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Drought leads to greater yield loss in crops than any 
other abiotic stress. Roots form a plant’s first line of 
defense against water deficit, and in this issue Gao 
and Lynch (pages 4533–4546) report that fewer but 
longer crown roots facilitate water acquisition from 
subsoil and thus improve drought tolerance in maize.

Roots are the first organ to sense water deficit, and at the 
same time they extract virtually all those mineral nutrients 
from soil that are consumed by humans. Soil resource acqui-
sition under challenging conditions such as drought is a pri-
mary limitation on plant productivity, resulting in low yields 
and thus food insecurity in the poorest countries. Indeed, in 
overall global agriculture, drought accounts for more loss in 
plant productivity than any other abiotic factor. Thus the 
development of crop cultivars with enhanced traits for soil 
resource acquisition is a key goal for feeding the growing 
world population (Lynch, 2007). However, so far the poten-
tial of root traits for crop improvement remains largely unex-
ploited, largely because of the limited accessibility of roots in 
their belowground soil habitat.

Maize roots and resource acquisition

Agronomically important cereals such as maize have a par-
ticularly sophisticated root architecture composed of several 
root types formed at different stages of development (see 
Hochholdinger and Tuberosa, 2009). The 3D structure of 
root systems which ensures optimal capture of soil resources 
is determined by intrinsic regulators and external triggers 
fluctuating in space and time. Their developmental flexibil-
ity provides a mode of action allowing rapid architectural 
adjustment as environmental conditions change. In maize, the 
shoot-borne root system emerging from consecutive below- 
and aboveground shoot nodes is of particular importance 
because it makes up the backbone of the adult root stock (see 
Hochholdinger et al., 2004) (Box 1). In recent years, comple-
mentary approaches have focused on the genetic, phenomic, 
anatomical and physiological characterization of shoot-
borne root formation in maize and the role of these roots in 
resource acquisition under challenging conditions.

Genetic experiments in maize have demonstrated that 
rtcs (rootless concerning crown and seminal roots) is a key 
checkpoint of shoot-borne root initiation (Hetz et al., 1996), 
while its paralog rtcl (rtcs-like) functions in shoot-borne root 

elongation (Xu et al., 2015). Both genes encode LOB-domain 
proteins, which belong to a wider family whose members act 
as central regulators of auxin signal transduction (Taramino 
et al., 2007). While these genes are master regulators for the 
initiation and elongation of individual shoot-borne roots, 
the number of these roots is highly variable and ranges from 
five to >70 (see references in Gao and Lynch, 2016) between 
different genotypes, suggesting that the overall total is con-
trolled by multiple genes.

Phenomic, anatomical and physiological experiments have 
been conducted to define hypothetical maize ideotypes opti-
mized for resource acquisition. An ideotype termed ‘steep, 
cheap, and deep’ was postulated to perform best under lim-
ited water availability in drying soil (reviewed in Lynch, 2013). 
‘Steep’ and ‘deep’ refer to morphological adjustments by 
steep root-growth angles and extended elongation of shoot-
borne roots to access water in deeper soil layers; ‘cheap’ refers 
to cellular adjustments to reduce the metabolic costs of soil 
exploration, such as a decreased number of cortical cell files, 
increased cortical cell size and the formation of root cortical 
aerenchyma (Lynch, 2015).

Ideotypes for superior performance during 
drought

In this issue of Journal of Experimental Botany, Gao and 
Lynch (2016) elegantly confirm the desirable ‘steep, cheap, 
and deep’ ideotype for shoot-borne roots of maize experi-
mentally. The authors demonstrate that maize genotypes 
with an intermediate number of crown roots grow deeper and 
therefore have an improved water acquisition capacity under 
drought conditions, and that this holds true not only in the 
greenhouse but also in field experiments. They also show that 
maize plants exposed to prolonged periods of drought stress 
form a smaller number of shoot-borne roots than plants 
grown under control conditions. This further suggests that 
it is not just those genotypes with fewer, longer shoot-borne 
roots that are superior under drought conditions, but that a 
more reduced number is also a positive adaptation.

An intermediate number of crown roots is essential for the 
superior performance of plants. If  the number of these roots 
is too low, plants become susceptible to lodging; if  the num-
ber is too large, competition for soil and metabolic resources 
becomes uneconomic. Consequently, under field conditions, 
genotypes with fewer but deeper crown roots, which have an 
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improved capacity of water capture, display greater shoot bio-
mass and a significantly increased yield (57%) compared with 
genotypes with higher crown root numbers. Similarly, genetic 
experiments in rice have demonstrated that the DEEPER 
ROOTING 1 (DRO1) gene, which underlies a quantitative 
trait locus (QTL) controlling growth angle, regulates cell 
elongation at the root tip and downward bending of the root 
in response to gravitropism. Therefore, higher expression of 
DRO1 results in roots growing in a more-downward direc-
tion, thus avoiding drought, and an increased yield in these 
plants (Uga et al., 2013).

A remarkable aspect of the work of Gao and Lynch 
(2016) is their finding that crown root number and rooting 
depth correlate significantly. This is of particular interest 
because the specification of crown root number and their 
subsequent elongation are different developmental processes. 
Nevertheless, both processes are beneficial under drought 
conditions, reducing the metabolic costs of soil exploration. 
Similarly, the coordinated regulation of distinct developmen-
tal aspects of maize root development has also been observed 
in several monogenic mutants. For instance, the previously 

mentioned maize rtcs gene not only controls the initiation of 
postembryonic crown roots, but also the initiation of embry-
onic seminal roots (Hetz et  al., 1996). Moreover, the root-
less with undetectable meristem (rum1) mutant is impaired in 
postembryonic lateral root formation in the primary root, but 
also in embryonic seminal root initiation (Woll et al., 2005). It 
could be hypothesized that the coordinated control of several 
root types across embryonic and postembryonic development 
by these genes might also be related to the efficient manage-
ment of metabolic costs, because these functions have devel-
oped over long periods of evolutionary time.

The least understood organs

Despite their major importance for the adaptation of plants 
to natural or agricultural environments, roots are the least 
understood of all plant organs. However, scientists from dif-
ferent disciplines, including molecular genetics, physiology 
and phenomics, are currently assembling a growing body 
of data to overcome this knowledge gap. An interdiscipli-
nary exchange of ideas and concepts among these scientists 
would be a major leap forward in understanding the princi-
ples underlying the dynamic adaptive responses controlling 
root structure and function in cereals. The vision of such an 
exchange would be to obtain a full understanding of how 
exogenous signals are translated into cellular responses, and 
how this knowledge can be implemented into future root-
based increases in plant productivity.

A first step towards this goal will be a detailed under-
standing of the physiological, morphological and cellular 
responses of plants to external stress factors such as drought. 
Cutting-edge phenotyping and sensor technologies will allow 
us to monitor very subtle differences during development, 
paving the way for geneticists and breeders to identify under-
lying genes or quantitative trait loci (QTLs) (Burton et  al., 
2014). Moreover, allelic variation in genes with known func-
tion in root development can be exploited for the selection 
of maize lines with improved root architecture (e.g. Kumar 
et al., 2014). Another resource for candidate genes involved in 
shoot-borne root architecture of cereals such as maize might 
come from transcriptome analyses (e.g. Muthreich et  al., 
2013). Knowing the underlying genes controlling the root 
stock response to drought will allow a full exploitation of the 
natural genetic variation of these traits or the introduction of 
beneficial alleles into elite cultivars using novel approaches 
such as CRISPR/Cas9 (Liu et al., 2016). For maize in par-
ticular, it has to be kept in mind that commercial production 
is exclusively based on hybrids, because they perform better 
than their homozygote parents. Moreover, several root traits 
of maize display heterosis early in development (Paschold 
et al., 2010). Therefore, the behavior of these traits and genes 
will have to be tested in highly heterozygous heterotic hybrids.
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Box 1. The shoot-borne root system of maize

Field-excavated root stock of a 10-week-old maize plant 
at anthesis. At this developmental stage, postembryoni-
cally formed shoot-borne roots form the backbone of the 
maize root system, with the number genotype-depend-
ent and ranging from as few as five to >70. Shoot-borne 
roots formed in soil are designated crown roots, while 
shoot-borne roots initiated above soil level are termed 
brace roots. Photo courtesy of Jonathan Lynch.
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