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† Background Root systems are well-recognized as complex and a variety of traits have been identified as con-
tributing to plant adaptation to the environment. A significant proportion of soil in south-western Australia is
prone to the formation of hardpans of compacted soil that limit root exploration and thus access to nutrients
and water for plant growth. Genotypic variation has been reported for root-penetration ability of wheat in con-
trolled conditions, which has been related to field performance in these environments. However, research on
root traits in field soil is recognized as difficult and labour intensive. Pattern analysis of genotype × environment
(G × E) interactions is one approach that enables interpretation of these complex relationships, particularly when
undertaken with probe genotypes with well-documented traits, in this case, for the ability to penetrate a wax
layer. While the analytical approach is well-established in the scientific literature, there are very few examples
of pattern analysis for G × E interactions applied to root traits of cereal crops.
† Scope In this viewpoint, we aim to review the approach of pattern analysis for G × E interaction and the im-
portance of environment and genotype characterization, with a focus on root traits. We draw on our research on
G × E interaction for root depth and related studies on genotypic evaluation for root-penetration ability. In doing
so, we wish to explore how pattern analysis can aid in the interpretation of complex root traits and their inter-
action with the environment and how this may explain patterns of adaptation and inform future research.
† Conclusions With appropriate characterization of environments and genotypes, the G × E approach can be used
to aid in the interpretation of the complex interactions of root systems with the environment, inform future re-
search and therefore provide supporting evidence for selecting specific root traits for target environments in a
crop breeding programme.
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INTRODUCTION

Our interest in the application of pattern analysis tools for
genotype × environment (G × E) interactions for root depth
grew from a desire to (a) validate research we were conducting
on evaluating wheat (Triticum aestivum) genotypes for vari-
ation in the ability to penetrate a wax layer; and (b) integrate
and relate this to field performance in soils with contrasting
soil hardness in the Western Australian wheatbelt. Soils in
this region are geologically old, weathered, and, in addition
to a range of other physical and chemical subsoil constraints,
around 24 % are highly susceptible to subsurface compaction
or hardpans (Davies and Lacey, 2011). Western Australian
soils are hardly unique in this regard, hardpans or, more
broadly, soils with high penetration resistance, e.g. due to
high clay content, being a common feature of many agricultur-
al soils (Hamza and Anderson, 2005). Such soil physical prop-
erties constrain root growth and access to nutrients and water
for crop growth. As little as 2 MPa of resistance is sufficient
to limit root growth (Hamblin et al., 1982) and, instead, the
majority of roots, particularly in subsoils with high bulk
density explore the soil profile through biopores (White and
Kirkegaard, 2010).

Our previous research had shown that genotypic variation
existed in bread wheat cultivars and breeding lines for the
ability to penetrate thin wax layers when grown in controlled
conditions in soil columns (Botwright Acuña et al., 2007).
Field trials were undertaken in a low-rainfall environment in
Western Australia on two soil types in 2005, one containing
a hardpan and another that increased in soil strength with
depth, to validate our observations from soil columns. Root
depth was targeted as a simple integrative trait, but one
which has been associated with greater resource capture and
hence yield (Kirkegaard and Lilley, 2007). Early results were
encouraging, with root depth on a Calcic Lixisol with a
hardpan at 0.25 cm showing a positive relationship with above-
ground biomass at anthesis (Fig. 1). Furthermore, cultivars
differed in root depth between the two soil types (Fig. 2),
indicating possible differences in adaptation to soil character-
istics that warranted further investigation. Subsequent field
trials were undertaken and the field sites expanded to include
a medium rainfall environment, again on a Calcic Lixisol
where half the site had been ripped to a depth of 50 cm the pre-
vious season. In the meantime, research in the controlled
environment in soil columns containing wax layers had
expanded to include phenotyping of two wheat cultivars,
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Cranbrook and Halberd, known to differ in root-penetration
ability (Botwright Acuña et al., 2007), and their
doubled-haploid population, for identification of quantitative
trait loci (QTL).

Pattern analysis of G × E interactions for root depth was
subsequently used as one approach to integrating the field
and controlled environment observations, based on our

understanding of the soil physical characteristics and evalu-
ation of genotypes for the ability of roots to penetrate wax
layers. While pattern analysis of G × E interactions is not
new and is widely reported in the scientific literature, the ap-
proach has been applied to few root traits and specifically
not for wheat. This is likely to be a reflection of the difficulty
in obtaining the necessary data from a range of genotypes and
field trials. In this viewpoint, we aim to review the approach of
pattern analysis for G × E interaction and the importance of
environment and genotype characterization, with a focus on
root traits. We draw on our research on G × E interaction for
root depth (Botwright Acuña and Wade, 2012) and other re-
search on genotypic evaluation for root-penetration ability.

G × E APPROACH

G × E interactions are common in agricultural research and
describe the association between the environment and the
phenotypic expression of a genotype (Allard and Bradshaw,
1964). The presence of G × E interaction indicates that both
environmental factors and the genotype influence the pheno-
typic expression of a trait. The approach is typically used in
plant and animal breeding to identify and select genotypes
for a target environment. Genotypes are usually tested across
a diverse range of environments, including locations, years
and seasons, and often involve a large number of genotypes.
For plants, the most common trait routinely targeted using
the G × E approach is yield, but other examples have been
reported for other traits including quality (Aucamp et al.,
2006) and biomass production (Bradbury et al., 2011). The
G × E approach has been used to describe variation in root
traits in tuberous plant species such as sweet potato (e.g.
Grüneberg et al., 2005) and cassava (Benesi et al., 2004).
There are few published papers on G × E for root traits in
cereals (e.g. Kondo et al., 2003) and none to our knowledge
on wheat.

A range of statistical approaches have been published for the
analysis of the G × E interaction. Examples include analysis
of variance, regression (Finlay and Wilkinson, 1963), non-
parametric methods (Kang, 1988; Fox et al., 1990) and
pattern analysis of multivariate analytical methods such as
the additive main effects and multiplicative interaction
(AMMI) model (Zobel et al., 1988), and genotype plus G ×
E interaction (GGE) biplots (Yan et al., 2000). For the latter
two approaches, biplots jointly display genotypes and environ-
ments on the one plot and are derived from the G and E means.
The relationship among these attributes is affected by the scale
of measurement, which is eliminated by data transformation
(Kroonenburg, 1995). There are several approaches to data
transformation, such as environment-centred or -standardized
that result in a family of pattern analyses (Kroonenburg,
1995). The appropriate transformation depends on the
purpose of the analysis as reviewed by DeLacy et al. (1996).
For example, the environment-standardized transformation is
implied when the correlation matrix is used and is recom-
mended for plant breeding. In contrast, the environment-
centred model is implied when an ordination on genotypes is
performed using the covariance matrix and is recommended
for adaptation studies. Transformation is then followed by
ordination using singular value decomposition on the residuals
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(Eckart and Young, 1936) to produce biplots and cluster ana-
lysis using the hierarchical agglomerative clustering strategy.

The pattern analysis to evaluate G × E for root depth in
wheat (Botwright Acuña and Wade, 2012) uses the GGE ap-
proach with environment-standardized data, which were
extracted from replicated field trials in six environments
(2005–2006) and 24 genotypes (wheat cultivars and breeding
lines). Note that while datasets for GGE analysis of
multiple-environment trials are often large, Gauch and Zobel
(1989) state that at a minimum the matrix of means should
be larger than 3 × 3, requiring more than three genotypes in
three or more environments. Thus, the number of genotypes
and environments used in our study meet these criteria. In
our study, the transformed data from the GGE analysis were
clustered using the agglomerative hierarchical algorithm of
Ward (1963) based on minimizing incremental sums of
squares. Scores for both genotypes and environments from
the two-component interaction principal components model
were computed for AX1, AX2 and AX3 and plotted as
bi-plots (Botwright Acuña and Wade, 2012).

G × E INTERACTIONS FOR ROOT DEPTH

In our analysis for G × E interactions for root depth, genotype
main-effects accounted for 12 %, environment 48 %, and the
G × E interactions 40 % of the total sum of squares. The key
point from this analysis of root depth is that the sum of
squares for G × E (G × E-SS) was more than three times
that for G. Cluster analysis on the environment-standardized
residuals was used to identify three environment and six geno-
type groups, which preserved 72 % of the G × E-SS among
groups. The ordination analysis of the environment-
standardized residuals indicated that interaction principal com-
ponent axes AX1, AX2 and AX3 accounted for 30, 24 and 18
% of the G × E-SS, respectively. The relationship between
AX1 and AX2 is shown in Fig. 3. An additional bi-plot
(AX2 vs. AX3) and full description of main effects and G ×
E interactions for root depth are presented in Botwright
Acuña and Wade (2012).

The biplot shown in Fig. 3 should be interpreted with
respect to the environment-standardized transformation used
in the analysis. The biplot displays genotype plus G × E inter-
action effects, consistent with Yan (2002), where the genotype
values are standard deviations from the average of the environ-
ments. The origin is the average value of the environments and
it represents the genotype that has an average value in each en-
vironment (Kroonenburg, 1995). The lines that connect the
biplot origin and the markers for the environments are called
environment vectors. Thus, the larger the projection of a geno-
type on an environment vector, the more the genotype deviates
from the average in the environment and has reduced stability
(Yan, 2002).

For broad selection, ideal genotypes have both high mean
root depth and are close to the origin. For specific selection,
ideal genotypes with high mean root depth but low stability
will respond best to particular environments (Yan, 2002).
The three environment groups (Fig. 3) were clearly separated
by the two principal component axes AX1 and AX2. The six
genotype groups were also separated by the two principal

component axes shown in Fig. 3, although these relationships
were variously positive, neutral or negative.

The biplot is an effective tool for identifying genotypes
adapted to specific environments and their mean performance
and stability (Yan, 2002). Here we have focused on root depth
as an integrative trait, as a simple measure of genotype success
from penetration and other strategies, including adaptation to
soil conditions. Results from the biplot and principal compo-
nent analyses could potentially be used by plant breeders to
inform the so-called ‘which-won-where’ scenario for recom-
mending cultivar choices with respect to root depth in different
environments. On the other hand, pattern analysis of G × E
interactions has a broader application in contributing to our
understanding of the physiological basis of these differences
in root depth among genotypes and their adaptation to environ-
ment (Byth, 1981). Given the recognized complexity in root
systems, their structure and function, the ability to explore
root data from a holistic perspective may lead to new hypoth-
eses worthy of further study. Integral to this aim is character-
ization of environments and genotypes.

CHARACTERIZATION OF ENVIRONMENTS

The importance of and approaches to environmental character-
ization for understanding G × E interactions was reviewed by
Wade et al. (1996). As would be expected, this can include a
range of characteristics, from climate and biological factors, to
soil morphology, chemistry and physics. One of the issues
with large, multi-environment trials is the time and expense
required for full characterization of environments. Under
these circumstances, alternative approaches to characterization
of environments include the measurement of key data and the
use of so-called ‘probe’ genotypes (Cooper and Fox, 1996).
Given the lack of papers on pattern analysis for G × E
in root traits in the literature, here we will instead briefly
refer to an example from Wade et al. (1999) in which G × E
interactions were analysed for grain yield of 37 lowland rice
cultivars across 36 environments in south and south-east
Asia. Environments were characterized according to data on
planting method, the duration of flowering, the hydrological
environment during key stages of crop development, soil
texture and pH. This combination of data was sufficient
to characterize environment groups that differed in the onset
of drought and submergence and adaptation of genotypes to
these conditions.

Beyond the G × E theme of this paper, there have been exam-
ples in the scientific literature on root research with broad charac-
terization of environments that has led to the identification of
constraints to root growth. For example, research by Valentine
et al. (2012) used regression analysis to relate variation in root
elongation rate of a barley cultivar to a wide range of soil chemical
and physical properties measured in topsoil across 59 sites in
Scotland. In this case, soil strength and porosity were identified
as key soil attributes that constrained root elongation of barley.
For our study on root depth, the environments were characterized
for climate and soil physical characteristics, including soil morph-
ology, gravimetric water content and soil hardness (Fig. 4), as
part of field validation of genotypic variation in root penetration
through wax layers in controlled conditions (Botwright Acuña
et al., 2007). Of the six environments, four were on a Calcic
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Lixisol, the remainder on a Calcic Solonetz (Isbell, 1996).
Environments on the Calcic Lixisol were split between two
sites at Merredin (lat. –31.483333, long. 118.266667) and

Buntine (lat. –29.983333, long. 116.566667) in the low and
medium rainfall zones of Western Australia, which receive 223-
and 292-mm growing-season rainfall, respectively. These
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environments, with the exception of one site on the Calcic Lixisol
at Buntine which had been ripped to a depth of 50 cm, had hard-
pans of approx. 4 MPa in strength at around 0.10–0.25 m. In
contrast, the Calcic Solonetz at Merredin increased in soil strength
to 4 MPa at a depth of 0.6 m and, while the site was co-located in
the low rainfall zone, the clay soil texture resulted in a greater
drained upper and lower limit than the sandier Calcic Lixisol
(Botwright Acuña et al., 2007).

To understand fully the response of roots to their environ-
ment, there are a number of other soil biological, chemical
and physical factors that must be considered, to assist in the in-
terpretation of the G × E analysis at the specific locations of
the environments. Furthermore, there has also been a
growing use of crop simulation models such as APSIM
(Keating et al., 2003) in Australia, which by their nature
require characterization of environments. As such, there is a
growing database of soils in the Australian Soil Resource
Information System (ASRIS; CSIRO, 2012) in addition to
previously published research available in the literature,
which variously includes soil physical and chemical properties
that can be drawn upon to aid interpretation. For example, the
Calcic Lixisol has a neutral to moderately acidic pH (Tang
et al., 2002), while the Calcic Solonetz has a neutral to
acidic pH (Hamza and Anderson, 2002). Both soils have low
organic carbon levels in the top soil of around 1 %.
Furthermore, boron toxicity occurs in around 15 % of
Western Australian soils, particularly those with a high clay
content in the low rainfall areas of the eastern wheatbelt
(Lacey and Davies, 2009) and, based on a similar soil type
in ASRIS, was likely to be at low concentrations in the top
soil of the Calcic Solonetz, but reaching around 30 mg kg21

at depths of around 0.7 m. Genotypic variation in boron sensi-
tivity was proposed as a possible cause of separation for AX3
in Botwright Acuña and Wade (2012).

Returning to the G × E analysis, three environment groups
are shown in Fig. 3. Cluster analysis revealed that E1 (CS5
and CLr6) separated first, and then E2 (CL6) separating from
the rest (E3) (Botwright Acuña and Wade, 2012). The next
step is to compare and contrast characteristics of the environ-
ments so as to develop hypotheses on the key attributes
driving the separation into groups of environments. In this
case, these included the hardness of the soil profile, which
was in turn related to soil moisture content (Rickert et al.,
1987) and, therefore, influenced by rainfall events. Using
this approach, group E3 included three sites that tended to
have high soil penetration resistance (Fig. 4). In contrast,
group E1 was proposed to have lower resistance to penetration,
which we linked with the higher rainfall at CS5 and soil
ripping at CLr6. The CL6 site did not have a significant
hardpan, so formed singleton group E2. The next step is to
relate the vectors for the environments and their groups to stat-
istically significant principal component axes identified
through the G × E-SS analysis, which are represented as
biplots. For root depth, the three environment groups were
clearly separated by the two principal component axes AX1
and AX2 (Fig. 3). For, AX1, for example, the high soil
strength group (E3) was strongly positive, the low soil strength
group (E2) mildly positive or neutral, and the medium soil
strength group (E1) negative (Fig. 3). For AX2, the medium
soil strength group (E1) and the unripped Calcic Lixisol in

2006 were strongly positive, while the remaining environments
and sites were neutral.

CHARACTERIZATION OF GENOTYPES

Phenotypic characterization of genotypes for cereal root traits,
particularly in situ, is labour intensive and therefore often
limited to only a few traits or genotypes within a plant
species. Thus there are relatively few examples in the literature
(e.g. Samson et al., 2002; Cairns et al., 2004; Botwright Acuña
and Wade, 2012). Instead, researchers have used a range
of approaches in controlled conditions, in soil columns,
lysimeters and root boxes and so on, using repacked or intact
soil cores or other artificial growth media. There have also
been recent developments in the use of remote technologies,
such as X-ray microtomography (Gregory et al., 2009) and
genetic markers (e.g. Courtois et al., 2009). The G × E ap-
proach can augment these by ex situ measurements of genotyp-
ic variation by providing comparative analysis of identified
phenotypes against their performance in situ.

Take, for example, the results of the pattern analysis of main
effects of genotypes in the G × E analysis, which identified six
genotype groups that were separated by the principal compo-
nent axes shown in Fig. 3. A full description of these interre-
lationships is provided in Botwright Acuña and Wade (2012).
From our analysis of root depth across environments, we have
reported that the Spear (G1), Machete (G5) and Halberd (G3)
groups all had deeper roots than the Janz (G4), C18 (G6) or
Cranbrook (G2) groups. These same or a subset of contrasting
genotypes were included in screening (Botwright Acuña and
Wade, 2005) or more detailed experiments (Botwright Acuña
et al., 2007) for root-penetration ability through thin wax
layers in controlled conditions in pots under contrasting condi-
tions of soil water availability. Briefly, a thin wax layer (3 mm
deep) of known strength was placed half-way in a soil column
0.5 m in depth and 0.12 m wide, packed with a sandy loam.
The wax layer was sealed to the side of the pot to compartmen-
talize the soil so that the soil moisture above and below the
wax layer could be manipulated. Placement of the wax-layer
at this depth, which is similar to that of a hardpan in field
soil, allows for slow soil drying under drought conditions,
which has enabled us to examine the interaction between root-
penetration ability and soil water deficit (Botwright Acuña and
Wade, 2005). Using this approach, we have shown that seminal
number, total length of the main root axes and dry matter
sharply declined as the wax-layer strength increased, with a
strong interaction between wax-layer strength and depth of
the wax layer (Fig. 5). In contrast, nodal root axes are produced
later in plant development, making it impossible to observe
their capacity to penetrate the wax layer; hence their total
length and dry matter instead interacted strongly with water
availability (Fig. 5).

Genotypic variation has been reported using the thin-wax
layer technique in rice (e.g. Clark et al., 2000) and bread
(Botwright Acuña and Wade, 2005) and durum (Kubo et al.,
2004) wheat, which was related to field performance
(Samson et al., 2002; Botwright Acuña et al., 2007). From
these combined analyses, we have reported that few seminal
to no roots of wheat cultivars C18 and Cranbrook penetrated
thin wax layers in pots and vice versa for Bonnie Rock and
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Halberd (Fig. 6). Further research is required to discern
whether this response is related to specific classes of the
seminal or primary root system, which consists of tap, basal
and lateral roots (Zobel, 2011). Finally, penetration of the
wax layer in Bonnie Rock and Halberd was, as expected,
linked with improved soil water extraction under water
deficit (Fig. 7).

In addition, QTL have been identified for two of the wheat
genotypes with contrasting ability to penetrate a wax layer and

their doubled haploid line (DHL) progeny grown in well-
watered conditions. For example, a total of seven and five
QTL for seminal dry weight above and below the wax layer,
respectively, have been identified (Table 1). Of these, two
QTL on chromosomes 3DL and 4AL each accounted for 12
% of the variance. There is very little published literature on
QTL for root traits in wheat linked with the ability to penetrate
hard soil or, more specifically, wax layers. While Kubo et al.
(2007) found QTL for durum wheat for root dry matter on
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1B, and penetrating root number and RP index on 6A, these
did not correspond with the QTL we identified for bread
wheat. In contrast, QTL for root traits in rice and other crops
have been extensively studied (de Dorlodot et al., 2007),
with some 28 traits collated from a range of publications in
a meta-analysis (Courtois et al., 2009), which included
several QTL for the number of roots penetrating hard soil.
Comparative genomics between wheat and rice reveals a rea-
sonable degree of synteny (Sorrells et al., 2003), so there
may be opportunity to relate root QTL across species.

An understanding of the G × E interactions can allow the
identification of a reference set to represent the germplasm
in a breeding programme and thought to respond differently
(Fox and Rosielle, 1982), or a set of probe genotypes with
known adaptations to specific constraints (Cooper and Fox,
1996). Outputs from the G × E analysis with support from

our understanding of the underlying physiology and genetics
can be used to identify a set of probe genotypes for hardpan
penetration ability drawing from the identified genotype
groups.

INTERPRETING THE G × E INTERACTION FOR
ROOT DEPTH

The characterization of environments and genotypes then
forms the basis of interpreting the G × E analysis for root
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TABLE 1. Estimated genetic (additive) effects for root trait QTL
measured on random progeny from the Cranbrook/Halberd
wheat population evaluated across well-watered and
water-deficit environments as described in Botwright Acuña and

Wade (2005) and Botwright Acuña et al. (2007)

Population/chromosome LOD
a genetic

effect (8C)*
Percentage

variance (s2)†

Above-wax seminal dry weight
1BS 4.6 –0.038 7
1DS 4.5 –0.042 8
3AL 3.8 0.036 5
3BS 3.7 –0.020 4
3DL 5.4 0.049 12
5AL 3.2 –0.029 6
7DS 4.8 0.047 9
Below-wax seminal dry weight
1BS 3.8 –0.019 5
1DS 4.5 –0.026 8
2BS 4.6 –0.027 9
3BS 3.3 –0.016 5
4AL 5.3 0.032 12

* Positive additive effects indicate that the Cranbrook allele with ‘a’ the
additive effect estimated as one-half the difference in homozygotes carrying
either parental allele.

† Distance from the tip of the short arm of the chromosome.
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depth of wheat, which is discussed in full in Botwright Acuña
and Wade (2012), but the approach for interpreting the biplot
is described here. As noted previously, from a plant-breeding
perspective, the relationship of genotype to an environment
vector can provide information on the expression of the
target trait, in this case root depth, for a particular environment
in the ‘which-won-where’ scenario.

In addition, the G × E biplot can aid interpretation of the
physiological mechanisms associated with rooting depth of
wheat in the target environment, by integrating our interpret-
ation of the cluster analysis into environment and genotype
groups, detailed characteristics of probe genotypes, and their
relative projection in the G × E biplot. For root depth, most
genotype groups aligned from negative for AX1 and AX2 in
the lower left to positive for AX1 and AX2 in the upper
right (Fig. 3), which we have proposed to represent soil phys-
ical conditions ranging from friable to very hard (Botwright
Acuña and Wade, 2012). Genotype groups containing the
probe genotype, Halberd (G3), were better adapted to soil
physical constraint, and this was consistent with Halberd
having a greater capacity for root penetration of wax layers
under controlled conditions (Botwright Acuña et al., 2007).
In contrast, groups containing Cranbrook (G2) and C18 (G6)
were less able to cope with soil physical constraint, again con-
sistent with the poor ability of roots to penetrate wax layers
under controlled conditions. The two Calcic Solonetz soils
were likely to contain high levels of boron at depth (Lacey
and Davies, 2009), which may have influenced separation of
sensitive genotypes, such as Machete (Jefferies et al., 2000).
Therefore six probe genotypes can be chosen to represent
each of the six genotype groups: Spear, Cranbrook, Halberd,
Janz, Machete and C18. There is a need for broader adoption
of the probe genotypes in screening populations in controlled
and field conditions and further experimentation to understand
if the root traits associated with the probe genotypes are con-
stitutive or adaptive in response to stress, which may implicate
root signals for stress perception and signalling for trait expres-
sion (Siopongco et al., 2008, 2009).

FUTURE RESEARCH

The application of pattern analysis of G × E interactions for
root depth is a new scientific approach to aid in the interpret-
ation of complex root traits in a range of environments, and
this warrants further attention. While we have focused on
root depth in our study, pattern analysis is likely to be amen-
able to a range of root traits. Validation of the approach will
require further datasets with well-characterized environments
and genotypes. With specific reference to our research, we
have provided some evidence on genotype responses of repre-
sentatives from the Halberd (G3) and Cranbrook (G2) groups,
and, to some extent, the Spear (G1) and C18 (G6) groups, but
no data are available on representatives from the Janz group
(G4) and Machete (G5) in relation to soil physical constraint.
Further research is needed to document better the dynamics of
root responses of such probe genotypes, which these analyses
imply, may be preferentially adapted to contrasting soil phys-
ical conditions, in order to confirm trait identity and contribu-
tion, and confirm robust screening procedures.

Particularly promising is the link between field performance
of parental lines and identification of QTL for traits such as
root dry matter using the wax layer technique, which provides
support for future research utilizing this genetic material. We
have a validated a technique for evaluating the ability of
roots to penetrate a wax layer under contrasting water
regimes, which we have related to the field. We now know
of QTL of chromosome segments associated with root traits
using these techniques, albeit under well-watered conditions.
Future research could identify QTLs under contrasting condi-
tions of water availability using the wax-layer technique,
given that this has been shown to allow for slow soil drying
under drought conditions and examination of the interaction
between root-penetration ability and soil water deficit
(Botwright Acuña and Wade, 2005). DHLs contrasting in
these traits could then be used as probe genotypes to investi-
gate further the expression of these root traits in field condi-
tions, in an unbiased genetic background, without the
confounding effects of other traits such as plant height, flower-
ing and plant type. There may be potential to use QTLs or even
candidate genes for marker-assisted selection of these root
traits in plant breeding (de Dorlodot et al., 2007).

Finally, recently there has been refinement of 3-D root
architectural models to study the interaction between plant
roots and objects or barriers in soil (Dunbabin et al., 2011).
Modelling can play an important role in upscaling from pot
to field studies and, in investigating the complexity of root–
soil interactions (de Dorlodot et al., 2007) and trait contribu-
tion. Root growth in soil containing a hardpan restricts
access to water and nutrients at depth. Modelling the root
architecture of probe genotypes contrasting in their ability to
penetrate wax layers in different soil types and available soil
water and nutrients would complement QTL studies under
controlled conditions in pots and in the field and assist in
the interpretation and proof of concept of these complex
interactions.

CONCLUSIONS

Pattern analysis of G × E interactions is an approach that has
been largely neglected in the study of root systems and their
adaptation to environment. With appropriate characterization
of environments and genotypes, this approach can be used to
aid in the interpretation of the complex interactions of root
systems with the environment, inform future research and
therefore provide supporting evidence for selecting specific
root traits for target environments in a crop breeding pro-
gramme. In the example presented in this paper, we have fo-
cussed on pattern analysis of G × E for root depth, which
we have linked with phenotypic characterization undertaken
in controlled conditions in pots containing a wax layer and evi-
dence for genetic control, including QTLs. Future research will
focus on additional phenotyping of the DHL population in pots
containing a wax layer under contrasting water regimes, which
allows for slow soil drying under drought conditions so that we
can examine the interaction between root-penetration ability
and soil water deficit. DHLs identified with contrasting root
traits will be used to further our understanding and proof of
concept of root growth of wheat in soils containing a
hardpan, through a combination of detailed studies in
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controlled environments, in the field and using root architec-
tural models.
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Grüneberg WJ, Manrique K, Zhang D, Hermann M. 2005. Genotype ×
environment interactions for a diverse set of sweetpotato clones evaluated
across varying ecogeographic conditions in Peru. Crop Science 45:
2160–2171.

Hamblin AP, Tennant D, Cochrane H. 1982. Tillage and the growth of a
wheat crop in a loamy sand. Australian Journal of Agricultural
Research 33: 887–897.

Hamza MA, Anderson WK. 2002. Improving soil physical fertility and crop
yield on a clay soil in Western Australia. Australian Journal of
Agricultural Research 53: 615–620.

Hamza MA, Anderson WK. 2005. Soil compaction in cropping systems: a
review of the nature, causes and possible solutions. Soil & Tillage
Research 82: 121–145.

Isbell R. 1996. The Australian Soil Classification. Revised Edition.
Collingwood, Vic: CSIRO.

Jefferies SP, Pallotta MA, Paull JG, et al. 2000. Mapping and validation of
chromosome regions conferring boron toxicity tolerance in wheat
(Triticum aestivum). Theoretical and Applied Genetics 101: 767–777.

Kang MS. 1988. A rank-sum method for selecting high-yielding, stable corn
genotypes. Cereal Research Communications 16: 113–115.

Keating BA, Carberry PS, Hammer GL, et al. 2003. An overview of
APSIM, a model designed for farming systems simulation. European
Journal of Agronomy 18: 267–288.

Kirkegaard JA, Lilley JM. 2007. Root penetration rate – a benchmark to
identify soil and plant limitations to rooting depth in wheat. Australian
Journal of Experimental Agriculture 47: 590–602.

Kondo M, Pablico P, Aragones D, et al. 2003. Genotypic and environmental
variations in root morphology of rice genotypes under upland field condi-
tions. Plant and Soil 255: 189–200.

Kroonenburg PM. 1995. Introduction to biplots for G × E tables. Brisbane:
Centre for Statistics, The University of Queensland.

Kubo K, Jitsuyama Y, Iwama K, Hasegawa T, Watanabe N. 2004.
Genotypic difference in root penetration ability by durum wheat
(Triticum turgidum L. var. durum) evaluated by a pot with
paraffin-Vaseline discs. Plant and Soil 262: 169–177.

Kubo K, Elouafi I, Watanabe N, et al. 2007. Quantitative trait loci for soil-
penetrating ability of roots in durum wheat. Plant Breeding 126:
375–378.

Lacey A, Davies S. 2009. Boron toxicity in WA soils. Government of Western
Australia, Department of Agriculture and Food.

Rickert KG, Sedgley RH, Stern WR. 1987. Environmental responses of
spring wheat in the south-western Australian cereal belt. Australian
Journal of Agricultural Research 38: 655–670.

Samson BK, Hasan M, Wade LJ. 2002. Penetration of hardpans by rice lines
in the rainfed lowlands. Field Crops Research 76: 175–188.

Siopongco J, Sekiya K, Yamauchi A, Egdane J, Ismail AM, Wade LJ.
2008. Stomatal responses in rainfed lowland rice to partial soil drying:
Evidence for root signals. Plant Production Science 11: 28–41.

Siopongco JDLC, Sikiya K, Yamauchi A, Egdane J, Ismail AM, Wade LJ.
2009. Stomatal Responses in rainfed lowland rice to partial soil drying;
comparison of two lines. Plant Production Science 12: 17–28.

Sorrells M, La Rota M, Bermudez-Kandianis E, et al. 2003. Comparative
DNA sequence analysis of wheat and rice. Genome Research 13:
1818–1827.

Botwright Acuña & Wade — Genotype × environment interactions in wheat rooting depth 367



Tang C, Rengel Z, Abrecht D, Tennant D. 2002. Aluminium-tolerant wheat
uses more water and yields higher than aluminium-sensitive one on a
sandy soil with subsurface acidity. Field Crops Research 78: 93–103.

Valentine TA, Hallett PD, Binnie K, et al. 2012. Soil strength and macropore
volume limit root elongation rates in many UK agricultural soils. Annals
of Botany 110: 259–270.

Wade LJ, McLaren CG, Quintana L, et al. 1999. Genotype by environment
interactions across diverse rainfed lowland rice environments. Field
Crops Research 64: 35–50.

Ward JH. 1963. Hierachical groupings to optimise an objective function.
Journal of the American Statistical Association 58: 236–244.

Wade LJ, McLaren CG, Samson BK, Regmi KR, Sarkarung S. 1996.
The importance of environmental characterization for understanding
genotype by environment interactions. In: Cooper M, Hammer GL. eds.

Plant adaptation and crop improvement. Wallingford, UK: CAB
International.

White R, Kirkegaard JA. 2010. The distribution and abundance of wheat
roots in a dense, structured subsoil: implications for water uptake.
Plant, Cell and Environment 33: 133–148.

Yan W. 2002. Singular-value partitioning in biplot analysis of multienviron-
ment trial data. Agronomy Journal 94: 990–996.

Yan W, Hunt LA, Sheng Q, Szlavnics Z. 2000. Cultivar evaluation and
mega-environment investigation based on the GGE biplot. Crop
Science 40: 597–605.

Zobel RW. 2011. A developmental genetic basis for defining root classes.
Crop Science 51: 1410–1413.

Zobel RW, Wright MJ, Gauch HGJr. 1988. Statistical analysis of a yield
trial. Agronomy Journal 80: 388–393.

Botwright Acuña & Wade — Genotype × environment interactions in wheat rooting depth368



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /JPXEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /JPXEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


