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From lab to field, new approaches to phenotyping root system

architecture
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Plant root system architecture (RSA) is plastic and dynamic,
allowing plants to respond to their environment in order to
optimize acquisition of important soil resources. A number of
RSA traits are known to be correlated with improved crop
performance. There is increasing recognition that future gains
in productivity, especially under low input conditions, can be
achieved through optimization of RSA. However, realization of
this goal has been hampered by low resolution and low
throughput approaches for characterizing RSA. To overcome
these limitations, new methods are being developed to
facilitate high throughput and high content RSA phenotyping.
Here we summarize laboratory and field approaches for
phenotyping RSA, drawing particular attention to recent
advances in plant imaging and analysis. Improvements in
phenotyping will facilitate the genetic analysis of RSA and aid in
the identification of the genetic loci underlying useful
agronomic traits.
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““There is no easy method of uncovering the root system,
and unless one is willing to spend considerable time and
energy, and exercise a great deal of patience, it is better
not to begin.” — J.LE. Weaver [1]

Introduction

Roots play a vital role in plant growth, development, and
fitness. They provide anchorage and support for the
shoot, they are responsible for the uptake of water and
nutrients, they act as storage organs for carbohydrates and
other reserves, they are a site of biosynthesis of important
hormones necessary for development, and they are
involved in interactions with the rhizosphere. Therefore,

it is not surprising that the study of roots remains a central
theme in plant biology.

Plants typically produce only one or few roots during
embryogenesis, with the vast majority of the root system
developing as the plant grows [2,3]. The spatial distri-
bution, age, and identity of all roots from a single plant are
collectively termed the plant’s root system architecture
(RSA) [4°,5,6]. RSA is plastic and dynamic, allowing
plants to incorporate information about the environment
into decisions on root growth and development [7°,8-10].
Of particular note, plants typically increase allocation of
biomass to roots under nutrient limiting conditions [11-
13]. Not surprisingly, it is well established that RSA is
correlated with agronomic productivity under limiting
conditions. For example, deep rooting is associated with
drought-tolerance in bean [14,15], wheat [16] and maize
[17]. Furthermore, narrower and deeper root systems may
be primarily responsible for the historical increases in
maize yields associated with higher planting densities
[18°]. By contrast, dense shallow roots leading to
increased topsoil foraging are associated with improved
performance under low P conditions in bean, soybean [19]
and maize [20].

Despite the importance of roots, direct selection for
optimal RSA characteristics in the field has not been
routine. For practical reasons, breeding efforts have typi-
cally focused on improving above-ground traits with an
obvious emphasis on yield. While these efforts have been
instrumental for increasing crop production to present
capacity, future vyield increases are likely to be con-
strained by lower water and fertilizer inputs, and the
use of marginal lands containing nutrient-poor soils
[21°°,22°,23]. Because the heritability of yield tends to
decrease under stress conditions [24,25], directed modi-
fication of RSA holds particular promise for improving
agricultural productivity under low input conditions

[21°°].

The genetic basis of RSA in crops is poorly understood
although it is clear that RSA is a complex trait controlled by
many genes. Numerous quantitative trait loci (QTL) that
regulate RSA, particularly in response to environmental
cues, have been identified (e.g. [26-31]). However, high
throughput phenotyping remains a bottleneck for genetic
analysis of RSA. Here we summarize new approaches to
phenotyping RSA that are being developed to address this
bottleneck. When combined with genetic and genomic
analyses, improved RSA phenotyping should not only
advance our understanding of RSA regulation, but lead
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This general statement is even reinforced with Do we Need Physiological Traits?
regard to breeding small grain cereals to improve
their productivity in Mediterranean conditions. The  Promising advancements produced in the last
expected rate of breeding success is directly relatedlecade or so have occurred through progress in
to the environmental background due to the highermolecular biology. There is little doubt that marker-
heritability of traits in non-limiting environments: assisted selection (MAS, selection based on the
that is, the better the environmental conditions wherepresence of few genes or quantitative trait loci,
the released cultivars are to be grown the easier iQTLs) would increase efficiency in breeding
has been to achieve genetic gains in yield (Richardsprogrammes aimed at introgressing particular traits
1996; Arauset al, 2002). into an adapted genetic background by pyramiding

To improve its efficiency, future cereal breeding useful genes, which are difficult or expensive to
may exploit physiology and molecular biology to select for directly by phenotypic observation. In
facilitate the identification, characterisation and addition, selection may be faster and made in early
manipulation of genetic variation to complement the generations. The usefulness of these advancements
more traditional approaches based on selection fofor simple traits can be acknowledged (i)
yield per se(Sorrells & Wilson, 1997; Slafest al, academically from examples in the literature actually
1999; Arauset al, 200d). In this context, it is introgressing alien genes, affecting phenotype as
relevant to note that in general (with exceptions predicted in the genome in which it was introgressed,
recognised for targeted environments extremely poorand (ii) empirically by the simple awareness of the
in yield; Ceccarelli & Grando, 1996; Araes al, number of transgenic crop cultivars commercially
20020) improvements in actual yields in used in several agricultural regions of the globe.
Mediterranean conditions (as well as in other, As the recent literature offers a wide range of
stressful environments) may well depend uponpapers reporting on QTLs for yield, we could
further increases in yield potential, despite the factpossibly operate in the same way as for simple traits,
that there is a large gap between them. Two factswith regard to introgressing yield QTLs. In other
support this statement: there has been no increase words, if we do know the QTLs for yield and
actual yields obtained by farmers until there was aassociated markers we could directly introgress them
consistent increase in potential yield of cultivars (for instance by backcrossing and selecting by the
released by breeders. py mid-20th century) and presence of the marker associated to the QTL for
trends in actual and potential yields tend to be paralleyield) and eliminating the cumbersome, time-
(see Abeledet al (2003) for an example in barley; consuming and sometimes difficult phenotyping of
Evans (1993) for examples on soybean and maizephysiological traits.
and Slafer & Calderini (2005) for examples in wheat, However, application of MAS for complex
and also see Cassman (1999) for a more general viewuantitative traits, such as those related to increased
on the issue). It therefore seems that the contentioproductivity in a particular population of
that selection under favourable conditions usually environments, remains challenging (Slafer, 2003).
leads to higher yields in less favourable QTLs for complex traits like yield can easily be
environments (Richards, 2000; Araetsal, 2002) identified in specific mapping populations, and the
is supported by the empirical evidence. Calderini & identification of QTLs for yield is widespread in the
Slafer (1999) illustrated this issue showing that literature. However, expression may be dependent
modern cultivars have consistently outyielded their upon the genetic background (Stukeial, 1999);
older counterparts even in the lowest-yielding this dependence being one of the reasons to believe
conditions in each of the countries analysed, and ashat there is an intrinsic complexity in identifying
pointed out by Richardst al. (2001) it may be trustworthy QTLs for yield. The approach by
expected that future genetic progress in favourableThomas (2003) comparing QTLs for yield in a
environments should continue contributing to yield number of mapping populations serves to illustrate
in less favourable environments. the problem of the strong dependence on the specific

However, further raising potential yields is not a mapping population (and QTLs being of no use for
simple task. Despite breeding having quite other populations such as that of the elite germplasm
successfully achieved this objective in the secondfrom where new cultivars would come from). Other
half of the 20th century, breeders currently start with major problems with QTLs for yield commonly
a crop that has already undergone an intensivaeported in the literature are that they commonly
process of selection for increased yields. We believepossess a low resolution; frequently have a small
that further improvements need the integration ofindividual effect on yield; and are normally strongly
new tools/strategies to complement traditional dependent on the (& interaction (e.g. Kjaer &
breeding approaches. Jensen, 1996; Romagosaal, 1996; Yinet al,

1999).
Consequently, the evidence of reported QTLs for
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