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The root system has a crucial role for plant growth and productivity. Due to the challenges of heterogeneous soil environments,
diverse environmental signals are integrated into root developmental decisions. While root growth and growth responses are
genetically determined, there is substantial natural variation for these traits. Studying the genetic basis of the natural variation of
root growth traits can not only shed light on their evolution and ecological relevance but also can be used to map the genes and
their alleles responsible for the regulation of these traits. Analysis of root phenotypes has revealed growth strategies and root
growth responses to a variety of environmental stimuli, as well as the extent of natural variation of a variety of root traits
including ion content, cellular properties, and root system architectures. Linkage and association mapping approaches have
uncovered causal genes underlying the variation of these traits.

Since their advent more than 400 million years ago,
vascular plants have drastically transformed the land
surface of our planet and facilitated the dense coloni-
zation of its land masses (Algeo and Scheckler, 1998;
Gibling and Davies, 2012). Key to this was the evo-
lution of root systems that enable plants to forage
their environment for nutrients and water and anchor
themselves tightly in the soil substrate. Soils are very
heterogeneous environments, and because of the con-
stant need to optimize root distribution in the soil
according to sometimes conflicting parameters, root
growth and development are some of the most plastic
traits in plants. This plasticity is guided by envi-
ronmental information that is integrated into deci-
sions regarding how fast and in which direction to grow
and where and when to place new lateral roots (LRs;
Malamy and Ryan, 2001; Malamy, 2005). The distri-
bution and function of roots are of crucial importance
for plants. In fact, they are considered the most limit-
ing factors for plant growth in almost all natural eco-
systems (Den Herder et al., 2010). Not surprisingly, the
plant root system plays a major role in yield and overall
plant productivity (Lynch, 1995; Den Herder et al.,
2010).

The extent of plasticity is determined by genetic
components (Pigliucci, 2005). For instance, one ecotype
of a plant species may be able to increase root growth
rate on a certain stimulus, whereas another ecotype
lacks this characteristic (Gifford et al., 2013). The ge-
netic components that govern traits in different eco-
types represent the outcome of adaptation arising from
the selection of those traits that allow better adapted

populations to reproduce more successfully (higher
fitness) than less well-adapted populations (Trontin
et al., 2011; Savolainen, 2013). Although local adapta-
tion is common in plants and animals, its genetic basis
is still poorly understood (Savolainen et al., 2013).
Traits that drive local adaptation are often quantitative
traits shaped by multiple genes. Therefore, phenotypic
differences are often caused by allelic variation at sev-
eral loci, each of themmaking small contributions to the
trait (Weigel and Nordborg, 2005; Rockman, 2012).
Studying the genetic basis of the natural variation of
traits cannot only shed light on the evolution of these
traits and their ecological relevance but also, can be
used to map the genes responsible for the regulation of
these traits.

Most efforts to study intraspecies genetic variation
to find trait-governing genes or identify useful traits
have been conducted in crop species and the model
plant Arabidopsis (Arabidopsis thaliana). Whereas in
crop species, traits that are used have been subjected to
human-directed selection during domestication, often
with the aim of increasing productivity, in Arabi-
dopsis, it is mostly natural selection that is examined.
Arabidopsis is widely distributed around the world,
inhabiting diverse environments that include beaches,
rocky slopes, riverbanks, roadsides, and areas sur-
rounding agriculture fields (Horton et al., 2012). A
large number of accessions has been collected over the
past decades from locations all over the world and
made available to the scientific community. Impor-
tantly, these accessions of Arabidopsis exhibit a strik-
ing diversity of phenotypic variation of morphology
and physiology (Koornneef et al., 2004) and can be
used to understand the genetic and molecular bases of
traits using quantitative genetics. Variations of traits
are measured in a panel of genetically distinct plant
strains and then correlated with the occurrence of
genetic markers in these plants. Linked or associ-
ated genome regions can eventually be identified, and
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additional analysis can be conducted to find the causal
genes. Self-fertilizing species, such as Arabidopsis, are
particularly suited for such approaches, because they
can be maintained as inbred lines and therefore, need
to be genotyped only one time, after which they can be
phenotyped multiple times. In the past, natural vari-
ation has been used to map causal genes mainly by
using recombinant inbred lines (RILs) approaches;
these are very powerful but lack a high mapping
resolution, and they can only capture a very small
subset of the allelic diversity (Korte and Farlow, 2013).
However, the advent of new and cheap large-scale
genotyping and sequencing technologies has enabled
large-scale, high-resolution genotyping (Horton et al.,
2012) and even the complete sequencing of a large number
of plant strains (http://1001genomes.org; 3,000 Rice Ge-
nomes Project, 2014). With these data, genome-wide asso-
ciation studies (GWASs) for identification of alleles
responsible for many different quantitative traits have be-
come feasible (Weigel, 2012). In these studies, traits of a
large number of accessions are measured and subsequently
associatedwith genotypedmarkers, most frequently single-
nucleotide polymorphism. Although GWASs are a very
powerful tool and in principle, allow for a high mapping
accuracy, a notable disadvantage is that the complexity of
the population structure can confound these studies.
However, there has been remarkable progress addressing
this issue (Atwell et al., 2010; Segura et al., 2012).
In this review, we highlight recent progress in under-

standing the genetic bases of natural variation of growth,
development, and physiology of the root system. After
briefly explaining how root growth and development
give rise to the root system architecture (RSA), we high-
light natural variation and what has been learned from it
for fundamental processes in root growth and develop-
ment, root growth responses to nutrient availability, and
ion uptake and homeostasis.

ROOT GROWTH AND RSA

Growth and development of the primary root (PR)
and higher-order roots lead to a three-dimensional root
system. Such a root system represents a highly complex
and integrated organ that is important for plant produc-
tivity, because many soil resources are unevenly distrib-
uted and the spatial organization of the root system and
the ability to perform optimal foraging, therefore, de-
termine the capacity of a plant to exploit available re-
sources (Lynch, 1995). The spatial configuration of this
root system in its environment is termed RSA (Lynch,
1995). RSA is shaped by a complex interplay of different
growth traits.
Much of the molecular basis of root traits has been

learned using the root of Arabidopsis. This is not only
because of the readily available genetic tools and resources
of this model plant but also, because roots of Arabidopsis
can be easily cultured on agar plates and these small and
simply structured transparent roots allow for live micros-
copy. Like other dicotyledonous plants, Arabidopsis has

one main or PR and many LRs. Only the PR is present as
the radicle in the plant embryo, although the PR un-
dergoes intensive postembryonic growth and develop-
ment (Grunewald et al., 2007; Fig. 1A). The longitudinal
axis represents a developmental timeline, because cell di-
vision, cell elongation, and differentiation occur in spe-
cific zones of the root system (Birnbaum et al., 2003).
After the PR has grown for multiple days, LRs start to
form and emerge. In Arabidopsis, LRs develop from
special pericycle cells called xylem pole pericycles, which
display meristematic characteristics such as a dense cy-
toplasm and small vacuoles (Himanen et al., 2004; Parizot
et al., 2008). Formation of LRs includes three main
stages: initiation, primordial formation, and emergence/
elongation (Malamy and Benfey, 1997).

RSA is shaped by not only growth rates of the PR and
LRs and branching patterns but also, the growth di-
rection of each root of the root system. Gravity repre-
sents an important stimulus for the young roots to grow
downward in the soil and thus, be able to acquire water
and nutrients for the plant (Kutschera and Briggs, 2012).
In Arabidopsis, whereas the PR grows along the vector
of gravity (positive gravitropism), LRs initially grow in
a more horizontal orientation and only later curve and
display positive gravitropism (Kiss et al., 2002).

All the aforementioned developmental processes can
be adjusted in response to environmental cues, even-
tually leading to different RSA configurations (Fig. 1B).
The RSA, thus, represents a prime example of pheno-
typic plasticity, which is the ability of an organism to
adopt different phenotypes in response to environmen-
tal changes.

USING NATURAL VARIATION TO IDENTIFY
REGULATORS OF ROOT GROWTH
AND DEVELOPMENT

Natural accessions of Arabidopsis exhibit great varia-
tion in different morphological and physiological traits,
and this has been used to identify genes and their alleles
that regulate these traits (Alonso-Blanco et al., 2009).
However, such efforts were largely restricted to processes
that could be observed in above-ground tissues, and for
almost 10 years, allelic variation of only one gene, BRE-
VIS RADIX (BRX), was known to be specifically involved
in natural variation of root development (Mouchel et al.,
2004). The BRX gene was identified by quantitative trait
loci (QTL) analysis and shown to be responsible for about
80% of the variation of the PR length in an RIL popula-
tion derived from crossing an accession with a long PR
with one with a very short PR. BRX controls the cell
proliferation and elongation (Mouchel et al., 2004). Sub-
sequent analysis showed that BRX mediates the interac-
tion between brassinosteroids and auxin pathways,
which is required for root growth (Mouchel et al., 2006).
Later analysis suggested that BRX is also involved in
cytokinin-mediated inhibition of LR development (Li
et al., 2009) and furthermore, the auxin-cytokinin cross
talk that coordinates cell division and differentiation in the
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root tip (Scacchi et al., 2010). Combining high-throughput
confocal microscopy imaging, GWAS, and expression
analysis, a then-uncharacterized gene encoding an F-box
protein was found that underlies the natural variation of
root development in a broad set of accessions (Meijón
et al., 2014). Allelic variation of this gene, coined KURZ
UND KLEIN, determines a large fraction of variance for
two highly correlated traits: meristem length and mature
cell length (Meijón et al., 2014). The major portion of this
effect was caused by sequence variation in the coding
region of the KURZ UND KLEIN gene (Meijón et al.,
2014). Using GWAS for 16 root growth traits on each day
of a 5-d time course, 35 highly significant associations
could be detected. The most significant association led to

the identification of a condition-dependent regulator of
root growth. Interestingly, the minor allele of this Calcium
Sensor Receptor (CaS) gene was found to be enriched in
populations in coastal regions, suggesting that variation
in CaS could have adaptive significance for growth in
coastal environments (Slovak et al., 2014). A chemical
genetics approach combined with mapping using an
RIL population that used different sensitivity to a small
molecule ([5-(3,4-dichlorophenyl)furan-2-yl]-piperidine-
1-ylmethanethione) that inhibits abscisic acid (ABA)
-induced gene expression and signaling and eventually
leads to a reduction of PR growth identified a Toll-Inter-
leukin1 Receptor nucleotide binding-leucine-rich repeat
coding gene and its natural variants underlying these

Figure 1. Tissue architecture and natural variation of the root of Arabidopsis. A, The Arabidopsis root and its developing tissues.
Schematic of a young Arabidopsis root (center). The developmental zones of the PR tip and its tissue architecture (left) and LR
primordium (right). Different tissue types are indicated by different colors. B, Natural variation of root growth. Graphical de-
piction of 10-d-old seedlings of 13 divergent Arabidopsis accessions grown at the same time on 0.2-strength MS.
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responses (Kim et al., 2012). These findings provided a
glimpse of the links between plant immune signaling
components and the regulation of root growth.
Recently, light has also been shed on the genetic

mechanisms that control root plasticity responses. Using
allometric (size to shape) root traits represented in prin-
cipal component values (Ristova et al., 2013), it was
shown that root plasticity of the control accession (eco-
type Columbia of Arabidopsis-0 [Col-0]) generated by
different hormonal and nitrogen treatments broadly re-
capitulates the variation found in natural Arabidopsis
accessions (Rosas et al., 2013). One particular allometric
root phenotype that captures the proportion of LRs along
the PR length was used for GWASs, and two genes un-
derlying this trait were identified (PHOSPHATE1 [PHO1]
and ROOT SYSTEMS ARCHITECTURE1 [RSA1]; Rosas
et al., 2013). PHO1 was previously characterized as a
phosphate transporter (Poirier et al., 1991; Hamburger
et al., 2002), whereas RSA1 was a novel gene identified in
the study to be involved in regulating root allometry (Rosas
et al., 2013). Interestingly, these allometric phenotypes were
conditional to specific environments, and RSA1 and PHO1
mediated these responses in the context of auxin, ABA, and
nitrate signaling pathways (Rosas et al., 2013).
The genetic basis of natural variation of root growth

and development was approached in not only Arabi-
dopsis but also, other species. In an interspecies cross of
a wild tomato (Solanum peruvianum) and a domesticated
tomato (Solanum lycopersicum) species, numerous loci
for multiple traits could be mapped, some of which
cannot be found in the simple Arabidopsis root (Ron
et al., 2013). Multiple studies for traits related to RSA
were also conducted in rice (Oryza sativa). Using RIL-
based QTL and subsequent near isogenic lines-based
fine mapping for a trait for deep rooting in rice, allelic
variation of the gene DEEPER ROOTING1 was deter-
mined to cause a deep rooting phenotype by affecting
the growth angle of roots, which over time, translates
into deeper rooting and confers enhanced drought tol-
erance (Uga et al., 2013). Furthermore, by phenotyping
three-dimensional traits of rice RSA, a large number of
QTL could be identified in an RIL population (Topp
et al., 2013). Finally, GWAS identified 37 loci associated
with root traits, of which several genes were already
implicated in root development (Courtois et al., 2013).

NATURAL VARIATION OF NUTRIENT
AVAILABILITY-DEPENDENT ROOT
GROWTH RESPONSES

A hallmark of the plasticity of the root system is that it
finely tunes its topology to nutrient availability (Fig. 1B;
for comprehensive review, see Giehl and von Wirén,
2014). In particular, changes in nutrient availability lead
to effects on root growth rate, LR emergence, and root
hair density as well as variations in growth directions.
Over time, these nutrient availability-induced changes
can have tremendous impact on RSA (for review, see
Malamy, 2005; Osmont et al., 2007; Giehl and von Wirén,

2014). In fact, RSA is tuned quantitatively to environ-
mental parameters, which was recently shown by two
comprehensive studies evaluating the effect of defi-
ciencies of 12 nutrients at four different levels of con-
centrations (Gruber et al., 2013) and looking at 32 binary
combinations of nutrient deficiencies and light parame-
ters (Kellermeier et al., 2014). Importantly, this adjust-
ment of RSA is achieved by the independent regulation
of individual root traits, suggesting an involvement of
multiple regulatory components, some of which act in a
tissue-specific manner (Gruber et al., 2013). These envi-
ronmental responses are subject to substantial natural
variation within species (Fig. 1B). For instance, Arabi-
dopsis accessions that originated from geographically
different areas show very different responses to a variety
of stresses (Gifford et al., 2013; Rosas et al., 2013), sug-
gesting an adaptive value in adjusting root growth to
different soil conditions. In this section, we focus on a
subset of nutrients for which studies of natural variation
led to the identification of novel regulators of RSA or
provided other mechanistic insight.

Natural Variation of Nitrogen Availability in the Root

In most natural environments, nitrogen is the limiting
factor for plant growth and development (Vidal and
Gutiérrez, 2008). Because of the significance of nitrogen in
survival and growth, plants have evolved many different
mechanisms to adjust to various levels of nitrogen
availability (Zhang et al., 2007). Four morphological re-
sponses to different nitrogen levels have been described
in the Arabidopsis root (Zhang et al., 2007), indicating a
high level of root developmental plasticity relating to
nitrogen availability (Nibau et al., 2008). These responses
include (1) stimulation of LR elongation by localized
application of nitrate, (2) systemic inhibitory effects of
high nitrate concentrations on LR growth, (3) suppression
of LR initiation in high Suc to nitrogen (carbon-nitrogen
ratio) environments, and (4) simultaneous inhibition of
PR and stimulation of LR initiation and outgrowth by
L-Glu, an organic form of nitrogen (Zhang et al., 2007).
There is increasing evidence that nitrogen signals mod-
ulate hormonal status and that hormonal signals inter-
play with nitrogen nutrition, controlling plant growth
and development (for review, see Kiba et al., 2011; Krouk
et al., 2011). For example, plants of Arabidopsis and
soybean (Glycine max) grown on high NO2

3 concentra-
tions showed decreased levels of auxin in their roots
(Caba et al., 2000; Walch-Liu et al., 2006). Several mo-
lecular links between nitrogen and auxin signaling cross
talk were identified (Gifford et al., 2008; Krouk et al.,
2010; Vidal et al., 2010). Similarly, nitrogen supply con-
trols cytokinin status, and nitrate application, for in-
stance, induces the expression in both shoots and
roots of a gene that is involved in cytokinin biosynthesis
(Sakakibara et al., 2006). Furthermore, ABA is implicated
in nitrogen signaling (Signora et al., 2001).

There has been ample documentation of natural
variation of root growth responses to nitrogen, pri-
marily by QTLmapping in RIL. Using such an approach,
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genomic regions controlling root growth and root
mass on treatments with nitrogen could be identified
(Rauh et al., 2002). However, the mapped regions
were not shared across different nitrogen sources, sug-
gesting that different interactions exist between geno-
types and nitrogen treatments (Rauh et al., 2002). Using a
set of 23 Arabidopsis accessions, four different growth
response strategies to nitrate limitation and starvation
were identified, suggesting that distinct patterns of ad-
aptation exist within a species (Ikram et al., 2012). Al-
though one group of accessions showed a tolerance to
nitrate limitation (low nitrogen), a second group had the
highest resistance to complete nitrogen starvation; the
other two groups displayed low tolerance to nitrogen
limitation and nitrogen starvation (Ikram et al., 2012).
Similarly, another study found substantial variation
within 24 accessions of root traits in nitrogen-limited
environments compared with conditions with moderate
levels of nitrogen (De Pessemier et al., 2013). Neverthe-
less, specific genes underlying the natural variation of
nitrogen availability-dependent root growth responses
remained elusive. The combination of genome-wide as-
sociation mapping with gene expression analysis could
close this gap. Root phenotypes were quantified across
96 Arabidopsis accessions in two distinct nitrogen envi-
ronments (low versus high nitrogen). Interestingly, root
traits were modulated independently of each other in
these two nitrogen environments. For instance, two ac-
cessions (NFA-8 and Sq-8) that showed very similar root
architecture phenotypes in low-nitrogen conditions dis-
played very different root architectures in high-nitrogen
environments (Gifford et al., 2013). Genome-wide asso-
ciation mapping combined with expression data analysis
among these accessions resulted in 13 genes that were
high-confidence candidates for modulating root growth
in response to nitrogen. The analyses of transfer DNA
insertion mutant lines could confirm 3 of 13 genes to be
involved in nitrogen availability-dependent root growth
responses (Gifford et al., 2013). Notably, an important
role for jasmonic acid signaling in nitrogen-dependent
growth response and its natural variation was estab-
lished, with mutants of JASMONATE RESPONSIVE1
and Phenazine biosynthesis PhzC showing altered LR
length in low-nitrogen but not high-nitrogen content
environments, which was in strong accordance with
predictions derived from GWAS and expression data.

Natural Variation of Phosphorous Availability in the Root

Phosphorus is an essential macronutrient for plants
and plays an important role in numerous biological
processes, including metabolism, nucleic acid synthesis,
photosynthesis, glycolysis, respiration, membrane syn-
thesis and stability, enzyme activation/inactivation, re-
dox reactions, signaling, carbohydrate metabolism, and
nitrogen fixation (Vance et al., 2003). Similar to the case
of nitrogen, plants have evolved diverse morphological
responses to different levels of phosphorus availability in
the environment. Initial studies in the Arabidopsis Col-0

reference accession found that low phosphorus causes a
reduction of the PR length, whereas LR number and
growth are increased (Williamson et al., 2001; Linkohr
et al., 2002; Reymond et al., 2006); there is, however,
substantial natural variation of this response (see below).
Many genes involved in the regulation of root develop-
ment in response to different phosphorus levels have
been identified (for review, see Niu et al., 2013).

Similar to nitrogen, diverse root morphological and
physiological responses of Arabidopsis accessions grown
in environments with different phosphorus availability
were reported (Narang et al., 2000). When a set of 73
accessions was screened for root responses to low phos-
phorus levels, only 50% of the accessions showed a re-
duction of PR length and LR number, about 25% did not
show a significant response, and the remaining accessions
responded by changes in either the PR or LRs (Chevalier
et al., 2003). Similarly, root growth in rice distinctively
responds to different phosphorus environments. Like in
Arabidopsis, diverse root elongation response patterns to
phosphorus deficiency could be observed among 62 rice
varieties, with some varieties showing increased root
growth rates and others showing reduced root growth
rates (Shimizu et al., 2004). Using two contrasting strains
to generate a hybrid population and subsequent QTL
mapping, a single QTL could be found to explain 20% of
the variation between the two parental accessions.
Analysis of root traits of a mapping population of Brassica
napus for response to low versus high phosphorus levels
identified multiple genomic regions (Shi et al., 2013).

Natural variation of the phosphorus root growth re-
sponse could be used to map causal genes for this re-
sponse. Using an RIL population, the genetics underlying
PR growth in response to low phosphorus and three QTL
were mapped in Arabidopsis (Reymond et al., 2006). The
causal gene of the major QTL, coined LOW PHOSPHATE
ROOT1 (a multicopper oxidase), was subsequently
mapped (Svistoonoff et al., 2007). Interestingly, additional
studies showed that inhibition of root growth in
phosphorus-deficient medium is, in fact, caused by iron
toxicity (Ward et al., 2008; see below).

In soybean, an acid phosphatase (GmACP1) was iden-
tified that regulates tolerance to phosphorus deficiency
by combining RIL-based linkage analysis with genome-
wide and candidate gene association analyses to iden-
tify the causal gene in the mapping interval (Zhang
et al., 2014).

Regulation of Root Development in Response to
Potassium and Iron Availability

In the Col-0 reference strain of Arabidopsis, mild
potassium (K+) deficiency leads to a decrease in PR
length, whereas severe potassium deficiency additionally
leads to a decrease in LR length and an increase in the
density of second-order LRs (Gruber et al., 2013). In
Arabidopsis accessions, however, two contrasting strate-
gies for adaptation to potassium deficiency have been
observed (Kellermeier et al., 2013). One strategy is that, in
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response to potassium starvation, the growth rate of the
PR is maintained, whereas the elongation of the LRs is
significantly reduced. In contrast, other accessions use a
strategy that drastically reduces the growth of the PR,
leading to a complete arrest on longer potassium star-
vation while maintaining the LR elongation (Kellermeier
et al., 2013).
Roots also respond strongly to iron deprivation. The

best characterized response is an increase in surface
area by the formation of ectopic root hairs (Schmidt
et al., 2000) and the development of hairs with bifur-
cated tips (two tips; Müller and Schmidt, 2004; Perry
et al., 2007). Root growth rates are affected by iron
deficiency as well, and whereas mild iron deficiency
causes increased PR length, severe deficiency causes a
strong reduction of PR and LR lengths (Gruber et al.,
2013). Conversely, local supply of iron mainly stimu-
lates the emergence and elongation of the LRs because
of an increased rootward auxin transport into iron-
exposed LRs, whereas LR initiation itself is less af-
fected (Giehl et al., 2012). Although natural variation
of root morphological responses to different iron avail-
ability has not been reported so far, transcriptome pro-
filing of roots showed that there are crucial differences
in the early responses and adaptation to iron depri-
vation among natural variants (Stein and Waters,
2012). Most notably, iron homeostasis-related processes
are also of remarkable importance in the context of the
other nutrient-dependent root growth responses. For in-
stance, it was shown that the inhibition of root growth
under phosphate-limited growth conditions is largely
caused by iron toxicity (excess of iron), and on removal of
iron in phosphorus-deficient medium, the PR continued
to grow (Ward et al., 2008). Moreover, it was shown that
this iron-dependent effect is subject to natural variation
(Ward et al., 2008). Finally, natural variation in the iron
homeostasis-related transporter FERRIC REDUCTASE
DEFECTIVE3 gene underlies altered root growth re-
sponses on high zinc levels in Arabidopsis (Pineau et al.,
2012), providing another example of the tight coupling of
nutrient homeostasis systems.

Natural Variation of Ion Uptake, Transport,
and Homeostasis

Not only root growth and development but also, the
molecular transport systems that are active in the roots
and determine ion levels in the plant are subject to
natural variation. Studying these phenomena is crucial
to understand how some plants cope with levels of
nutrients that are toxic to others and thus, might pave
the way to generating plants that can grow on a wider
variety of soils.
One of the most prominent cases is high salinity. It

plays an important role in agricultural productivity,
because excessive soluble salts in the soil are toxic for
the plants and restrict plant growth (Xiong and Zhu,
2002). Most crop plants are glycophytes and therefore,
cannot tolerate high salinity (in contrast to haplophytes,

which can grow in high-salinity environments), and
high salinity causes osmotic, ionic, and oxidative stress
for these plants (Zhu, 2011). The major ionic stress
component in high-salinity environments is sodium
toxicity (sodium chloride), which causes rapid and
dramatic changes in gene expression, much of it corre-
sponding to ABA-induced gene expression responses
(Zhu, 2002; Fujita et al., 2011). At the level of root
growth, high salinity elicits a strong inhibitory effect on
LR length, whereas the PR was found to be much less
sensitive to salt treatments (Duan et al., 2013). Addi-
tional analysis of mutants impaired in ABA signaling
and an ABA-responsive reporter line showed that ABA
signaling plays a major role in LR inhibition in response
to high salinity (Duan et al., 2013). QTL analysis in rice
also showed that genomic variation exists between salt-
tolerant and salt-susceptible varieties for sodium ion
(Na+) and K+ uptake in shoots and roots (Lin et al.,
2004). There were no overlaps of the QTL between
shoot and root traits, suggesting that distinct regulation
of Na+ and K+ transport exists in shoot and roots (Lin
et al., 2004). Interestingly, natural variation of Arabi-
dopsis was also reported in root hydraulic profiles
(water transport capacity) in salt-stressed conditions
(Sutka et al., 2011). Using GWAS to identify associa-
tions with the Na+ accumulation capacity, it was found
that a sodium ion transporter Arabidopsis High-Affinity
Potassium Transporter1;1 (AtHKT1;1) has a major role in
regulation of this trait (Baxter et al., 2010). This is con-
sistent with the function of AtHKT1;1, which controls
unloading of Na+ from the xylem in the root to control
the accumulation of Na+ in the shoots (Møller et al.,
2009). Potentially causal polymorphism in the coding as
well as upstream and downstream regions of the
AtHKT1 gene were identified in the accessions with
contrasting Na+ accumulation patterns (Rus et al., 2006).
A strong indication for the adaptive relevance of allelic
variation at the AtHKT1;1 was identified by analyzing
distribution patterns of accessions containing weak and
strong alleles of AtHKT1;1. In particular, the weak allele
of AtHKT1;1 is strongly enriched in populations that
grow close to coastal regions or inland regions known
to have saline soils, suggesting a role for AtHKT1;1 in
local adaptation to saline environments (Baxter et al.,
2010). Another locus important for Na+ transport was
identified by an RIL-based approach, in which an Na+

exclusion QTL was fine mapped to a protein kinase
Calcineurin B-Like-Interacting Protein Kinase16 (CIPK16).
Sequence variation in the promoter of CIPK16was shown
to be responsible for different Na+ exclusion levels, and
higher expression of the kinase in the root was associated
with higher Na+ exclusion in the shoot, which in turn,
leads to higher salinity tolerance (Roy et al., 2013).

The overabundance of other elements can also cause
toxicity symptoms in plants. In acidic soils, aluminum is
released by clay minerals in the soil and has a negative
effect on root growth, thus leading to poor yield (Kochian
et al., 2004). A study in rice combining an RIL-based QTL
approach and GWAS for root growth of plants in high-
aluminum conditions identified a significant association
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in proximity to a known transporter for aluminum
expressed in the root (Famoso et al., 2011). Using differ-
ent haplotypes of this rice Nramp Aluminium Transporter1
(OsNRAT1) gene locus, it could subsequently be shown
that sequence variations of promoter and coding regions
both play an important role in regulating aluminum
tolerance in rice (Li et al., 2014). At the molecular level,
this tolerance conferred by natural alleles of OsNRAT1
seems to be caused by higher expression of the trans-
porter and more efficient translocation of aluminum from
the root cell wall to the root cell and subsequently, in the
vacuole, thus decreasing aluminum toxicity (Li et al.,
2014). Several different natural variation approaches
identified aluminum-activated malate transporter1 to under-
lie aluminum tolerance in wheat (Triticum aestivum; Sasaki
et al., 2004; Raman et al., 2005; Zhou et al., 2007; Cai et al.,
2008). More recently, GWASs in 1,055 wheat accessions
identified known andmany novel regions associated with
aluminum resistance (Raman et al., 2010), supporting the
notion of the power of the GWAS technique.

Natural sequence variation in the promoter of another
transporter coding gene Mitochondrial Molybdenum
Transporter1 (MOT1) determines the levels of molybde-
num accumulation in Arabidopsis accessions. Although
MOT1 is expressed in the root and the shoot, grafting
experiments showed that the molybdenum phenotype
can be attributed to MOT1 function in the root. Interest-
ingly, MOT1 does not facilitate the transport at the
plasma membrane, because it is located in the membrane
of mitochondria and thus, not directly involved in the
uptake of molybdenum into the root (Baxter et al., 2008).
A large fraction of the variation in copper tolerance in
Arabidopsis, which was evaluated by measurements of
root growth, was attributed to the heavy metal-transporting
P-type adenosine triphosphatase5 (HMA5) adenosine tri-
phosphatase (Kobayashi et al., 2008). This is consistent
with the involvement of HMA5 in root-to-shoot transport
(Andrés-Colás et al., 2006).

CONCLUSION

Rapid progress in assessing the extent of natural varia-
tion and using it to identify novel regulators of root
growth and RSA has been made in the past few years.
Althoughmuch of the initial progress was made using RIL
populations, GWASs have recently emerged as an excel-
lent tool in various plant species. Developments in se-
quencing technologywill certainly facilitate the sequencing
of large numbers of strains of multiple species, which is a
prerequisite for GWAS approaches. Using GWAS, it will
be possible to dissect the genetic basis of traits in plant
species that could so far not be studied genetically or
where genetic approaches have been very difficult.

A traditional bottleneck for both RIL and GWAS
approaches is phenotyping. However, for root pheno-
typing, many solutions are available (http://www.
plant-image-analysis.org), and root phenotyping pipe-
lines have recently been developed that specifically aim
at the quantification of a large number of root traits at a

high throughput (Ristova et al., 2013; Slovak et al.,
2014).

Because of practical considerations, such as image
acquisition and throughput, almost all studies that in-
volve quantitative phenotyping of roots are conducted
on plates containing nutrient solutions solidified by
agar or other gelling agents. There is no generally ac-
cepted standard medium for growing seedlings for
root studies, and different laboratories use full-strength
Murashige and Skoog medium (MS), dilutions of MS,
or custom-made media (Dubrovsky and Forde, 2012).
Although this principally allows for very well-defined
growth conditions, even such a reductionistic setup can
create unexpected complexity. For instance, the use of
different types of agar, agarose, and gel media intro-
duces significant variations of nutrients concentrations
into the medium, which was recently reported (Gruber
et al., 2013). This can potentially be a source of signifi-
cant variation and most importantly, might confound
results for nutrient level-dependent root growth re-
sponses. Another potential caveat with regard to this is
the ion confounding that occurs when the ions of in-
terest are covaried with the associated ions in the salts
used to reconstitute the nutrient solution (Niedz and
Evens, 2007). Therefore, a risk exists that, when drop-
ping out an ion in a growth condition, the observed
consequences are not entirely because of the ion that
was removed. Despite these caveats, no simple solution
presents itself, because even greater complexities and
experimental variation can be expected in any soil-
based system. In particular, in approaches using quan-
titative genetics, the aforementioned issues do not cause
fundamental problems, because different genotypes are
compared under the same nutrient and agar conditions,
therefore allowing trait quantification and mapping of
genes under almost identical conditions at least within
one experimental series.

Overall, the enormous progress in the last years
clearly shows not only that the use of natural variation
facilitates analysis of the genetic basis of complex traits
and the discovery of new regulators but also, that such
approaches can identify alleles that can be further used
to study the molecular mechanisms of the genes un-
derlying the trait variation or be easily used for
breeding purposes. It can, thus, be expected that much
will still be learned from the study of natural variation
of root growth.
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