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SUMMARY

Root architecture can be targeted in breeding programs to develop crops with better capture of water and
nutrients. In rich nations, such crops would reduce production costs and environmental pollution and, in
developing nations, they would improve food security and economic development. Crops with deeper roots
would have better climate resilience while also sequestering atmospheric CO,. Deeper rooting, which
improves water and N capture, is facilitated by steeper root growth angles, fewer axial roots, reduced lat-
eral branching, and anatomical phenotypes that reduce the metabolic cost of root tissue. Mechanical imped-
ance, hypoxia, and Al toxicity are constraints to subsoil exploration. To improve topsoil foraging for P, K,
and other shallow resources, shallower root growth angles, more axial roots, and greater lateral branching
are beneficial, as are metabolically cheap roots. In high-input systems, parsimonious root phenotypes that
focus on water capture may be advantageous. The growing prevalence of Conservation Agriculture is shift-
ing the mechanical impedance characteristics of cultivated soils in ways that may favor plastic root pheno-
types capable of exploiting low resistance pathways to the subsoil. Root ideotypes for many low-input
systems would not be optimized for any one function, but would be resilient against an array of biotic and
abiotic challenges. Root hairs, reduced metabolic cost, and developmental regulation of plasticity may be
useful in all environments. The fitness landscape of integrated root phenotypes is large and complex, and
hence will benefit from in silico tools. Understanding and harnessing root architecture for crop improve-
ment is a transdisciplinary opportunity to address global challenges.
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ROOT ARCHITECTURE IS CRITICALLY IMPORTANT FOR importance in determining how plants acquire soil

THE GRAND CHALLENGE OF THE 21ST CENTURY: HOW
TO SUSTAIN 10 BILLION PEOPLE IN A DEGRADED
ENVIRONMENT

Humanity is at a crossroads. Human demands upon natu-
ral resources are growing in scope and intensity as those
resources are being critically degraded. We need to
develop new and more sustainable ways to live on this
planet. Although this is true of nearly all aspects of human
culture, it is especially relevant to our symbiosis with
plants. The large majority of human interaction with terres-
trial ecosystems consists of managing plants for food,
wood, fiber, and increasingly fuel. Suboptimal water and
nutrient availability are primary, pervasive limits to plant
productivity. Roots are the interface of plants with soils,
and root architecture, meaning the physical configuration
of root systems in time and space, has overarching
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resources. Root architecture therefore has a central role in
the productivity and sustainability of all plant ecosystems,
and thereby with our ability to exist.

Although root architecture is important for all terrestrial
plant ecosystems, it is especially relevant in crop produc-
tion because crops are more intensively managed and
genetically improved, and are more essential for human
welfare, than less intensively managed systems such as
forests, pastures, and rangelands. Global agriculture
urgently needs crops with better tolerance of drought and
infertile soils. In the low-input cropping systems character-
istic of developing nations, drought and nutrient deficiency
limit crop yields, and therefore food security and economic
development (FAO, 2015; Nkonya et al., 2016; World Bank,
2017). In high-input cropping systems, irrigation and inten-
sive fertilization are costly, cause massive environmental
pollution and resource depletion, and are unsustainable
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(Foley et al., 2011; Woods et al., 2010). Ongoing soil degra-
dation is decreasing soil fertility and the ability of soils to
respond to inputs (Narasimha et al., 2020). Drought,
already the primary limit to global crop production, is
worsening as a result of global climate change, by increas-
ing atmospheric temperatures and thereby evapotranspira-
tion, as well as by altering precipitation patterns (Mbow et
al., 2019; Pachauri et al., 2015; Tebaldi and Lobell, 2008).
The accelerating effects of global climate change are likely
to exacerbate soil degradation and limit crop yields, espe-
cially in developing nations (Lynch et al., 2021a,b; St.Clair
and Lynch, 2010). All of this is occurring against a back-
drop of unprecedented expansion of the human popula-
tion, the large majority of which is occurring in food-
insecure regions with drought and soil fertility challenges,
as well as increasing food demand per capita. Sustaining
10 billion people in a degraded global environment is the
paramount challenge of the 21st century. An inextricable
component of that effort will be the development of crops
with greater stress tolerance, and reduced reliance on irri-
gation and fertilizer.

In this review, | consider opportunities to breed crops with
greater tolerance to drought and low soil fertility, as well as
greater ability to sequester C from the atmosphere, by
improving root architecture. This is a very broad topic that
will not be comprehensively reviewed. Rather, | attempt to
provide an overview of key issues, concepts, opportunities,
and knowledge gaps. Model organisms, genetic manipula-
tion, and highly controlled yet artificial growth conditions
are invaluable tools to advance our understanding of basic
root biology and its genetic and molecular regulation
(Malamy, 2005; Wachsman et al., 2015). However, in the
interests of brevity, to complement published reviews, as
well as to maintain a focus on issues with immediate rele-
vance to crop improvement, | focus on studies that demon-
strate the functional utility of natural genotypic variation for
specific root architectural phenotypes in annual crops of
global importance, grown in the field or in realistic con-
trolled environments (Rao et al., 2016). | also focus on root
phenotypes rather than their genetic control and molecular
breeding strategies, which have been the subject of other
recent reviews (de Dorlodot et al., 2007; Mai et al., 2014,
Varshney et al., 2021; Wasson et al., 2012).

THERE ARE TWO BROAD CLASSES OF SOIL RESOURCES:
MOBILE (DEEP) AND IMMOBILE (SHALLOW)

Water readily moves through agricultural soils and there-
fore tends to be more available at depth. Exceptions are
irrigated dryland systems in which water is regularly pro-
vided over a dry subsoil, but such systems are rare.
Another important exception is the case of intermittent
drought stress. Nutrients that are soluble in water and are
not readily bound by the soil consequently leach with
water and therefore are generally more available at depth.

The most important of these is nitrate. In low-input sys-
tems, nitrogen can be a shallow resource through gradual
mineralization of organic matter in the topsoil. The two
most important limiting resources for most agroecosys-
tems, water and N, are therefore typically deep resources.
The third most important constraint to global crop produc-
tion is P, which, unlike nitrate, is immobilized by many soil
constituents and therefore moves very slowly in soil by dif-
fusion (Barber, 1995). Because of the continual deposition
of P and other nutrients at the soil surface in decaying
plant matter, and their slow downward movement via
leaching, P accumulates in the topsoil (Lynch and Brown,
2001). Its bioavailability is also greater in the topsoil than
the subsoil because of greater biological activity, soil
organic matter, and oxygen, as well as factors that reduce
P bioavailability in the subsoil such as acidity. Potassium,
NH,, Ca, and Mg have mobilities intermediate between
nitrate and phosphate because they are retained by soil
cation exchange capacity. Sulfate, similar to nitrate, lea-
ches readily. Therefore, roots must balance exploration of
the topsoil, where P, K, and many other essential resources
are localized, with exploration of the subsoil, where water
and nitrate are localized (“Balancing deep and shallow
exploitation” section).

ROOT ARCHITECTURAL PHENOTYPES TO IMPROVE THE
CAPTURE OF DEEP SOIL RESOURCES

Steep, cheap, and deep

The ‘steep, cheap, and deep’ root ideotype for improved N
and water capture consists of architectural, anatomical,
and physiological traits that promote rapid exploration of
deep soil domains (Lynch, 2013) (Figure 1). The speed of
subsoil exploration is especially relevant for nitrate capture
because, in many crop systems, there is a pulse of nitrate
leaching early in the season, whether from fertilization or
interseasonal mineralization of soil organic matter, during
seedling establishment and early vegetative growth when
plants have not yet fully developed their root systems. In
this context, rapid subsoil exploration will capture nitrate
that may otherwise leach out of the root zone entirely. By
contrast, deep soil water is generally more important later
in the growing season. ‘Steep’ refers to root growth angle,
as well as other architectural phenotypes that promote
deep rooting, whereas ‘cheap’ refers to traits that reduce
the metabolic cost of soil exploration.

Root growth angle. It is intuitively obvious from simple
geometry that steeper root growth angles will result in
more rapid development of deep roots, and therefore bet-
ter utilization of deep soil resources, most importantly
water and N (Figure 1). An elegant example of this is the
gene DRO1, which regulates the growth angle of rice nodal
roots (Uga et al., 2013). The presence of the DRO1 allele in
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Figure 1. Steep, Cheap, and Deep and Topsoil
Foraging ideotypes in maize (top) and common
bean (bottom) at 42 days after germination as sim-
ulated by opensiMrooT. The center image represents
standard phenotypes in maize and common bean
germplasm. In maize (representing a non-tillering
monocot root architecture), the Steep, Cheap, and
Deep phenotype was generated by reducing the
number of axial roots, decreasing lateral root
branching density, and increasing the steepness of
crown root growth angles, whereas the Topsoil For-
aging phenotype was generated by doing the oppo-
site. In common bean (representing an annual dicot
root architecture), the Steep, Cheap, and Deep phe-
notype was generated by reducing the number of
hypocotyl-borne roots, reducing the number of
basal root whorls, decreasing lateral root branching
density, and increasing the steepness of basal root
growth angles, whereas the Topsoil Foraging phe-
notype was generated by doing the opposite. It has
been proposed that the Steep, Cheap, and Deep
phenotype is useful for the capture of subsoil
resources including water and leached nitrate,
whereas the Topsoil Foraging phenotype is useful
for the capture of topsoil resources including
recently mineralized NOs;, NH,, P, K, Ca, and Mg
and, in some cases, micronutrient metals. Model
parameters are based on empirical observations.
Images courtesy of Ernst Schafer. Reproduced from
Lynch (2019).

rice isolines makes nodal roots steeper, deeper, and there-
fore better able to tolerate drought stress. In wheat,
steeper nodal root growth angles are associated with bet-
ter extraction of deep soil water and hence better yield
under drought (Manschadi et al., 2010). Root angle regu-
lates topsoil and subsoil foraging in common bean, with
deeper root growth angles leading to better subsoil explo-
ration, water capture, and drought tolerance (Ho et al.,
2005). Steep root growth angles are also likely to be impor-
tant for N capture because, in most agricultural soils, N is
rapidly converted to nitrate, which readily leaches to dee-
per soil strata (Barber, 1995). Root depth, N capture, and
plant growth and yield under N stress are substantially bet-
ter in maize lines with steeper root growth angles (Dathe
et al., 2016; Trachsel et al., 2013). Mutating the maize gene
zmCIPK15, which regulates nodal root growth angle, leads
to steeper growth angles at two nodal positions, which in
turn leads to better N capture from deep soil and better
plant growth in low N conditions in the field (Schneider et
al., 2021a,b) (Figure 2). Taken together, these results
(amongst others not mentioned here) support the hypothe-
sis that steeper growth angles of axial roots improve sub-
soil exploration and thereby acquisition of the deep soil
resources water and N.

© 2021 The Authors.

Steep, Cheap, Deep standard

Topsoil Foraging

Number of axial roots. The second element of the steep,
cheap and deep ideotype is ‘cheap’, denoting traits that
reduce the metabolic cost of soil exploration. Root growth
and maintenance consume a significant portion of internal
plant resources (e.g. photosynthates, N, P, energy), espe-
cially under edaphic stress, which, in the case of the three
primary soil resources (i.e. water, N, and P), increases
resource allocation to roots relative to shoots. For exam-
ple, root maintenance respiration accounted for up to 72%
of the growth reduction caused by suboptimal K availabil-
ity in maize plants in silico, and up to 38% of the growth
reduction caused by suboptimal N or P availability (Postma
and Lynch, 2011b). In this context, root phenotypes that
reduce the metabolic cost of soil exploration should be
beneficial for plant growth, by permitting greater soil
exploration and hence greater capture of soil resources, as
well as by liberating internal resources for other plant pro-
cesses (Lynch, 2014; Lynch and Ho, 2005). An obvious
architectural phene (‘phene’ is a fundamental unit of the
phenotype, as opposed to phene aggregates, sensu York
et al., 2013) that regulates root cost is simply the number
of root axes produced. It was therefore proposed that root
phenotypes with fewer axial roots would have greater
resources to support the growth of the existing axial roots,
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Figure 2. (a) Field-excavated root crowns of wild-type and zmCIPK mutant maize genotypes. (b) Growth angles (degrees from horizontal) of second node crown
roots of wildtype and zmCIPK mutant maize genotypes under water deficit and low N stress in the greenhouse. (c) N uptake and biomass of wild-type and
zmCIPK mutant maize genotypes from low N soil at 40 days after germination as simulated in opensiMrooT. (d) N uptake from deep soil and biomass of wildtype
and zmCIPK mutant maize genotypes 70 days after planting in the field in low N soil. Bars within a panel with different letters are significantly different at

P < 0.05. Adapted from Schneider et al. (2021a).

resulting in deeper rooting and better capture of subsoil
resources (Lynch, 2013). This should be especially true for
water and nitrate, both being mobile resources that can be
acquired by relatively lower root densities per volume of
soil because they are mobile in soil and are brought to the
root via transpiration-driven mass flow. Indeed, maize
genotypes with fewer crown roots have substantially better
water capture, growth, and yield under drought (Gao and
Lynch, 2016) (Figure 3c), and substantially better N capture,
growth, and yield under N limitation (Saengwilai et al.,
2014a) (Figure 3e).

Lateral root branching density. As with axial roots, a
reduced number of lateral roots may be beneficial for root
depth and therefore capture of deep soil resources (Lynch,
2013). Simulation modeling in simrooT, a functional-struc-
tural model of root growth and soil resource capture
(Lynch et al., 1997), indicated that a ‘few/long’ lateral root
phenotype of reduced branching density but greater lateral
root length would improve N capture under suboptimal N
availability, by permitting deeper rooting hence better cap-
ture of leaching N resources (Postma et al., 2014). These
simulation results were supported by analysis of maize
genotypes with contrasting lateral root branching density
under greenhouse and field conditions, which showed that
genotypes with a ‘few/long’ phenotype had deeper rooting,
and hence better water capture, growth, and yield under

drought stress (Zhan et al., 2015) (Figure 3d), as well as
better N capture, growth, and yield under N stress (Zhan
and Lynch, 2015) (Figure 3f). It has been proposed that
water capture and drought tolerance in wheat would be
improved by root phenotypes that combine reduced lateral
root branching in the topsoil with greater lateral branching
in the subsoil (Wasson et al., 2012). This phenotype may
be suited to dryland wheat production environments but,
globally, many crops are grown in soils with suboptimal P
availability in addition to drought, and reduced lateral
branching in the topsoil may incur significant tradeoffs by
reducing P acquisition (“Topsoil foraging” section). A phe-
notype with greater lateral branching density in the topsoil
and less lateral branching density in the subsoil may there-
fore be more broadly adapted (Postma et al., 2014).

Anatomical phenotypes that reduce the cost of soil explor-
ation. Although this review is focused on root architec-
ture rather than root anatomy, the two are linked because
root anatomical phenotypes have important effects on the
metabolic costs of root construction and maintenance
(Lynch et al., 2021a). Root metabolic costs directly affect
root architecture by altering the number and length of
roots that can be produced and sustained, and indirectly
affect root architecture by influencing the capture of soil
resources, and thereby plant growth and development.
This has most clearly been demonstrated in maize, in
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Figure 3. Effects of natural genotypic variation in
maize for number of crown roots (a) and lateral root
branching density (b) on plant performance in the
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which several anatomical phenotypes affect rooting depth
and the capture of subsoil resources by reducing root met-
abolic costs (Lynch, 2014; Lynch et al., 2021a). Maize geno-
types with greater root cortical aerenchyma, which
converts living cortical parenchyma to air space by pro-
grammed cell death (Jackson and Armstrong, 1999), have
roots with reduced nutrient content and reduced respira-
tion, which is associated with deeper rooting, greater water
capture, and greater growth and yield under drought stress
in the field (Chimungu et al., 2015a,b; Zhu et al., 2010a)
(Figure 4a,d), as well as deeper rooting, greater N capture,
and hence greater growth and yield under N stress in the
field (Saengwilai et al., 2014b). Maize genotypes also vary
in the number of parenchyma cells in the root cortex
through variation in the number of cortical cell files. Geno-
types with fewer cortical cell files have reduced respiration

© 2021 The Authors.
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and deeper rooting, greater water capture, and greater
growth and yield under drought stress in the field (Chi-
mungu et al., 2014b; Lynch, 2014) (Figure 4b,e). In silico
analysis suggest similar benefits for N capture under N
stress (Yang et al., 2020). The size of root cortical cells var-
ies in maize, which may affect root cost by altering the pro-
portion of the symplasm occupied by the vacuole, because
the cytoplasm and organelles other than the vacuole have
greater content of N and P, and greater respiration, than
the vacuole (Lynch, 2013). Indeed, maize genotypes with
larger root cortical cells had reduced respiration, deeper
rooting, better water capture, and greater growth and yield
under drought stress in the field (Chimungu et al., 2014a)
(Figure 4c,f). Root cortical senescence in Triticeae cereals
also reduces root metabolic costs (Schneider et al., 2017a)
and improves nutrient capture in silico (Schneider et al.,
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Figure 4. Phenotypic variation in maize for root cortical aerenchyma (RCA) (a), cortical cell file number (CCFN) (b) and cortical cell size (CCS) (c). (d) Under water
stress, genotypes with greater RCA have less respiration (nmol CO, s™' cm™), deeper rooting (d, cm roots at 40-50 cm soil depth; e, f, Dgs, Which is the depth in
cm attained by the 95th percentile of roots), and greater yield (g per plant), as did genotypes with reduced CCFN (e) and greater CCS (f). Data shown are the
mean + SE (n = 3 or 4). Means with different letters are significantly different (P < 0.05). Redrawn from Lynch (2018).

2017b). The similar (and substantial) effects of these four
anatomical phenotypes on rooting depth and the capture
of subsoil resources, despite being under distinct genetic
and developmental control, indicate that root anatomy has
important effects on root architecture that could be har-
nessed in crop breeding (Lynch et al., 2021a).

Challenges in the subsoil

As noted above, several root architectural and anatomical
phenotypes promote deeper rooting. However, as roots
descend into deeper soil domains, they confront several
obstacles that must be overcome for continued root growth
and resource capture (Lynch and Wojciechowski, 2015;
Thorup-Kristensen et al., 2020). Globally, the most important
of these are mechanical impedance, hypoxia, and Al toxicity.

Impedance. Deeper soils are harder than surface soils
because of the increasing pressure or ‘overburden’ caused
by the weight of soil above, as well as reduced organic

matter content and less biopore development by soil
organisms. Several root phenotypes improve penetration
of hard soils (Bengough et al., 2011). In wheat, steep
growth angles improve penetration of hard soils (Whalley
et al., 2013). Anatomical phenes are also important for pen-
etration of hard soil. In maize grown in strong soils, deeper
rooting was associated with greater cortical cell file num-
ber, greater cell size in the mid cortex, and greater root
cortical aerenchyma formation (Vanhees et al., 2020). Corti-
cal cell thickness, cortical cell count, cortical cell wall area,
outer cortical cell size, and stele diameter are associated
with increased root penetration and tensile strength (Chi-
mungu et al., 2015a,b). Anatomical phenotypes that reduce
root metabolic costs may also improve penetration of hard
soil. In wheat, larger cortical cell size is associated with
reduced respiration and greater penetration of hard soil
(Colombi et al., 2019). Multiseriate cortical sclerenchyma
(MCS) is characterized by several layers of small, lignified
cells in the outer cortex of cereals (Schneider et al., 2021a,
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b). In maize and wheat, MCS increases root tensile
strength and also increases rooting depth in strong soils
(Schneider et al., 2021a,b). In maize, genotypes with MCS
have greater rooting depth and greater shoot biomass in
compacted soils (Schneider et al., 2021a,b).

It has been proposed that the plasticity of root growth in
response to mechanical impedance may be adaptive by
reallocating root foraging to softer, presumably wetter, soil
domains (Lynch et al., 2021b). In support of this proposal,
genotypes that thicken in response to impedance are less
able to cross a hard soil layer than those for which the ana-
tomical phenotype is unchanged (Vanhees et al., 2020,
2021). This response is mediated by ethylene (Vanhees
et al., 2021), which recently has been shown to be a ‘stop
signal’ for root growth into hard soil (Pandey et al., 2021).
In the topsoil, this sort of plasticity may be advantageous
by preventing root foraging into soil domains that are hard
because of surface drying, whereas, in both the topsoil
and the subsoil, growth plasticity in response to imped-
ance may be beneficial by redirecting root growth to bio-
pores and low resistance pathways at the interface of soil
structural units (Lynch et al., 2021b).

Human management has changed soils in ways that
make them generally more challenging for root growth
from the perspective of mechanical impedance (Lynch
et al., 2021b) (Figure 5). Tillage increases soil erosion
through mechanical disturbance and by reducing vegeta-
tive cover, decreases soil organic matter, causes compac-
tion by animal or vehicle traffic, and reduces biopore
networks by direct disruption, as well as through
decreased macrofaunal activity (Figure 5b). In rich nations,
the increasing adoption of Conservation Agriculture, with
reduced tillage and greater vegetation cover, is returning
to some of the characteristics of native soils, with reduced
erosion, greater organic matter, and better soil structure
and biopore development (Figure 5¢). However, in the low
input agriculture characteristic of developing nations,
many agroecosystems are characterized by ongoing soil
degradation, loss of topsoil, loss of organic matter, and
subsoil acidity (Lynch et al., 2021b) (Figure 5d). These
trends are being exacerbated by global climate change,
which will accelerate soil degradation, as well as drought-
induced soil hardening (Lynch and St.Clair, 2004; St.Clair
and Lynch, 2010). Future crops should have adaptations to
these contrasting soil environments.

Hypoxia. Oxygen availability declines with soil depth,
which can limit root activity. The root phenotype that has
received the most research attention in this context is root
cortical aerenchyma, which improves oxygenation of root
tissue and the surrounding rhizosphere by forming contin-
uous air-filled lacunae (Jackson and Armstrong, 1999;
Lynch and Wojciechowski, 2015). However, architectural
phenotypes may also be important. Root plasticity, which

© 2021 The Authors.

channels root growth in hard subsoils into low resistance
pathways such as biopores and interfaces between soil
structural units, may be beneficial because these pathways
are also pathways for gas exchange into deep soil.

Aluminum toxicity. In many weathered soils, acidity
increases with depth, which, when below pH 5.2, leads to
greater solubility of trivalent Al ions, which are phytotoxic.
Aluminum toxicity directly impedes root growth by dam-
aging the root apical meristem, and also by reducing the
uptake of Ca and Mg, which have low bioavailability in
weathered subsoils (Lynch and Wojciechowski, 2015). This
is especially problematic for root growth because Ca is
needed by the growing apical meristem and little is pro-
vided by phloem transport into the growing region. An
important Al tolerance mechanism in several crop species
is the production and release of carboxylate ions into the
rhizosphere, which detoxify Al ions, as well as solubilizing
P from metal complexes (Kochian et al., 2015; Ryan et al.,
2011).

ROOT ARCHITECTURAL PHENOTYPES TO IMPROVE THE
CAPTURE OF P AND OTHER SHALLOW SOIL RESOURCES

Topsoil foraging

Water, nitrate, and sulfate are highly mobile in agricultural
soils and therefore are generally more available in deep
soil horizons (Barber, 1995). The remaining plant nutrients
have limited mobility because of reactions with soil con-
stituents, and are continually deposited on the soil surface
in plant residues, hence having greater availability in the
topsoil. This is especially true for P (Lynch and Brown,
2001). The movement of phosphate in soil is limited by dif-
fusion and is very slow, and in addition the bioavailability
of P is improved by microbial activity, which is greater in
the topsoil. Phosphorus bioavailability is therefore highly
stratified in most soils. Low P bioavailability is a primary
constraint to life on earth, is an important yield limitation
in many developing nations, and has received more
research attention than any other nutrient except N (Vance
et al., 2003). Therefore, | focus here on architectural adap-
tations to P acquisition, although many of the same con-
siderations may apply to other topsoil nutrients with
agricultural relevance, especially K, which have received
less research attention (Lynch, 2019).

Topsoil foraging is improved by architectural pheno-
types that are the opposite of those discussed in sections
“Root growth angle,” “Number of axial roots,” and “Lat-
eral root branching density” (Figure 1). Whereas steep root
growth angles result in deeper rooting and better capture
of subsoil resources (“Root growth angle” section), shal-
low root growth angles improve topsoil foraging and
thereby P capture under P stress (Bonser et al., 1996; Liao
et al., 2001; Lynch and Brown, 2001; Rangarajan et al.,
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NATIVE SOIL
(@) (b)

MECHANIZED AGRICULTURE

impedance

CONSERVATION AGRICULTURE LOW INPUT AGRICULTURE

(c)

Figure 5. Conceptual scheme of four soil scenarios, their impedance profiles, and hypothetical root phenotypes adapted to them, as described in the text. (a)
Native soil: mechanical impedance to root growth in native soils is mediated by high organic matter content, low-resistance pathways formed by biopores, soil
aggregates, and soil structure, and drought-induced hardening of the topsoil (pink triangle), with N and water available in the topsoil, but greater water avail-
ability at depth. Nitrogen availability is limited and is greater in the epipedon from organic matter mineralization. We propose that root phenotypes adapted to
this environment have plastic roots that can respond to local low resistance pathways, and will benefit from dimorphic root phenotypes that promote both top-
soil and subsoil foraging. (b) Soils under conventional tillage, which, in comparison with native soil, have a thinner epipedon with less organic matter, hence
less water holding capacity and greater susceptibility to soil hardening as a result of soil drying, fewer low resistance pathways from soil structure and biopores,
and a plowpan from vehicle traffic. Nitrogen availability is greater at depth as a result of nitrate leaching from fertilizer. In these environments, nonplastic root
phenotypes that can penetrate through hard surface layers to reach deep soil domains with greater water and N availability could be advantageous. Root pheno-
types that promote topsoil foraging could be less useful for mature plants. (c) In high-input agroecologies, traditional tillage in mechanized agriculture is evolv-
ing towards reduced tillage in Conservation Agriculture, which will return to some of the features of native soil, including greater topsoil organic matter, greater
frequency of biopores, greater aggregate development and improved soil structure but harder bulk soil, and greater N availability in deep strata because of
nitrate leaching from fertilizer. More plastic root phenotypes that avoid hard, dry soil domains to exploit biopores, soil fissures, and deeper, wetter, and there-
fore softer soils, could be advantageous. Penetrating axial roots, parsimonious root phenotypes, and phenotypes that support subsoil exploration could be use-
ful in exploiting N and water in deep soil strata. (d) Soils under low-input agriculture, with similar characteristics as mechanized agriculture but with greater loss
of the epipedon and organic matter, hence greater susceptibility to soil hardening as a result of soil drying, no plowpan, low N availability limited to the epipe-
don because of limited fertilizer use, and the additional barrier of acid subsoil (yellow triangle). In these environments, non-plastic root phenotypes that can pen-
etrate through hard surface layers to reach deep soil domains with greater water availability will be advantageous, along with Al tolerance and dimorphic root
phenotypes that also permit capture of shallow N from mineralization. Reproduced from Lynch et al. (2021b).

2018; Rubio et al., 2003; Zhu et al., 2005). Whereas maize
genotypes with fewer axial roots have deeper rooting
(“Number of axial roots” section), those with more crown
roots (i.e. belowground nodal roots) have greater topsoil
foraging, P capture, growth, and yield in low P soil (Sun et
al., 2018) (Figure 3g). Common bean genotypes with more
basal roots (the main axial root class in this species) have
greater topsoil foraging, P capture, growth, and vyield

under P stress than phenotypes with fewer basal roots
(Miguel et al., 2013; Rangarajan et al., 2018; Walk et al.,
2006). In common bean, the production of hypocotyl-borne
roots improves topsoil foraging and P capture because
these roots typically have very shallow growth angles and
a lower metabolic cost than other axial roots (Miller et al.,
2003; Rangarajan et al., 2018; Walk et al., 2006). Greater
production of axial roots in monocots increases topsoil
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foraging because axial roots emerge in the topsoil, and
also by creating more competing sinks for plant resources,
thereby slowing the elongation of individual root axes into
deeper soil domains. Whereas reduced lateral root branch-
ing density increases rooting depth (“Lateral root branch-
ing density” section), increased lateral root branching
increases topsoil foraging both directly (when laterals are
formed in the topsoil) and, indirectly, by reducing root
depth, as has been demonstrated in silico (Postma et al.,
2014) and amongst contrasting maize genotypes (Jia et al.,
2018; Zhu and Lynch, 2004) (Figure 3h). The sharp contrast
between architectural phenotypes that improve subsoil for-
aging and those that improve topsoil foraging creates
obvious fitness tradeoffs for root strategies, which is glob-
ally most important in the case of P and water, two pri-
mary resource limitations with contrasting soil
distributions (“Balancing deep and shallow exploitation”
section).

Unlike the case of architectural phenotypes, it appears
that anatomical phenotypes that reduce the metabolic cost
of soil exploration benefit both topsoil and subsoil forag-
ing. Continued soil exploration through root formation and
elongation is especially important for immobile resources
because the root (or its mycorrhizal symbiont) must be in
close proximity to P to acquire it via diffusion (Barber,
1995). Indeed, common bean and maize genotypes with
greater formation of root cortical aerenchyma have greater
topsoil foraging, P capture, growth, and yield in low P soil,
notwithstanding the reduction in mycorrhizal habitat by
root cortical aerenchyma formation (Galindo-Castaneda et
al., 2018; Postma and Lynch, 2011a,b). In dicots, P stress
inhibits the secondary growth of roots, and bean geno-
types with greater inhibition of secondary growth under P
stress have reduced root costs, greater P capture, and
improved growth in low P soil (Strock et al., 2017; Strock
and Lynch, 2017). Similar benefits for P capture were
reported for reduced cortical cell file number and greater
cortical cell size in maize roots in silico (Yang et al., 2020).
Traits that reduce the metabolic cost of soil exploration
merit attention as potential breeding targets (Lynch, 2014).

BALANCING DEEP AND SHALLOW EXPLOITATION

In some environments the majority of soil resources are
concentrated in the topsoil; for example, those in which
nutrients and water are provided to high value crops via
drip irrigation, or humid low input agroecologies in which
water is abundant and N is primarily available from miner-
alization of organic matter in the epipedon. However, in
most global agroecosystems, roots must forage for
resources in both shallow and deep soil domains. N leach-
ing is common in fertilized agroecosystems, as well as sys-
tems in which mineral N accumulates in the topsoil N in a
cold, dry or fallow season, then rapidly leaches in the
growing season before crop roots are established. Water is
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often scarce in shallow soil domains because of greater
root activity in the topsoil as well as direct soil evapora-
tion. However, P, K, and most other nutrients are more
available in the topsoil. This generates tradeoffs for root
foraging strategies for topsoil and subsoil resources. For
example, in common bean, steep basal root growth angles
improve water capture under water stress, whereas shal-
low angles improve P capture (Ho et al., 2004, 2005). Trade-
offs between architectural phenotypes for deep and
shallow soil exploration are present in a range of pulse
crops, and differ between species with hypogeal (i.e. the
cotyledons remain belowground) and epigeal (i.e. the coty-
ledons are lifted aboveground) germination (Burridge et
al., 2020). Whereas extreme root architectural phenotypes
are advantageous in extreme environments, intermediate
root phenotypes that are capable of both topsoil and sub-
soil foraging without excessive root production are advan-
tageous across a range of soil environments. For example,
an in silico analysis of the effect of nodal root growth
angle on N capture in maize found that, although
extremely shallow root systems perform well in environ-
ments with minimal N leaching, dimorphic phenotypes
with normal or shallow seminal and very steep nodal roots
performed well in all scenarios, and consistently outper-
formed the steep phenotypes (Dathe et al., 2016). An in
silico analysis of the effect of basal root phenotypes in
common bean under conditions of both P and N stress
found that optimal phenotypes were able to balance top-
soil and subsoil foraging at minimal metabolic cost (Ran-
garajan et al.,, 2018). It has been proposed that root
ideotypes for high-input environments, where water
remains an important resource limitation but P and other
topsoil resources are abundant, could emphasize parsimo-
nious root phenotypes that focus on subsoil exploration
(Lynch, 2018; Wasson et al., 2012). Strategies to co-
optimize topsoil and subsoil foraging differ between
monocot and dicot crops because, in monocot species, the
topsoil is explored by continual production of adventitious
roots from shoot nodes as they descend into the subsoil,
in contrast to dicot species, in which most roots are
formed as laterals from existing roots, with the exception
of adventitious or hypocotyl-borne roots, which do
improve topsoil exploration and P capture in common
bean (Miller et al., 2003). In maize, successive crown roots
possess progressively steeper growth angles (York and
Lynch, 2015), which improves topsoil foraging during early
vegetative growth, coinciding with the topsoil availability
of water, N, and P, with progressively deeper soil explora-
tion over time, coinciding with the increasing importance
of nitrate and water in deeper soil strata as the season pro-
gresses (Lynch, 2019). Crop breeding for most environ-
ments should target integrated root phenotypes that co-
optimize topsoil and subsoil foraging at minimal metabolic
cost (i.e. without production of so many root axes that
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yield is adversely affected). These concepts are implicit in
several published root ideotypes (Burridge et al., 2020;
Lynch, 2018, 2019; Schmidt and Gaudin, 2017; Uga, 2021;
Wasson et al., 2012).

ROOT ARCHITECTURE TO IMPROVE BIOSEQUESTRATION
OF ATMOSPHERIC CO,

The ability of plants to convert atmospheric CO, into soil
organic matter is an attractive and feasible means to miti-
gate global climate change, while concurrently improving
soil quality (Kell, 2011, 2012; Thorup-Kristensen et al.,
2020). A substantial portion of C fixed by plants in photo-
synthesis is allocated to roots, which in turn deposit a sub-
stantial portion into the rhizosphere (Farrar et al., 2003;
Jones et al., 2004; Lambers et al., 2002; Lynch, 2014; Lynch
and Ho, 2005). Root-derived C decays more than twice as
slowly in the soil compared to shoot-derived C (Rasse et
al., 2005) and the decay of plant residues in soil decreases
with soil depth, along with oxygen availability and micro-
bial activity. Architectural phenotypes that increase rooting
depth would therefore directly increase biosequestration
(Kell, 2011, 2012; Lynch and Wojciechowski, 2015). The
magnitude of the benefits of increased rooting depth of
cultivated plants on global C budgets could be substantial.
In addition to the direct effects of rooting depth on C
sequestration, greater rooting depth would improve the
capture of water and N in many agroecosystems (“Root
architectural phenotypes to improve the capture of deep
soil resources” section), thereby improving plant growth,
which would increase total C capture, as well as increase
root and rhizosphere C allocation through allometry. An
additional benefit of greater rooting depth for global C
budgets would be reduced consumption of fossil fuels to
power irrigation, as well as reduced consumption of fossil
fuels, and also reduced production of NO, species, by
reducing the need for N fertilizer. Lignin decays more
slowly than hemicellulose and cellulose (Berg and
McClaugherty, 2003; Kogel-Knabner, 2002). In this context,
the recent discovery of MCS is interesting (Schneider et al.,
2021b). MCS varies among cereal genotypes, and lines
with greater MCS have more lignin, stronger roots, better
penetration of hard soil, and deeper rooting (Schneider et
al., 2021b). Phenes such as MCS may be useful in breeding
crops for greater C sequestration, by slowing the decay of
root residues through greater rooting depth as well as via
a more durable root composition.

ROOT ARCHITECTURAL PHENOTYPES FOR HIGH-INPUT
AGROECOSYSTEMS

High-input agroecosystems employ management, crop
genetics, fertilizers, and pesticides to mitigate many of the
factors that restrict root function in native plants. However,
water and N remain important limiting resources in most
high-input agroecosystems. The majority of global

agriculture is not irrigated, and decreasing availability of
fresh water, as well as salinization, limit future expansion
of irrigated area (Hanjra and Qureshi, 2010). Global climate
change is exacerbating crop water stress by increasing
water demand and disrupting water availability (Mbow
et al., 2019). Nitrogen in the form of N fertilizer is costly
from economic, environmental, and energy perspectives
(von Blottnitz et al., 2006; Robertson and Vitousek, 2009;
Vitousek, 2009).

Parsimonious root phenotypes

It has been proposed that parsimonious root phenotypes
would be advantageous for high-input agroecosystems
(Lynch, 2018). Crop ancestors confronted an array of biotic
and abiotic stresses, belowground competition from other
plant species, and spatiotemporal variability in the avail-
ability of soil resources. These selection pressures favored
phenotypes with abundant roots, developmental plasticity
in response to local availability of water and nutrients, and
maintenance of unspecialized root tissues. High-input
agroecosystems have removed many of these constraints
to root function, although water deficit remains a primary
risk to crop production, and this risk is likely to grow in the
future. Therefore, parsimonious root phenotypes that pri-
oritize optimal water capture at the expense of ancestral
adaptations may be useful breeding targets for high-input
agroecosystems. Such phenotypes are also likely to be
beneficial for N capture (Lynch, 2018, 2019). Parsimonious
architectural phenotypes would have fewer axial and lat-
eral roots, reduced plasticity to local availability of water
and nutrients, and greater loss of roots that do not contrib-
ute to water capture. Several elements of this hypothesis
are supported by empirical evidence. As noted in “Root
architectural phenotypes to improve the capture of deep
soil resources” section, reduced production of axial roots
and reduced lateral root branching density are both associ-
ated with deeper rooting, and hence greater capture of N
and water, and greater growth and yield of maize under
water or N stress. In this context, it is interesting that the
past century of maize breeding has generated phenotypes
with reduced production of axial roots (York et al., 2015).
Although root anatomy is not the focus of this review, par-
simonious anatomical phenotypes also increase rooting
depth, capture of water and N, and growth and vyield of
maize under water and N stress (Lynch et al., 2021a).

Root architectural adaptations to Conservation Agriculture

Conservation Agriculture is ascendent in high-input crop
production, key elements of which are minimal soil distur-
bance and continual soil protection with vegetation (Page
et al., 2020). This is changing the physical characteristics of
agricultural soils because of increased soil organic matter
content, improved soil aggregate structure, and greater
generation and maintenance of biopore networks from the
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activity of roots and soil fauna (Lynch et al., 2021b; Or
et al., 2021) (Figure 5¢). Mechanical impedance is a pri-
mary constraint to root growth, especially in deep soil
domains (Atwell, 1993; Gao et al., 2016; Lynch and Wojcie-
chowski, 2015). Soils under Conservation Agriculture have
more abundant low-resistance pathways for root growth
into the subsoil than conventionally tilled soils, created by
the interfaces among soil structural units and persistent
biopores (Lynch et al., 2021b). Drought-induced hardening
of the topsoil, which is projected to intensify in future cli-
mates, will increase the importance of subsoil exploration.
These factors are generating soil environments that are
similar to native soils in terms of mechanical impedance.
Root adaptations of wild plants, especially growth plastic-
ity in response to local soil hardness, may be beneficial for
future crops, by permitting roots to avoid dry, hard soil
domains in favor of softer soil with greater water availabil-
ity, as well as low resistance pathways to the subsoil such
as fissures and biopores (Lynch et al., 2021b).

ROOT ARCHITECTURAL PHENOTYPES FOR LOW-INPUT
AGROECOSYSTEMS

Food security in low-input agroecosystems is an
important global challenge

Low-input agroecosystems include rangelands and forests
in rich nations that receive few inputs as part of rational
economic management, as well as smallholder crop pro-
duction systems in developing countries, in which inputs
would be rational but are not feasible because of poverty
and limited access. Globally, low yields in smallholder sys-
tems are primary limits to food security and economic
development. These systems are characterized by chal-
lenging edaphic environments, including water deficit,
suboptimal nutrient availability of both topsoil (primarily P,
but also, K, Ca, and Mg) and subsoil (water, N) resources,
subsoil acidity, and pervasive soil degradation (Lynch,
2019). Root function in these systems is limited by greater
biotic stress leading to root loss, and greater competition
with weeds and polyculture taxa. Resource degradation,
growing human populations, and climate change are exac-
erbating a situation which is already alarming, with 768
million reported as currently malnourished (FAO, 2021).
Crops with greater stress tolerance and greater ability to
convert scarce soil resources to yield are urgently needed
in the global south (Lynch, 2019).

Root architectural ideotypes for low-input agroecosystems

Because of the diverse array of constraints confronting
crops in low-input systems, root architectures that co-
optimize various functions should be useful. Dimorphic
root phenotypes capable of both topsoil and subsoil explo-
ration are needed (Burridge et al., 2020), along with traits
that reduce the overall metabolic cost of maintaining many
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root axes, such as reduced secondary growth in dicots or
root cortical aerenchyma in monocots (Lynch et al., 2021a).
For example, an analysis of 577 common bean genotypes
across 51 field environments showed that intermediate
root architectural phenotypes had the best aggregate yield
under drought and low fertility stress (Strock et al., 2019).
Root phenotypic plasticity may be advantageous because,
in these environments, resources may be patchy in time
and space (Schneider and Lynch, 2020). Many of these
environments have suffered serious soil erosion and the
consequent loss of topsoil and organic matter. Global cli-
mate change is expected to accelerate soil degradation by
increasing the severity of rainfall events and increasing
plant water deficit, thereby reducing nutrient and C cycling,
which will further exacerbate soil degradation. Root pheno-
types with reduced response to local soil hardness, capa-
ble of penetrating through hard surface layers to reach
deep soil domains with greater water availability, will be
useful in this context (Lynch et al., 2021b) (Figure 5d).
Architectural phenotypes resilient to root loss from dis-
eases and insects will also be useful. Research conducted
on this topic is scarce, although it is logical to assume that
phenotypes with more root axes, and with root architec-
tures with a smaller number of segments having many
subtending segments, such that the loss of one segment
leads to loss of many subtending segments (Lynch, 2005),
would be beneficial. Root phenotypes for many low-input
systems would not be optimized for any one function such
as water capture, but would be resilient against an array of
biotic and abiotic challenges.

A successful case study: common bean breeding in
Mozambique

An example of a successful root-focused breeding program
for low-input agroecologies is that of common bean in
Mozambique (Burridge et al., 2019). Common bean is an
important food security crop in Mozambique, a low-
income economy with mainly smallholder farmers. Low P
availability and drought are primary constraints to bean
production in Mozambique, as they are in much of subSa-
haran Africa (Wortmann, 1998). A breeding program was
established targeting root phenotypes improving P and
water acquisition, focusing on phenotypes such as basal
root whorl number, basal root growth angle, and long,
dense root hairs (Lynch, 2019). New lines with better root
phenotypes had a 2.5-fold greater yield than the best exist-
ing lines in regional environments. The new lines also
afforded several agroecological benefits, including better
utilization of rock phosphate, reduced soil erosion, greater
biological nitrogen fixation, and acceptable competition
with maize in polyculture. Social science research identi-
fied farmer and consumer preferences, as well as con-
straints to adoption and dissemination of new bean lines.
This example illustrates how targeting root phenotypes in
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a crop breeding program can have impact for smallholder
farmers, thereby benefitting food security, household and
village income, and soil health.

USEFUL ROOT PHENOTYPES REGARDLESS OF INPUT
LEVEL

Root phenotypes likely to have utility in both high-input

and low-input systems include:
Long, dense root hairs. Root hairs are important for the
acquisition of immobile soil nutrients, especially P and K,
which are critical limitations in low-input agroecologies
(Lynch, 2019). They also improve penetration of hard soil
(Bengough et al., 2016; Haling et al., 2013), which should
be beneficial in both high-input and low-input systems
(Lynch et al., 2021b). Substantial genetic variation for root
hair length and density has been observed in multiple
crop species, which is easily screened (Lynch, 2019).
Cheap roots. Several root anatomical phenotypes
reduce the metabolic cost of soil exploration, conse-
qguently improving water and nutrient capture, as well
as penetration of hard soil (“Steep, cheap, and deep”
section) (Colombi et al., 2019; Lynch, 2019). The benefits
of these phenotypes for water capture and soil penetra-
tion should be broadly useful in many soils; their utility
for nutrient capture should improve yield in the nutrient
deficient soils of low-input systems and decrease input
requirements in high-input systems.
Developmental regulation of root plasticity in dicot
crops. In annual dicotyledonous crops, the root system
is dominated by one or more orders of lateral roots
emerging from the primary root in addition to dominant
basal roots or early lateral roots in some species (Bur-
ridge et al., 2020). It has been proposed that axial roots
should be relatively insensitive to local soil conditions
because they regulate soil exploration of the root sys-
tem at the organismic scale, whereas lateral roots
should be plastic to exploit local water availability and
low impedance pathways (Lynch et al., 2021b).
Developmental regulation of root plasticity in cereal
crops. In cereal crops, the primary root is followed by
seminal roots, then a series of nodal roots that emerge
near or above the soil surface. The primary root must
provide water for the growing seedling, so must grow
vertically. It has been proposed that lateral roots emerg-
ing from the primary root, as well as seminal root axes
and their laterals, may benefit from plastic responses to
local soil conditions to exploit patchiness in P and N
availability from, for example, mineralization of organic
matter (Lynch et al., 2021b). As they are produced and
descend downwards into the soil, nodal roots pass
through the topsoil. Nodal root axes should be insensi-
tive to local topsoil conditions including hardness
because they must penetrate the topsoil to benefit the
plant. Lateral roots arising from nodal roots could be

plastic to local soil conditions to optimally exploit soil
resources (Lynch et al., 2021b).

CROSS-CUTTING ISSUES
The value of the microeconomic paradigm

The microeconomic paradigm, which considers plant strat-
egies for resource capture within the context of costs and
benefits, tradeoffs, and risks (Bloom et al., 1985; Lynch and
Ho, 2005), has been a useful way to analyze the adaptive
utility of root architectural phenotypes. Roots and their
symbionts are heterotrophic organs that require a signifi-
cant investment of plant resources. The ‘payoff’ of that
investment in terms of capture of soil resources is affected
by the distribution and availability of those resources in
time and space, which contrasts among resources and is
subject to tradeoffs. The availability and distribution of soil
resources in many agroecosystems have a strong stochas-
tic component, in part because of the stochastic nature of
water availability (Lynch, 2018), which means that root
strategies involve an element of risk. These factors all lend
themselves to microeconomic analysis. The utility of the
microeconomic paradigm is demonstrated by the success-
ful deployment of topsoil foraging and steep, cheap, and
deep ideotypes (Burridge et al., 2019), as well as by
research revealing the importance of anatomical pheno-
types that reduce the metabolic cost of soil exploration for
soil resource capture (Lynch, 2014; Lynch et al., 2021a).

Integrated phenotypes

The utility of root architectural phene states for plant fit-
ness is a function of their direct utility and their interac-
tions with each other to form integrated phenotypes, and
in turn how these integrated phenotypes interact with the
environment. A clear example of phene synergism is in
common bean, in which more basal root whorls and long,
dense root hairs both improve P capture, but, in combina-
tion, their benefit is twice their additive effects (Miguel
et al., 2015). As an example of phene interactions that can
be either positive or negative, high conductance xylem
phenotypes are beneficial for drought adaptation in the
deep-rooted tepary bean, but detrimental for drought
adaptation in the more shallow-rooted common bean
(Strock et al., 2021). Multiple integrated phenotypes con-
sisting of distinct phene states may improve tolerance to
edaphic stress. For example, an analysis of 400 diverse
maize lines in the field revealed distinct integrated root
phenotypes related to drought adaptation, consisting of
unique combinations of phene states that enable greater
soil exploration, restrict uptake of water to conserve soil
moisture, and improve penetrability of hard, dry soils
(Klein et al., 2020).

The importance of interactions of root phenes with each
other to create integrated phenotypes, as well as the
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importance of interactions of these integrated phenotypes
with an array of environmental conditions, results in a vast
and complex fitness landscape. It is not feasible to assess all
possible integrated phenotypes empirically, nor is it feasible
to analyze just one phene state against the array of back-
ground phenotypes with which it may potentially interact. In
silico tools are needed, capable of evaluating many virtual
root phenotypes in many virtual environments, including
those that do not currently exist in nature. For example, an
in silico analysis of root architectural phenotypes in com-
mon bean identified multiple integrated phenotypes that co-
optimize capture of N and P (Rangarajan et al., 2018). The
integration of multiscale mechanistic models that represent
root interactions with soils, together with crop and environ-
mental models, will be important tools in deploying root
phenotypes for future crops (Benes et al., 2020; Hammer et
al., 2006; Postma et al., 2017; Rotter et al., 2015).

Phenotyping root architecture

An important obstacle to the deployment of root architec-
tural phenotypes as selection criteria in crop breeding is
phenotyping. Roots are complex, dynamic organs growing
in and interacting with the soil, which is an opaque,
diverse medium. In some cases, root architectural pheno-
types observed in seedlings under controlled conditions
are well correlated with field phenotypes. For example,
basal root growth angle in common bean is associated
with topsoil foraging and hence P capture from low P soils,
and this phenotype is readily observed in seedlings grow-
ing in transparent growth pouches, comprising measure-
ments that are well correlated with field phenotypes (Liao
et al., 2004). Root hair phenotypes in maize and common
bean are easily observed in seedlings, and are correlated
with root hair phenotypes of mature plants in the field
(Zhu et al., 2010b; Vieira et al., 2007). In common bean,
seedling root phenotypes predicted yield across 51 field
environments under drought and low fertility stress (Strock
et al., 2019). However, seedlings do not express the pheno-
types of root classes that appear later in development,
such as later emerging nodal roots in cereals, and many
root phenotypes may express plasticity in response to soil
conditions (Rich and Watt, 2013; Correa et al., 2019. There-
fore, field-based assays of root architecture are useful. Sev-
eral such assays have been developed. For example, the
shovelomics method consists simply of excavating root
crowns in the field with a shovel, rinsing the crown, and
either phenotyping them directly or with the aid of image
analysis tools developed for this purpose (Trachsel et al.,
2011; Colombi et al., 2015; Burridge et al., 2016; Bucksch et
al., 2014). As an example of the utility of this approach,
shovelomics analysis of a maize diversity panel grown for
4 years in the field successfully identified zmCIPK15 as a
regulator of nodal root growth angle and N capture in
maize (Schneider et al., 2021a,b).
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Ecosystem impacts

Root architectural phenotypes can substantially improve
soil resource capture and C sequestration by crop plants.
These qualities afford multiple benefits for agroecosystems
and the global environment. In high-input agroecosystems,
crops with reduced demand for fertilizers and water would
reduce production costs and the risk of yield loss from
drought, while also reducing adverse environmental
impacts from input use. The production and use of N fertil-
izer is a significant source of greenhouse gas production
and water pollution (Von Blottnitz et al., 2006; Robertson
and Vitousek, 2009; Vitousek, 2009). Phosphorus runoff is a
significant cause of water pollution, and high-grade P ore
deposits are a non-renewable resource that may be sub-
stantially depleted this century (Lynch, 2011; Richardson et
al., 2011; Simpson et al., 2011; Vance et al., 2003). Water
resources for irrigation are limited and are suffering degra-
dation, whereas water deficit is expected to increase in
rainfed agriculture because of global climate change (IPCC,
2014). The conversion of excess atmospheric CO, to soil
organic matter will mitigate climate change at the same
time as improving soil quality. In all these cases, crops
with greater resource capture will directly benefit farms
and farmers while also affording substantial benefits for
the global environment.

Low-input agroecosystems include agroforestry, pas-
ture, and biofuel production systems in which intensive
inputs are not economically justified, as well as small-
holder agriculture in developing nations, in which inputs
are not available or affordable. In the first case, crops with
greater soil resource capture would improve production,
as well as improve the marginal benefit of input use. Bio-
fuel production should focus on marginal environments to
avoid displacement of food production. These environ-
ments generally have poor soil fertility and would benefit
from greater nutrient capture by biofuel crops. Better N
capture is especially relevant for biofuel production sys-
tems because N inputs are energy intensive (Jeswani et
al., 2020). In smallholder agriculture, crops with greater
soil resource capture would be transformative (Lynch,
2007). Yields in such systems are generally low as a result
of water and nutrient limitation, so crops with better soil
resource capture would have better yields, thereby directly
improving food security and household income. Crops
with greater nutrient acquisition could potentially ‘mine
the soil’ through accelerated depletion of soil fertility. How-
ever, crop offtake (much of which is eventually returned to
the soil anyway in many smallholder systems) may be off-
set by positive effects on nutrient cycling, maintenance of
soil fertility through greater biomass production, greater P
bioavailability, greater biological N fixation in legume
crops, and reduced erosion, which is a dominant source of
nutrient loss in low-input systems. For example, new
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common bean lines with shallower roots and greater P
capture had much better yield than conventional cultivars
while substantially reducing P lost to runoff in smallholder
systems (Henry et al., 2010). Additional food and income
create opportunities for improved health, education, and
input intensification, so that eventually these farmers may
escape the poverty trap of low inputs/low yield. Resource-
efficient crops could reduce deforestation by reducing the
need to colonize new land once the brief fertility pulse
from logging and burning is exhausted. The manifold ben-
efits of new bean lines with superior root phenotypes for
bean production and soil fertility in smallholder production
systems of Mozambique (“A successful case study: com-
mon bean breeding in Mozambique” section) are an exam-
ple of these effects. In both high-input and low-input
agroecologies, crops with better drought tolerance will be
increasingly important in the foreseeable future because of
global climate change.

PERSPECTIVES

Root architectural phenotypes are promising selection tar-
gets for the development of more resilient, productive, and
climate-smart crops. Important knowledge gaps remain,
but existing information is sufficient to warrant deploy-
ment of root architectural phenotypes in crop breeding
programs, as evident in the success of breeding stress
resistant common bean (Burridge et al., 2019). Understand-
ing the fitness landscape of specific root phenotypes in
specific agroecologies is a non-trivial challenge that does
not receive attention, in either basic or applied research,
commensurate with its importance and complexity. Root
biology, and the interactions of roots with soils, including
the soil microbiome, spans multiple spatiotemporal scales
and disciplinary silos, and is exceptionally complex. Model
organisms grown in artificial media, regardless of their
merits for genetic analysis, have limited utility for under-
standing the biology of crop roots interacting with whole
soils. Crop breeders will not select for a phenotype if its
utility is unknown, regardless of whether we understand
the genetic control of that phenotype or not. Several
research trends are positive developments, including the
revolution in our ability to analyze root and soil micro-
biomes, remote sensors that make it possible to monitor
plant responses to soil conditions in real time in the field,
genetic tools for the analysis of quantitative traits in the
field, and increasingly powerful in silico tools to model the
interplay of roots and soil across a range of scales and
environments. The scope and urgency of the global chal-
lenge represented by the confluence of a growing human
population, degradation of soil and water resources, and
global climate change will make this research domain
increasingly relevant and important. Understanding the
interplay of roots and soil is a topic ripe with challenge
and opportunity for young scientists interested in

transdisciplinary research on fundamental biological prob-
lems that are critically important for human welfare.
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