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Crop root systems directly interact with soil in cap-
turing water and nutrients, and are often the primary
casualties of many edaphic stresses. The essential
role of the root system architecture in exploring soil
zones for the acquisition of soil resources has been
well documented (Gregory et al. 2009; Lynch and
Brown 2012). Root system architecture is a complex
three-dimensional structure, exhibiting a specific
spatial and temporal configuration of root types. It
is plastic and dynamic, allowing plants to respond to
their environments in order to enhance acquisition of
nutrients and water (Zhu et al. 2011). Understanding
the mechanisms of the response of root systems to

edaphic stresses, such as drought and low soil fertil-
ity, and rhizosphere interactions, is critical in design-
ing and managing plant breeding programs aiming to
produce cultivars with improved resource-use effi-
ciency and improved adaptation to edaphic stresses.
As an outcome of various presentations at an Inter-
national Symposium on Crop Roots and Rhizosphere
Interactions (October 9–13, 2017, Yangling, China),
this special issue features 18 papers highlighting the
significance of root traits in genetics and breeding,
adaptation to water and nutrient deficits, root trait
variation and plasticity in response to agronomic
practices and interaction with soil microbiome.

Breeding for root traits

Although the importance of root traits for anchorage
and soil resource uptake is well recognised, consid-
eration of root traits in crop breeding programs is far
behind the study of aboveground organs (e.g.
Heřmanská et al. 2015). This is mainly because the
unviability of efficient methods in observing and
quantifying root growth in the field (Waines and
Ehdaie 2007), and relatively low heritability in root
traits exhibiting plasticity with soil and environmen-
tal conditions (Siddique et al. 1990; Malamy 2005;
Chen et al. 2014; Palta and Turner 2019). The histor-
ical development of root traits related to grain yield
in 17 winter wheat cultivars bred for higher yields
and increased resistance to foliar diseases across
60 years, showed that modern cultivars had more
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root biomass at shallow depth, but higher plasticity
with depth which contributed to improved yield and
adaptation to varying soil water availability (Qin
et al. 2019a). A novel study reports the influence of
an improvement in shoot function on root traits in
soybean (Glycine max) (Li et al. 2019d). Grafting
high-yielding cultivar scions increased the genetic
gain for root traits of 11 soybean cultivars released
from 1966 to 2006, but decreased grain yield and
nutrient uptake. Findings of the uncoordinated im-
provement between roots and shoots also highlighted
the need for alternative targets in order to enhance the
improvements of both root traits in relation to
nutrient-use efficiency and yield-related shoot traits
in soybean.

Searching for drought-resistant root traits

Global crop production is largely hampered by drought
stress, with up to 50% reduction in wheat yield as an
example (Reynolds et al. 2007). In order to improve
yield under drought stress, researchers have extended
their search from focussing primarily on shoot-related
morphological and physiological traits to also included
drought-resistant root traits (Manschadi et al. 2006;
Abdolshahi et al. 2015). The central question has be-
come what type of root system traits we be searching for
to increase crop drought resistance (Palta and Turner
2019). Several studies propose ‘ideotype’ root architec-
ture (Steep, Cheap and Deep) for enhanced water- and
nitrogen-use efficiency for high grain yields (Lynch
2013; Meister et al. 2014; Zhan et al. 2015). The trait-
based approach for drought-resistant root traits requires
consideration of the relationships among traits (both
root and shoot traits) and not just considering the trait
of interest in isolation (York et al. 2013). The viewpoint
by Palta and Turner (2019) clearly demonstrate that the
root system benefiting grain yield under drought de-
pends on various conditions including precipitation
(amount and distribution), soil properties (texture, depth
and water-holding capacity), and root system character-
istics. They showed that early vigour, osmotic adjust-
ment, and a stay-green habit, increased root growth and
water use to improve crop adaption to drought stress.

Studies on crop drought resistance are often conduct-
ed in controlled environments using small pots or rapid
phenotyping platforms. A critical viewpoint paper by
Turner (2019) reported that pot size and shape, soil type

and watering regime, plant water relations and shoot and
root function, determined the measured plant responses
to water deficits, as these factors influence root growth,
root distribution, water and nutrient acquisition, and
root-shoot interactions. Recommendations on method-
ologies included in this issue provide guidance for
studying the effect of water deficits on plants and for
phenotyping for drought-resistance traits in pots (Turner
2019). A deep column study reported in this issue
examined the difference in drought tolerance mecha-
nisms between winter and springwheat genotypes under
varying water supply (Djanaguiraman et al. 2019). This
study reported a deep root system in winter wheat and a
well-branched (albeit shallow) root system with more
unsaturated membrane lipids in spring wheat similarly
contributed to drought resistance.

Phenotyping and genotyping root traits

Crop species and genotypes within the species differ
in root system traits and in their ability to access
water and nutrients Germplasm representing broader
genetic diversity are now being used to probe the
breadth of the root trait variability (York et al. 2013;
Chen et al. 2017). However, phenotyping large sets
of genotypes beyond early growth stages remains a
challenge, particularly for mapping studies of quan-
titative trait loci (QTL) (Chen et al. 2012; Xiang
et al. 2015). High-throughput phenotyping must in-
crease in extent (large numbers of plants with greater
genetic diversity) and intensity (measurement of
more traits per sample) (Houle et al. 2010; York
et al. 2013). Using a recently established semi-
hydroponic phenotyping system (Chen et al. 2011),
Qiao et al. (2019) has made it possible to character-
ise root trait variability in 174 genotypes of maize
(Zea mays). This study identified potential root traits
that can be used as candidate traits conferring stress
tolerance. Root traits such as total root length, root
length at various depths and nodal root angle can
potentially serve as parameters for plant breeding
programs aimed at developing cultivars with im-
proved adaptation to adverse environments and bet-
ter resource-use efficiency and higher grain yield
(Qiao et al. 2019). Integrating the phenotyping for
root traits and phosphorus (P) use efficiency and
QTL mapping of traits related to P-use efficiency is
essential in crop improvement programs for
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enhanced P-use efficiency as reviewed by Wang
et al. (2019b).

Impact of intercropping and planting density on root
distribution and grain yield

Agronomic practices affect root growth, proliferation
and distribution down the soil profile, which in turn
influence aboveground traits and yield. The availability
of soil water and nutrients alter root growth and distri-
bution in intercropping systems (Adiku et al. 2001; Liu
et al. 2015). The effects of wheat/maize intercropping on
root development and water uptake under varying water
conditions is reported in this issue (Ma et al. 2019). The
influence of wheat cultivar mixtures on aboveground
biomass and grain yield across 2 years with different
rainfall was evaluated by Qin et al. (2019b). The study
observed increased crop performance under water-
deficit conditions following cultivar mixtures. A study
on legume-dominated maize/alfalfa (Medicago sativa)
intercropping revealed that alterations in soil water bal-
ance and root morphology and distribution improved P
acquisition and the system over-yielding was achieved
via alfalfa rather than maize (Sun et al. 2019). The P-
resource partitioning hypothesis assumes that dissimi-
larity in P-acquisition traits among plant species leads to
enhanced P uptake by crop combinations compared
with their sole crops. Li et al. (2019b) tested comple-
mentarity in P-resource use, but found that plant species
having dissimilar traits for P acquisition do not neces-
sarily improved P uptake by crop mixture compared
with their sole crops.

A combined rhizobox and field study is included,
confirming the effects of planting density on root
system architecture in spring barley, particularly in
number of nodal roots (Hecht et al. 2019). A study
by Shao et al. (2019) on the plasticity of the root
system architecture in response to planting density
and its influence on maize yield, showed that geno-
types with medium root size, medium root-angle and
more inter-row root distribution had less root-to-root
competition and produced higher yield at high
planting density. However, Li et al. (2019c) found
that heterogeneous ammonium and P supply induced
root competition for nutrient acquisition at high
planting density resulting in lower maize yield.
These findings highlight the complex belowground

competition for capturing resources under varying
planting densities.

Interactions with rhizosphere symbiotic microbiome

In this issue, three papers highlight the interactions
and functions of root-microbiome associations taking
place in the soil. Wang et al. (2019a) observed an
enhanced formation of cluster roots in white lupin
(Lupinus albus) as a result of nodulation under low P
availability, but a trade-off between investment of
resources in nodules and cluster roots was evidenced.
Formation of cluster roots or proteoid roots (Shane
and Lambers 2005; Lambers et al. 2006) and mycor-
rhizal symbiosis (Barea et al. 2005) are considered as
two mechanisms that plants have evolved for improv-
ing P-use efficiency in P-deficient environments. In-
oculation with the arbuscular mycorrhizal (AM) fun-
gus Rhizophagus irregularis improved P uptake and
glycyrrhizin and liquiritin accumulation in liquorice
(Glycyrrhiza uralensis) plants as reported by Xie
et al. (2019). This study unravelled the important role
of AM symbiosis in regulating secondary metabolite
biosynthesis. The paper of Li et al. (2019a) examined
the role of dark septate endophytes (DSE) in promot-
ing plant growth under drought stress. This study
sheds light on the potential application of the tested
DSE isolated from desert Hedysarum scoparium for
agricultural and medicinal plants.

Simulating root structure and function

Due to the complexity of crop root systems and rhizo-
sphere interactions, genetic, physiological and agro-
nomic constraints may make it difficult to unravel be-
lowground interactions. Functional–structural root
modelling simulations allow researchers to study greater
phenotypic ranges, environmental scenarios, and trait
functions beyond what is possible in controlled and field
studies (Dunbabin et al. 2013; York et al. 2013). Mai
et al. (2019) reported the development of a 3Dwater and
nutrient transport model of the root-soil system with
explicit consideration of the root system architecture
and the rhizosphere. The model complements the exper-
imental work and computing simulations of the drying
and nutrient transport in the root zone, providing a
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promising tool for simulations of larger and complex
root systems (Mai et al. 2019).

Root systems possess numerous traits and essential
adaptive functions in terms of water and nutrient uptake,
anchorage to the soil and the establishment of biotic
interactions at the rhizosphere. Phenotyping and identi-
fying root traits and their genes or QTLs are required in
crop improvement programs to develop cultivars with
root systems for efficient resource capture and improved
adaptation to edaphic stresses. To achieve sustainable
crop production, it is also important to maximise root
adaptation and aboveground physiological functions by
integrating appropriate agronomic practices and rhizo-
sphere interactions.
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