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 Background   Root systems are well-recognised as complex and a variety of traits have 

been identified as contributing 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 

controlled conditions, which has been related to field performance in these environments. 

However, research on root traits in field soil is recognised 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 importance of environment and genotype characterisation, with a focus on 

root traits. We draw on our research on G × E interaction for root depth and related studies on 
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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 interaction with the 

environment and how this may inform future research. 

 Conclusions With appropriate characterisation 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 research and therefore provide supporting 

evidence for targeting particular root traits for target environments in a crop breeding program. 

 

Key words: hardpan, wax layer, Western Australia, pattern analysis, wheat, Triticum 

aestivum L.  
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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 i) validate research we were conducting on 

evaluating wheat genotypes for variation in the ability to penetrate a wax layer; and ii) 

integrate and relating 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 

agricultural soils (Hamza and Anderson, 2005). Such soil physical properties 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 characteristics that warranted further 
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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 previous season. In the meantime, research in the controlled environment 

in soil columns containing wax layers had expanded to include phenotyping of two wheat 

cultivars, 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. 

 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 evaluation 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 approach has been applied to few root traits and 

specifically not for wheat. This is likely 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 characterisation, 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 research 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 phenotypic 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 
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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), 

nonparametric methods (Kang, 1988, Fox et al., 1990) and pattern analysis of multivariate 

analytical methods such as additive mean 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 environments 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 –standardised 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-standardised transformation is implied 

when the correlation matrix is used and is recommended 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 (Eckart and 

Young, 1936) to produce biplots and cluster analysis using the hierarchical agglomerative 

clustering strategy.  



7 

 

The pattern analysis to evaluate G × E for root depth in wheat (Botwright Acuña and 

Wade, 2012) uses the GGE approach with environment-standardised data, which were 

extracted from replicated field trials in six environments (2005-06) 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 Ward 

(1963) agglomerative hierarchical algorithm based on minimising 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 the sum of squares for G × E was more than three 

times that for G. Cluster analysis on the environment-standardised residuals was used to 

identify three environment and six genotype groups, which preserved 72% of the G x E-SS 

among groups. The ordination analysis of the environment-standardised residuals indicated 

that interaction principal component axes AX1, AX2 and AX3 accounted for 30, 24 and 18% 

of the G x 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-

standardised transformation used in the analysis. The biplot displays genotype plus G × E 
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interaction effects, consistent with Yan (2002), where the genotype values are standard 

deviations from the average of the environments. The origin is the average value of the 

environments and it represents the genotype that has an average value in each environment 

(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 genotype 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 component analyses could potentially be used by plant breeders to inform the so-

called ‘which-won-where’ scenario for recommending 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 environment (Byth, 1981). 

Given the recognised complexity in root systems, their structure and function, the ability to 

explore root data from a holistic perspective may lead to new hypotheses worthy of further 

study. Integral to this aim is characterisation of environments and genotypes. 
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CHARACTERISATION OF ENVIRONMENTS 

The importance and approaches to environmental characterisation 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 characterisation of environments. Under these circumstances, alternative 

approaches to characterisation 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) that analysed G × E interactions for grain yield of 37 

lowland rice cultivars across 36 environments in SE Asia. Environments were characterised 

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 characterise 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 examples in the scientific 

literature on root research with broad characterisation of environments that has led to the 

identification of constraints to root growth. For example, research by Valentine et al. (in press) 

used regression analysis to relate variation in 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 characterised 

for climate and soil physical characteristics, including soil morphology, 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 Lixisol, the remainder on a Calcic Solonetz (Isbell, 
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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 environments, with the exception of one site on the Calcic Lixisol 

at Buntine which had been ripped to a depth of 50 cm, had hardpans of ~4 MPa in strength at 

around 0.10 to 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).  

In order to fully understand the response of roots to their environment, there are a 

number of other soil biological, chemical and physical factors that must be considered, to 

assist in the interpretation 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 characterisation 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 include soil physical and chemical properties that 

can be drawn upon to aid interpretation. For example, the Calcic Lixisol has a neutral to 

moderately acid pH (Tang et al., 2002), while the Calcic Solonetz had 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/kg at depths 

of around 0.7 m. Genotypic variation in boron sensitivity was proposed as a possible cause of 

separation for AX3 in (Botwright Acuña and Wade, 2012).  



11 

 

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 environments so 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 statistically 

significant principal component axes identified through the G x 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.  

 

CHARACTERISATION OF GENOTYPES 

Phenotypic characterisation 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. (Cairns et al., 2004, 

Samson et al., 2002, 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 
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recent developments in the use of remote technologies, such as x-ray microtomography 

(Gregory et al., 2009) and genetic markers e.g. (Price, 2002). The G × E approach can 

augment these by ex-situ measurements of genotypic 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 

component axes shown in Fig. 3. A full description of these inter-relationships is provided in 

(Botwright Acuña and Wade, 2012). From our analysis of root depth across environments, we 

have reported that the Spear group (G1), Machete (G5) and Halberd groups (G3) all had 

deeper roots than either Janz group (G4), C18 group (G6) or Cranbrook group (G2). 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 conditions of 

soil water availability. Briefly, a thin wax layer (3 mm deep) of known strength is 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, so to compartmentalise the soil to manipulate soil 

moisture above and below the wax layer. 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 

that 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 DM sharply declined as wax-layer strength 

increased, with a strong interaction between wax-layer strength and soil depth (Fig. 5). In 

contrast, nodal root axes are produced later in plant development, which precluded 

observation on their capacity to penetrate the wax layer hence total length and DM instead 

interacted strongly with water availability (Fig. 5).  
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Genotypic variation has been reported using the thin-wax layer technique in rice e.g. 

(Clark et al., 2000), bread (Botwright Acuña and Wade, 2005) and durum (Kubo et al., 2004) 

wheat, which was related to field performance (Botwright Acuña et al., 2007, Samson et al., 

2002). 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 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, quantitative trait loci (QTL) have been identified for two of the wheat 

genotypes with contrasting ability to penetrate a wax layer and their 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 DM on 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 reasonable degree of synteny between the rice chromosomes 

(Sorrells et al., 2003), so there may be opportunity to relate root QTL between species. 

An understanding of the G × E interactions can allow the identification of a reference 

set to represent the germplasm in a breeding program and thought to respond differently (Fox 
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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 characterisation of environments and genotypes then forms the basis of 

interpreting the G × E analysis for root 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 

interpretation 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 physical 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 consistent with 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 
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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, Chaun Mai 18. 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 constitutive or adaptive in 

response to stress, which may implicate root signals for stress perception and signalling for 

trait expression (Siopongco et al., 2008, Siopongco et al., 2009).   

 

FUTURE RESEARCH 

The application of pattern analysis of G × E interactions for root depth is a new 

scientific approach to aid in the interpretation of complex root traits in a range of 

environments warrants further attention. While we have focussed on root depth in our study, 

pattern analysis is likely to be amenable to a range of root traits. Validation of the approach 

will require further datasets with well-characterised environment and genotypes. With specific 

reference to our research, we have provided some evidence on genotype responses of 

representatives 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 better document the dynamics of root responses of such probe genotypes which 

these analyses imply may be preferentially adapted to contrasting soil physical conditions, in 

order to confirm trait identity and contribution, 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 DM using the wax layer technique, which 

provides support for future research utilising this genetic material. We have a validated 

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 associated with root traits 
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using these techniques, albeit under well-watered conditions. Future research could identify 

QTLs under contrasting conditions 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). Doubled haploid lines (DHLs) contrasting in these traits 

could then be used as probe genotypes to further investigate the expression of these root traits 

in field conditions, in an unbiased genetic background, without confounding from other traits 

such as plant height, flowering 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 3D 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). Root growth 

in soil containing a hardpan restricts access to water and nutrients at depth. Modelling the root 

architecture of probe genotypes contrasting in the 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 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 characterisation 

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 targeting particular root traits for target 
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environments in a crop breeding program. In the example presented in this paper, we have 

focussed on pattern analysis of G × E for root depth, which we have linked with phenotypic 

characterisation undertaken in controlled conditions in pots containing a wax layer and 

evidence 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 of root growth of wheat in 

soils containing a hardpan, through a combination of detailed studies in controlled 

environments, in the field and using root architectural models.  

 

ACKNOWLEDGEMENTS 

We thank G. Rebetzke, X. He, E. Maynol, N. Song Ai and L. Bell for their assistance, the 

Department of Agriculture and Food in Western Australia for field sites and the University of 

Western Australia for their support and provision of controlled environment chambers. This 

project was supported by the Australian Grains Research and Development Corporation 

(UWA00090). 

 

LITERATURE CITED  

Allard RW, Bradshaw AD. 1964. Implication of genotype–environmental interaction in 

applied plant breeding. Crop Science, 5: 503-506. 

Aucamp U, Labuschagne MT, Deventer CSv. 2006. Stability analysis of kernel and milling 

characteristics in winter and facultative wheat. South African Journal of Plant and Soil, 

23: 152-156. 

Benesi IRM, Labuschagne MT, Dixon AGO, Mahungu NM. 2004. Stability of native 

starch quality parameters, starch extraction and root dry matter of cassava genotypes 



18 

 

in different environments. Journal of the Science of Food and Agriculture, 84: 1381-

1388. 

Botwright Acuña TL, He X, Wade LJ. In press. Temporal variation in root penetration 

ability of wheat cultivars through thin wax layers in contrasting water regimes and in 

the field. Field Crops Research. 

Botwright Acuña TL, Pasuquin E, Wade LJ. 2007. Genotypic differences in root 

penetration ability of wheat through thin wax layers in contrasting water regimes and 

in the field. Plant and  Soil, 301: 135-149. 

Botwright Acuña TL, Wade LJ. 2005. Root penetration ability of wheat through thin wax 

layers under drought and well-watered conditions. Australian Journal of Agricultural 

Research, 56: 1235-1244. 

Botwright Acuña TL, Wade LJ. 2012. Genotype x environment interactions for root depth 

of wheat. Field Crops Research, 137: 117-125. 

Bradbury GJ, Potts BM, Beadle CL. 2011. Genetic and environmental variation in wood 

properties of Acacia melanoxylon. Annals of Forest Science, 68: 1363-1373. 

Byth DE. 1981. A conceptual basis of genotype x environment interactions for plant 

improvement. In: Byth DE, Mungomery VE eds. Interpretation of plant response and 

adaptation to agricultural environments. Brisbane, Australia, Australian Institute of 

Agricultural Science, Queensland Branch. 

Cairns JE, Audebert A, Townend J, Price A, Mullins C. 2004. Effect of soil mechanical 

impedance on root growth of two rice varieties under field drought stress. Plant and  

Soil, 267: 309-318. 

Clark L, Aphale S, Barraclough P. 2000. Screening the ability of rice roots to overcome the 

mechanical impedance of wax layers: Importance of test conditions and measurement 

criteria. Plant and Soil, 219: 187-196. 



19 

 

Cooper M, Fox PN. 1996. Environment characterisation based on probe and reference 

genotypes. In: Cooper M, Hammer GL eds. Plant adaptation and crop improvement. 

Wallingford, UK, CAB International. 

Courtois B, Ahmadi N, Khowaja F, Price AH, Rami JF, Frouin J, Hamelin C, Ruiz M. 

2009. Rice root genetic architecture: meta-analysis from a drought QTL database. Rice, 

2: 115-128. 

CSIRO. 2012. Australian Soil Resource Information System (ASRIS). CSIRO. 

Davies S, Lacey A. 2011. Subsurface compaction. A guide for WA farmers and consultants.  

Perth, Western Australia, The Department of Agriculture and Food, Western Australia. 

de Dorlodot S, Forster B, Pagès L, Price A, Tuberosa R, Draye X. 2007. Root system 

architecture: opportunities and constraints for genetic improvement of crops. Trends in 

Plant Science, 12: 474-481. 

DeLacy IH, Basford KE, Cooper M, Bull JK, McLaren CG. 1996. Analysis of multi-

environment trials - an historical perspective. In: Cooper M, Hammer GL eds. Plant 

Adaptation and Crop Improvement. Wallingford, CAB International. 

Dunbabin VM, Airey M, Diggle AJ, Renton M, Rengel Z, Armstrong R, Chen Y, 

Siddique KHM. 2011. Simulating the interaction between plant root, soil water and 

nutrient flows, and barriers and objects in soil using ROOTMAP. In: Anderssen RS, 

Chan F, Marinova D eds. 19th International Congress on Modelling and Simulation. 

Perth, Western Australia, Modelling and Simulation Society of Australia and New 

Zealand. 

Eckart C, Young G. 1936. The approximation of one matrix by another of lower rank. 

Psychometrika, 1: 211-218. 

Finlay K, Wilkinson G. 1963. The analysis of adaptation in a plant-breeding programme. 

Australian Journal of Agricultural Research, 14: 742-754. 



20 

 

Fox PN, Rosielle AA. 1982. Reference sets of genotypes and selection for yield in 

unpredictable environments. Crop Science, 22: 1171-1175. 

Fox PN, Skovmand B, Thompson BK, Braun HJ, Cormier R. 1990. Yield and adaptation 

of hexaploid spring triticale. Euphytica, 47: 57-64. 

Gauch HG, Jr., Zobel RW. 1989. Accuracy and selection success in yield trial analyses. 

Theoretical and Applied Genetics, 77: 473-481. 

Gregory PJ, Bengough AG, Grinev D, Schmidt S, Thomas WTB, Wojciechowski T, 

Young IM. 2009. Root phenomics of crops: opportunities and challenges. Functional 

Plant Biology, 36: 922-929. 

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, CSIRO. 

Jefferies SP, Pallotta MA, Paull JG, Karakousis A, Kretschmer JM, Manning S, Islam 

AKMR, Langridge P, Chalmers KJ. 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. 



21 

 

Keating BA, Carberry PS, Hammer GL, Probert ME, Robertson MJ, Holzworth D, 

Huth NI, Hargreaves JNG, Meinke H, Hochman Z, McLean G, Verburg K, Snow 

V, Dimes JP, Silburn M, Wang E, Brown S, Bristow KL, Asseng S, Chapman S, 

McCown RL, Freebairn DM, Smith CJ. 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, Agbisit R, Abe J, Morita S, Courtois B. 2003. 

Genotypic and environmental variations in root morphology of rice genotypes under 

upland field conditions. Plant and Soil, 255: 189-200. 

Kroonenburg PM. 1995. Introduction to biplots for GxE tables.  Brisbane, Centre for 

Statistics, The University of Queensland. 

Kubo K, Elouafi I, Watanabe N, Nachit MM, Inagaki M, Iwama K, Jitsuyama Y. 2007. 

Quantitative trait loci for soil-penetrating ability of roots in durum wheat. Plant 

Breeding, 126: 375-378. 

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. 

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

Agriculture and Food. 

Price A. 2002. QTLs for rooth growth and drought resistance in rice.  Molecular Techniques 

in Crop Improvement. Dordrecht, KLUWER ACADEMIC PUBL. 



22 

 

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, Greene R, Kantety R, Munkvold J, 

Miftahudin, Mahmoud A, Ma X, Gustafson P, Qi L, Echalier B, Gilll B, 

Matthews D, Lazo G, Chao S, Anderson O, Edwards H, Linkiewicz A, 

Dubcovsky J, Akhunov E, Dvorak J, Zhang D, Nguyen H, Peng J, Lapitan N, 

Gonzalez-Hernandez J, Anderson J, Hossain K, Kalavacharla V, Kianian S, Choi 

D, Close T, Kilbirligi M, Gill K, Steber C, Walker-Simmons M, McGuire P, 

Qualset C. 2003. Comparative DNA sequence analysis of wheat and rice. Genome 

Research, 13: 1818-1827. 

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 P, Binnie K, Young M, Squire G, Hawes C, Bengough A. in press. 

Soil strength and macropore volume limit root elongation rates in many UK 

agricultural soils Annals of Botany. 



23 

 

Wade LJ, McLaren CG, Quintana L, Harnpichitvitaya D, Rajatasereekul S, Sarawgi 

AK, Kumar A, Ahmed HU, Sarwoto, Singh AK, Rodriguez R, Siopongco J, 

Sarkarung S. 1999. Genotype by environment interactions across diverse rainfed 

lowland rice environments. Field Crops Research, 64: 35-50. 

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., 

CAB International. 

Ward JH. 1963. Hierachical groupings to optimise an objective function. Journal of the 

American Statistical Association, 58: 236-244. 

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 multienvironment 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 HG, Jr. 1988. Statistical analysis of a yield trial. Agronomy 

Journal, 80: 388-393. 

 

  



24 

 

Figure captions 

FIG. 1.  Relationship between root depth and above-ground DM at maturity on a Calcic 

Lixisol (P = 0.02; r
2
 = 0.28) at Merredin in 2005. Soil sampled for root depth at 75 and 89 

DAS, respectively. Abbreviations of cultivar and breeding lines: AJA, Ajana; AMY, Amery; 

BRK, Brookton; CAM, Camm; CAR, Carnamah; CAS, Cascades; C18, Chaun Mai 18; CBK, 

Cranbrook; CUN, Cunderdin; BR, Bonnie Rock; CR, Castle Rock; GAM, Gamenya; HAL, 

Halberd; JAN, Janz; KAL, Kalannie; KAR, Karlgarin; MAC, Machete; PER, Perenjori; SPR, 

Spear; STL, Stiletto; V18, Vigour 18; WST, Westonia; WIL, Wilgoyne; WYK, Wyalkatchem. 

Modified from (Botwright Acuña et al., 2007).  

 

FIG. 2. Site  entry interaction for root depth at two sites in Merredin in 2005. LSD = 0.15 at 

P = 0.05. The line represents the 1:1 ratio. Refer to Figure 1 for abbreviations. Modified from 

(Botwright Acuña et al., 2007). 

 

FIG. 3. Principal component analysis (environment standardized) for the environment x 

genotype interaction for AX1 and AX2 for root depth for 6 environments and 24 wheat 

genotypes. Probe genotypes are identified. The G x E interaction for AX1 and AX2 accounted 

for 54.2% of the sum of squares. Modified from (Botwright Acuña and Wade, 2012). 

 

FIG. 4. Change in soil hardness and gravimetric soil moisture content with soil depth on a: , 

Calcic Solonetz 2005; , Calcic Lixisol 2005; , Calcic Lixisol, ripped 2006; , Calcic 

Lixisol, unripped 2006;  Calcic Solonetz 2006; and,  Calcic Lixisol 2006. Bars are the SE. 

Modified from (Botwright Acuña and Wade, 2012). 

 

FIG.  5.   Effect of wax-layer strength on seminal root (a) number; (b) total length of main axes; 

(c) dry matter; and water regime on nodal root (d) number; (e) total length of main axes; and 
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(f) dry matter. Bars represent the SE. Abbreviations WW, well-watered; WD, water-deficit. 

Modified from (Botwright Acuña and Wade, 2005). 

 

FIG. 6. Effect of harvest and genotype on root DM in pots containing a wax layer at a depth of 

0.25 m for: a) below the wax layer in WW conditions; and, b) below the wax layer in WD 

conditions. Symbols: , Bonnie Rock; , Cranbrook; , CM18; and, , Halberd. Bars 

represent the SE. Abbreviations: WD, water deficit; WW, well watered. Modified from 

(Botwright Acuña et al., In press). 

 

FIG. 7. Daily water use over time of selected entries under water deficit in controlled 

conditions.  Bonnie Rock; , Cranbrook; , C18; and , Halberd. Modified from 

(Botwright Acuña et al., 2007). 
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Table 1  

Estimated genetic (additive) effects, nearest linked molecular marker and chromosomal 

location (with corresponding 95% intervals) 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). 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. 

  

Population/ 

chromosome 
LOD 

Nearest 

marker 

QTL position 

(cM)
A
 

a genetic 

effect 

(ºC) 

Percent 

variance 

(σ
2
A) 

Above-wax seminal dry weight    

1BS 4.6 Glu-B3 4 (0 - 14) -0.038 7 

1DS 4.5 scuM02 54 (48 - 71) -0.042 8 

3AL 3.8 RGA61.2 96 (82 - 108) 0.036 5 

3BS 3.7 cdo395 44 (38 - 47) -0.020 4 

3DL 5.4 gwm3 121 (112 - 125) 0.049 12 

5AL 3.2 abg397 48 (24 - 53) -0.029 6 

7DS 4.8 psr1606 4 (0 - 7) 0.047 9 

      

Below-wax seminal dry weight    

1BS 3.8 gwm666 16 (11 - 29) -0.019 5 

1DS 4.5 wPt-0077 92 (73 - 99) -0.026 8 

2BS 4.6 psr596 84 (72 - 97) -0.027 9 

3BS 3.3 cdo395 54 (34 - 67) -0.016 5 

4AL 5.3 wmc262 136 (133 - 141) 0.032 12 
A
 Distance from the tip of the short arm of the chromosome 
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FIG. 1.  Relationship between root depth and above-ground DM at maturity on a Calcic 

Lixisol (P = 0.02; r
2
 = 0.28) at Merredin in 2005. Soil sampled for root depth at 75 and 89 

DAS, respectively. Abbreviations of cultivar and breeding lines: AJA, Ajana; AMY, Amery; 

BRK, Brookton; CAM, Camm; CAR, Carnamah; CAS, Cascades; C18, Chaun Mai 18; CBK, 

Cranbrook; CUN, Cunderdin; BR, Bonnie Rock; CR, Castle Rock; GAM, Gamenya; HAL, 

Halberd; JAN, Janz; KAL, Kalannie; KAR, Karlgarin; MAC, Machete; PER, Perenjori; SPR, 

Spear; STL, Stiletto; V18, Vigour 18; WST, Westonia; WIL, Wilgoyne; WYK, Wyalkatchem. 

Modified from (Botwright Acuña et al., 2007). 
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FIG. 2. Site  entry interaction for root depth at two sites in Merredin in 2005. LSD = 0.15 at 

P = 0.05. The line represents the 1:1 ratio. Refer to Figure 1 for abbreviations. Modified from 

(Botwright Acuña et al., 2007). 
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 FIG. 3. Principal component analysis (environment standardized) for the environment x 

genotype interaction for AX1 and AX2 for root depth for 6 environments and 24 wheat 

genotypes. Probe genotypes are identified. The G x E interaction for AX1 and AX2 accounted 

for 54.2% of the sum of squares. Modified from (Botwright Acuña and Wade, 2012). 

 

AX1

1.61.120.640.16-0.32-0.8

A
X

2

1.7

1.16

0.62

0.08

-0.46

-1

E1 – CLr6

E3 – CL5

E3 – CS6
E2 - CL6

E3 - CLu6

E1 – CS5

AMY

HAL

BR
AJA

V18

CAM

MAC

WYK
KAL

SPR

PER

CUN

CAR
KAR

CAS

JAN
STL

C18

WIL
WST

GAM

BRK

CRK
CR

Group 1
Spear

Group 2
Cranbrook

Group 3
Halberd

Group 4
Janz

Group 6
Chuan Mai 18

Group 5
Machete



30 

 

 

 FIG. 4. Change in soil hardness and gravimetric soil moisture content with soil depth on a: , 

Calcic Solonetz 2005; , Calcic Lixisol 2005; , Calcic Lixisol, ripped 2006; , Calcic 

Lixisol, unripped 2006;  Calcic Solonetz 2006; and,  Calcic Lixisol 2006. Bars are the SE. 

Modified from (Botwright Acuña and Wade, 2012). 
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FIG.  5.   Effect of wax-layer strength on seminal root (a) number; (b) total length of main axes; 

(c) dry matter; and water regime on nodal root (d) number; (e) total length of main axes; and 

(f) dry matter. Bars represent the SE. Abbreviations WW, well-watered; WD, water-deficit. 

Modified from (Botwright Acuña and Wade, 2005). 
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FIG. 6. Effect of harvest and genotype on root DM in pots containing a wax layer at a depth of 

0.25 m for: a) below the wax layer in WW conditions; and, b) below the wax layer in WD 

conditions. Symbols: , Bonnie Rock; , Cranbrook; , CM18; and, , Halberd. Bars 

represent the SE. Abbreviations: WD, water deficit; WW, well watered. Modified from 

(Botwright Acuña et al., In press). 
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FIG. 7. Daily water use over time of selected entries under water deficit in controlled 

conditions.  Bonnie Rock; , Cranbrook; , C18; and , Halberd. Modified from 

(Botwright Acuña et al., 2007). 
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