—48.

Hochholdinger F, Woll K, Sauer M, Dembinsky D. 2004b. Genetic Dissection of Root
Formation in Maize (Zea mays) Reveals Root-type Specific Developmental

Programmes. Annals of botany 93, 359-368.

Hochholdinger F, Yu P, Marcon C. 2018. Genetic Control of Root System Development

in Maize. Trends in plant science 23, 79-88.

Ho MD, Rosas JC, Brown KM, Lynch JP. 2005. Root architectural tradeoffs for water
and phosphorus acquisition. Functional plant biology: FPB 32, 737-748.

Hostetler AN, Erndwein L, Reneau JW, Stager A, Tanner HG, Cook D, Sparks EE.

2022. Multiple brace root phenotypes promote anchorage and limit root lodging in
maize. Plant, cell & environment 45, 1573-1583.

18



Accepted Manuscript
Version of Record at: https://doi.org/10.1093/jxb/erad390

Hostetler AN, Govindarajulu R, Hawkins JS. 2021a. QTL mapping in an interspecific
sorghum population uncovers candidate regulators of salinity tolerance. Plant Stress 2,
100024.

Hostetler AN, Khangura RS, Dilkes BP, Sparks EE. 2021b. Bracing for sustainable
agriculture: the development and function of brace roots in members of Poaceae.

Current opinion in plant biology 59, 101985.

Huang R-D. 2018. Research progress on plant tolerance to soil salinity and alkalinity in

sorghum. Journal of integrative agriculture 17, 739-746.

Hufnagel B, de Sousa SM, Assis L, et al. 2014. Duplicate and conquer: multiple
homologs of PHOSPHORUS-STARVATION TOLERANCE1 enhance phosphorus
acquisition and sorghum performance on low-phosphorus soils. Plant physiology 166,
659-677.

lgartua E, Gracia MP, Lasa JM. 1995. Field responses of grain sorghum to a salinity

gradient. Field crops research 42, 15-25.

Igbal MS, Singh AK, Ansari MI. 2020. Effect of Drought Stress on Crop Production. In:
Rakshit A, In: Singh HB, In: Singh AK, In: Singh US, In: Fraceto L, eds. New Frontiers in

Stress Management for Durable Agriculture. Singapore: Springer Singapore, 35—47.

Jordan DR, Hunt CH, Cruickshank AW, Borrell AK, Henzell RG. 2012. The relationship
between the stay-green trait and grain yield in elite sorghum hybrids grown in a range of
environments. Crop science 52, 1153-1161.

Kandil AA, Sharief AE, Abido WAE, Ibrahim MM. 2012. Effect of salinity on seed

germination and seedling characters of some forage sorghum cultivars. International
Journal of Agriculture Sciences 4, 306.

19



Accepted Manuscript
Version of Record at: https://doi.org/10.1093/jxb/erad390

Kumar B, Abdel-Ghani AH, Pace J, Reyes-Matamoros J, Hochholdinger F, Lubberstedt
T. 2014. Association analysis of single nucleotide polymorphisms in candidate genes
with root traits in maize (Zea mays L.) seedlings. Plant science: an international journal

of experimental plant biology 224, 9-19.

Lamaoui M, Jemo M, Datla R, Bekkaoui F. 2018. Heat and Drought Stresses in Crops

and Approaches for Their Mitigation. Frontiers in chemistry 6, 26.

Liu Y, Mi G, Chen F, Zhang J, Zhang F. 2004. Rhizosphere effect and root growth of
two maize (Zea mays L.) genotypes with contrasting P efficiency at low P availability.

Plant science: an international journal of experimental plant biology 167, 217-223.

Li P, Yang X, Wang H, Pan T, Wang Y, Xu Y, Xu C, Yang Z. 2021a. Genetic control of
root plasticity in response to salt stress in maize. TAG. Theoretical and applied genetics
134, 1475-1492.

Li P-C, Yang X-Y, Wang H-M, Pan T, Yang J-Y, Wang Y-Y, Xu Y, Yang Z-F, Xu C-W.
2021b. Metabolic responses to combined water deficit and salt stress in maize primary

roots. Journal of integrative agriculture 20, 109-119.

Li P, Zhang Y, Yin S, et al. 2018. QTL-By-Environment Interaction in the Response of
Maize Root and Shoot Traits to Different Water Regimes. Frontiers in plant science 9,
229.

Lépez-Arredondo DL, Leyva-Gonzalez MA, Gonzalez-Morales S, Lépez-Bucio J,
Herrera-Estrella L. 2014. Phosphate nutrition: improving low-phosphate tolerance in

crops. Annual review of plant biology 65, 95-123.

Lopez JR, Erickson JE, Munoz P, Saballos A, Felderhoff TJ, Vermerris W. 2017. QTLs
Associated with Crown Root Angle, Stomatal Conductance, and Maturity in Sorghum.

The plant genome 10.

20



Accepted Manuscript
Version of Record at: https://doi.org/10.1093/jxb/erad390

Luo M, Zhang Y, Chen K, Kong M, Song W, Lu B, Shi Y, Zhao Y, Zhao J. 2019.
Mapping of quantitative trait loci for seedling salt tolerance in maize. Molecular

breeding: new strategies in plant improvement 39, 64.

Lynch J. 1995. Root Architecture and Plant Productivity. Plant physiology 109, 7-13.

Lynch JP. 2007. Roots of the Second Green Revolution. Australian journal of botany 55,
493-512.

Lynch JP. 2011. Root phenes for enhanced soil exploration and phosphorus acquisition:

tools for future crops. Plant physiology 156, 1041-1049.

Lynch JP. 2013. Steep, cheap and deep: an ideotype to optimize water and N

acquisition by maize root systems. Annals of botany 112, 347-357.

Lynch JP, Chimungu JG, Brown KM. 2014. Root anatomical phenes associated with
water acquisition from drying soil: targets for crop improvement. Journal of experimental
botany 65, 6155-6166.

Lynch JP, Wojciechowski T. 2015. Opportunities and challenges in the subsoil:
pathways to deeper rooted crops. Journal of experimental botany 66, 2199-2210.

Maas EV, Hoffman GJ. 1977. Crop salt tolerance—current assessment. Journal of the

Irrigation and Drainage Division 103, 115-134.

Maas EV, Hoffman GJ, Chaba GD, Poss JA, Shannon MC. 1983. Salt sensitivity of corn

at various growth stages. Irrigation Science 4, 45-57.

Mace ES, Singh V, Van Oosterom EJ, Hammer GL, Hunt CH, Jordan DR. 2012. QTL

for nodal root angle in sorghum (Sorghum bicolor L. Moench) co-locate with QTL for

21



Accepted Manuscript
Version of Record at: https://doi.org/10.1093/jxb/erad390

traits associated with drought adaptation. TAG. Theoretical and applied genetics 124,
97-1009.

Mendes FF, Guimaraes LJM, Souza JC, Guimaraes PEO, Magalhaes JV, Garcia AAF,
Parentoni SN, Guimaraes CT. 2014. Genetic architecture of phosphorus use efficiency
in tropical maize cultivated in a low-P soil. Crop science 54, 1530-1538.

Munns R, Termaat A. 1986. Whole-plant responses to salinity. Functional plant biology:
FPB 13, 143.

Munns R, Tester M. 2008. Mechanisms of salinity tolerance. Annual review of plant
biology 59, 651-681.

Obayes SK, Timber L, Head M, Sparks EE. 2022. Evaluation of brace root parameters

and its effect on the stiffness of maize. in silico Plants 4.

Pace J, Gardner C, Romay C, Ganapathysubramanian B, Lubberstedt T. 2015.
Genome-wide association analysis of seedling root development in maize (Zea mays
L.). BMC genomics 16, 47.

Pardo J, VanBuren R. 2021. Evolutionary innovations driving abiotic stress tolerance in
C4 grasses and cereals. The Plant cell 33, 3391-3401.

Parra-Londono S, Kavka M, Samans B, Snowdon R, Wieckhorst S, Uptmoor R. 2018.
Sorghum root-system classification in contrasting P environments reveals three main
rooting types and root-architecture-related marker—trait associations. Annals of botany
121, 267-280.

Perkins AC, Lynch JP. 2021. Increased seminal root number associated with
domestication improves nitrogen and phosphorus acquisition in maize seedlings. Annals
of botany 128, 453—468.

22



Accepted Manuscript
Version of Record at: https://doi.org/10.1093/jxb/erad390

Poorter H, Fiorani F, Pieruschka R, Wojciechowski T, van der Putten WH, Kleyer M,
Schurr U, Postma J. 2016. Pampered inside, pestered outside? Differences and
similarities between plants growing in controlled conditions and in the field. The New
phytologist 212, 838-855.

Postma JA, Dathe A, Lynch JP. 2014. The optimal lateral root branching density for
maize depends on nitrogen and phosphorus availability. Plant physiology 166, 590-602.

Rajabi Dehnavi A, Zahedi M, Ludwiczak A, Cardenas Perez S, Piernik A. 2020. Effect of
Salinity on Seed Germination and Seedling Development of Sorghum (Sorghum bicolor

(L.) Moench) Genotypes. Agronomy 10, 859.

Rajkumara. 2008. Lodging in cereals-a review. Agricultural review.

Reneau JW, Khangura RS, Stager A, Erndwein L, Weldekidan T, Cook DD, Dilkes BP,
Sparks EE. 2020. Maize brace roots provide stalk anchorage. Plant direct 4, e00284.

Ren W, Zhao L, Liang J, et al. 2022. Genome-wide dissection of changes in maize root

system architecture during modern breeding. Nature plants 8, 1408-1422.

Ribeiro CAG, de Sousa Tinoco SM, de Souza VF, et al. 2023. Genome-Wide
Association Study for Root Morphology and Phosphorus Acquisition Efficiency in

Diverse Maize Panels. International journal of molecular sciences 24.
Rich SM, Christopher J, Richards R, Watt M. 2020. Root phenotypes of young wheat

plants grown in controlled environments show inconsistent correlation with mature root

traits in the field. Journal of experimental botany 71, 4751-4762.

23



Accepted Manuscript
Version of Record at: https://doi.org/10.1093/jxb/erad390

Rodriguez HG, Roberts J, Jordan WR, Drew MC. 1997. Growth, Water Relations, and
Accumulation of Organic and Inorganic Solutes in Roots of Maize Seedlings during Salt
Stress. Plant physiology 113, 881-893.

Rooney WL, Blumenthal J, Bean B, Mullet JE. 2007. Designing sorghum as a dedicated
bioenergy feedstock. Biofuels, Bioproducts & Biorefining 1, 147-157.

Rose TJ, Liu L, Wissuwa M. 2013. Improving phosphorus efficiency in cereal crops: Is
breeding for reduced grain phosphorus concentration part of the solution? Frontiers in

plant science 4, 444.

Rosenow DT, Quisenberry JE, Wendt CW, Clark LE. 1983. Drought tolerant sorghum
and cotton germplasm. Agricultural water management 7, 207-222.

Sanchez AC, Subudhi PK, Rosenow DT, Nguyen HT. 2002. Mapping QTLs associated
with drought resistance in sorghum (Sorghum bicolor L. Moench). Plant molecular
biology 48, 713-726.

Schneider HM, Klein SP, Hanlon MT, Nord EA, Kaeppler S, Brown KM, Warry A,
Bhosale R, Lynch JP. 2020. Genetic control of root architectural plasticity in maize.

Journal of experimental botany 71, 3185-3197.

Schneider HM, Lynch JP. 2020. Should Root Plasticity Be a Crop Breeding Target?

Frontiers in plant science 11, 546.

Sebastian J, Yee M-C, Goudinho Viana W, et al. 2016. Grasses suppress shoot-borne
roots to conserve water during drought. Proceedings of the National Academy of
Sciences of the United States of America 113, 8861-8866.

Shavrukov Y. 2013. Salt stress or salt shock: which genes are we studying? Journal of

experimental botany 64, 119-127.

24



Accepted Manuscript
Version of Record at: https://doi.org/10.1093/jxb/erad390

Shelden MC, Munns R. 2023. Crop root system plasticity for improved yields in saline
soils. Frontiers in plant science 14, 1120583.

Siddiqui MN, Léon J, Naz AA, Ballvora A. 2021. Genetics and genomics of root system
variation in adaptation to drought stress in cereal crops. Journal of experimental botany
72,1007-1019.

Singh V, van Oosterom EJ, Jordan DR, Hunt CH, Hammer GL. 2011. Genetic variability
and control of nodal root angle in sorghum. Crop science 51, 2011-2020.

Singh V, van Oosterom EJ, Jordan DR, Messina CD, Cooper M, Hammer GL. 2010.
Morphological and architectural development of root systems in sorghum and maize.
Plant and soil 333, 287-299.

Smedema LK, Shiati K. 2002. Irrigation and Salinity: a Perspective Review of the
Salinity Hazards of Irrigation Development in the Arid Zone. Irrigation and Drainage
Systems 16, 161-174.

Song W, Wang B, Hauck AL, Dong X, Li J, Lai J. 2016. Genetic dissection of maize
seedling root system architecture traits using an ultra-high density bin-map and a

recombinant inbred line population. Journal of integrative plant biology 58, 266—279.

de Sousa SM, Clark RT, Mendes FF, de Oliveira AC, de Vasconcelos MJV, Parentoni
SN, Kochian LV, Guimaraes CT, Magalhaes JV. 2012. A role for root morphology and
related candidate genes in P acquisition efficiency in maize. Functional plant biology:
FPB 39, 925-935.

Sun X, Chen F, Yuan L, Mi G. 2020. The physiological mechanism underlying root
elongation in response to nitrogen deficiency in crop plants. Planta 251, 84.

25



Accepted Manuscript
Version of Record at: https://doi.org/10.1093/jxb/erad390

Swigornova Z, Lai J, Ma J, Ramakrishna W, Llaca V, Bennetzen JL, Messing J. 2004.
Close Split of Sorghum and Maize Genome Progenitors. Genome research 14, 1916—
1923.

Taramino G, Sauer M, Stauffer JL Jr, Multani D, Niu X, Sakai H, Hochholdinger F. 2007.
The maize (Zea mays L.) RTCS gene encodes a LOB domain protein that is a key
regulator of embryonic seminal and post-embryonic shoot-borne root initiation. The

Plant journal: for cell and molecular biology 50, 649-659.

Tirado SB, Hirsch CN, Springer NM. 2021. Utilizing temporal measurements from UAVs
to assess root lodging in maize and its impact on productivity. Field crops research 262,
108014.

Trachsel S, Kaeppler SM, Brown KM, Lynch JP. 2011. Shovelomics: high throughput
phenotyping of maize (Zea mays L.) root architecture in the field. Plant and soil 341,
75-87.

Uga Y, Sugimoto K, Ogawa S, et al. 2013. Control of root system architecture by
DEEPER ROOTING 1 increases rice yield under drought conditions. Nature genetics
45, 1097-1102.

Vadez V, Deshpande SP, Kholova J, Hammer GL, Borrell AK, Talwar HS, Hash CT.
2011. Stay-green quantitative trait loci’'s effects on water extraction, transpiration

efficiency and seed yield depend on recipient parent background. Functional plant
biology: FPB 38, 553-566.

Wang H, Liang L, Liu S, et al. 2020. Maize genotypes with deep root systems tolerate

salt stress better than those with shallow root systems during early growth. Journal of

agronomy and crop science 206, 711-721.

26



Accepted Manuscript
Version of Record at: https://doi.org/10.1093/jxb/erad390

Weimberg R, Lerner HR, Poljakoff-Mayber A. 1984. Changes in growth and water-
soluble solute concentrations in Sorghum bicolor stressed with sodium and potassium
salts. Physiologia plantarum 62, 472—-480.

Wen Z, Li H, Shen Q, Tang X, Xiong C, Li H, Pang J, Ryan MH, Lambers H, Shen J.
2019. Tradeoffs among root morphology, exudation and mycorrhizal symbioses for
phosphorus-acquisition strategies of 16 crop species. The New phytologist 223, 882—
895.

Wissuwa M. 2003. How do plants achieve tolerance to phosphorus deficiency? Small

causes with big effects. Plant physiology 133, 1947-1958.

Wissuwa M, Ae N. 2001. Genotypic variation for tolerance to phosphorus deficiency in
rice and the potential for its exploitation in rice improvement. Plant breeding 120, 43—48.

Wissuwa M, Wegner J, Ae N, Yano M. 2002. Substitution mapping of Pup1: a major
QTL increasing phosphorus uptake of rice from a phosphorus-deficient soil. TAG.
Theoretical and applied genetics 105, 890-897.

Xiong L, Wang R-G, Mao G, Koczan JM. 2006. Identification of drought tolerance
determinants by genetic analysis of root response to drought stress and abscisic Acid.
Plant physiology 142, 1065-1074.

Xu C, Tai H, Saleem M, et al. 2015. Cooperative action of the paralogous maize lateral
organ boundaries (LOB) domain proteins RTCS and RTCL in shoot-borne root

formation. The New phytologist 207, 1123-1133.

Yu P, Hochholdinger F, Li C. 2019. Plasticity of Lateral Root Branching in Maize.
Frontiers in plant science 10, 363.

27



Accepted Manuscript
Version of Record at: https://doi.org/10.1093/jxb/erad390

Yu P, White PJ, Hochholdinger F, Li C. 2014. Phenotypic plasticity of the maize root
system in response to heterogeneous nitrogen availability. Planta 240, 667—678.

Zhang M, Kong X, Xu X, Li C, Tian H, Ding Z. 2015. Comparative transcriptome profiling
of the maize primary, crown and seminal root in response to salinity stress. PloS one
10, e0121222.

Zhang Y, Ning P. 2023. Differential root response of maize inbred seedlings to root

growth restriction and phosphorus availability. Biologia 78, 31-39.

Zhan A, Schneider H, Lynch JP. 2015. Reduced Lateral Root Branching Density
Improves Drought Tolerance in Maize. Plant physiology 168, 1603—1615.

Zheng Z, Guo B, Dutta S, Roy V, Liu H, Schnable PS. 2023. The 2020 derecho
revealed limited overlap between maize genes associated with root lodging and root

system architecture. Plant physiology 192, 2394-2403.

Zheng Z, Hey S, Jubery T, et al. 2020. Shared Genetic Control of Root System
Architecture between Zea mays and Sorghum bicolor. Plant physiology 182, 977-991.

Zhu J, Kaeppler SM, Lynch JP. 2005. Mapping of QTLs for lateral root branching and
length in maize (Zea mays L.) under differential phosphorus supply. TAG. Theoretical
and applied genetics 111, 688-695.

Zhu J, Lynch JP. 2004. The contribution of lateral rooting to phosphorus acquisition
efficiency in maize (Zea mays) seedlings. Functional plant biology: FPB 31, 949-958.

Zhu J, Mickelson SM, Kaeppler SM, Lynch JP. 2006. Detection of quantitative trait loci

for seminal root traits in maize (Zea mays L.) seedlings grown under differential
phosphorus levels. TAG. Theoretical and applied genetics 113, 1-10.

28



Accepted Manuscript
Version of Record at: https://doi.org/10.1093/jxb/erad390

Zurek PR, Topp CN, Benfey PN. 2015. Quantitative trait locus mapping reveals regions
of the maize genome controlling root system architecture. Plant physiology 167, 1487—
1496.

Fiqure Legends
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Figure 1 Changes in root system architecture of maize and sorghum plants in
response to drought, salt, and low phosphorus. The maize and sorghum root
systems are comprised of embryonic and post-embryonic root types. In maize, the
embryonic root system includes both primary and seminal roots, whereas in sorghum,
the embryonic root system lacks seminal roots. Both the sorghum and maize post-
embryonic root systems consist of nodal and lateral roots. Nodal roots can be further
divided into roots that emerge from nodes below the soil, called crown roots, and roots
that emerge from nodes above the soil, called brace roots. For each of the root types
(primary, seminal, crown, brace, and lateral), changes in root traits (root length, root
number, and root angle) were described as increasing (green icons) or decreasing (red
icons) in response to drought, salt, and low phosphorus. For each root type, changes in
maize root traits are illustrated to the left of the line with a larger maize seed icon.
Changes in sorghum root traits are illustrated to the right of the line with a smaller
sorghum seed icon. When interpreting changes in root angle, we considered the ground

as 90-deg, therefore a steeper root angle would be considered a decrease. See

29



Accepted Manuscript
Version of Record at: https://doi.org/10.1093/jxb/erad390

Supplemental Table S1 for more information regarding references used for the
generation of Figure 1.

Sorghum

Figure 2 The maize and sorghum root systems are distinct. The maize root system is
denser with wider root angles compared to the sorghum root system. Images are from
field grown plants collected via shovelomics at 60-70 days after planting. Sorghum

genotype -1G100 (Pioneer); Maize genotype - 1M1752 (Embrapa Maize and Sorghum)
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