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Abstract The International Adaptation Trial (IAT) is a

special purpose nursery designed to investigate the

genotype-by-environment interactions and worldwide

adaptation for grain yield of Australian and CIMMYT

spring bread wheat (Triticum aestivum L.) and durum

wheat (T. turgidum L. var. durum). The IAT contains lines

representing Australian and CIMMYT wheat breeding

programs and was distributed to 91 countries between 2000

and 2004. Yield data of 41 reference lines from 106 trials

were analysed. A multiplicative mixed model accounted

for trial variance heterogeneity and inter-trial correlations

characteristic of multi-environment trials. A factor analytic

model explained 48% of the genetic variance for the ref-

erence lines. Pedigree information was then incorporated to

partition the genetic line effects into additive and non-

additive components. This model explained 67 and 56% of

the additive by environment and non-additive by environ-

ment genetic variances, respectively. Australian and

CIMMYT germplasm showed good adaptation to their

respective target production environments. In general,

Australian lines performed well in south and west Aus-

tralia, South America, southern Africa, Iran and high

latitude European and Canadian locations. CIMMYT lines
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performed well at CIMMYT’s key yield testing location in

Mexico (CIANO), north-eastern Australia, the Indo-Gan-

getic plains, West Asia North Africa and locations in

Europe and Canada. Maturity explained some of the global

adaptation patterns. In general, southern Australian germ-

plasm were later maturing than CIMMYT material. While

CIANO continues to provide adapted lines to northern

Australia, selecting for yield among later maturing CI-

MMYT material in CIANO may identify lines adapted to

southern and western Australian environments.

Introduction

For much of its history, wheat (Triticum sp.) breeding in

Australia has been regionally based. Diverse and variable

environments over the area sown to wheat [latitude range of

22�S (sub-tropical) to 38�S (temperate)] has led to specific

adaptation of regional gene pools and genetic diversity

(Brennan and Fox 1998; O’Brien et al. 2001; Brennan and

Quade 2006). The introduction of CIMMYT (International

Maize and Wheat Improvement Center) semi-dwarf wheats

into Australia in the early 1960s contributed to improved

yields in these environments and significantly increased the

diversity of the Australian germplasm pool (O’Brien et al.

2001; Parker et al. 2002). Regular introductions from CI-

MMYT have maintained and broadened the genetic base of

disease resistance, and between 1973 and 1993 were shown

to have increased the genetic diversity of Australian

germplasm (Brennan and Fox 1998). The CIMMYT con-

tribution to Australian-grown varieties was approximately

20% by area in 2003, having reached a maximum of 35% in

1990 (Brennan and Quade 2006).

While CIMMYT germplasm is commonly utilised in

Australia for specific traits, such as disease resistance, there

has been a potential divergence in the adaptation of Aus-

tralian and CIMMYT gene pools over the past 30 years

(Brennan and Quade 2006). Different environmental con-

ditions between CIMMYT’s major breeding and testing

locations (Ciudad Obregón, north-western Mexico,

27�200N and 38 m above sea level and Toluca in the

central Mexican highlands, 19�160N and 2,640 m above

sea level) provide different selection pressures that result in

high disease pressures and selection for low sensitivity of

flowering time to photoperiod. Australian environments in

the south and west have chemically and physically hostile

soils (Sadras et al. 2003) whilst rainfall patterns vary

considerably across the wheat growing regions (Stephens

and Lyons 1998a). In contrast, the CIMMYT locations

have relatively non-toxic soils and predictable rainfall

patterns; semi-arid conditions in Obregón (average annual

rainfall 270 mm, supplemented by irrigation) and high

rainfall in Toluca (average annual rainfall 800 mm).

With the recent restructuring and increased commerciali-

sation of Australian wheat breeding, it is timely to consider

how to best utilise CIMMYT germplasm in Australia, espe-

cially as several new breeding programs are developing a

national focus, and a need for broad-scale evaluations.

Conversely, where specific adaptation has been developed in

Australian germplasm, such as adaptation to soil toxicities, it

may be of use in CIMMYT’s public breeding program, and

by breeding programs in other countries.

Cooper and Woodruff (1993) showed that indirect

selection, based on yield performance in CIMMYT inter-

national trials could be used to identify potential CIMMYT

germplasm for environments in Australia’s northern pro-

duction region. The results of the International Adaptation

Trial (IAT) reported in this study provide an opportunity to

verify this in newer germplasm and to begin to determine

the underlying reasons for the observed adaptation patterns.

The IAT contains both ‘probe’ and ‘reference’ lines. Probe

lines allow investigation of specific environmental factors,

such as response to soil toxicity. Reference lines represent

a sample of the germplasm base from a breeding program

and are used to investigate relationships among environ-

ments (Cooper and Fox 1996). Global adaptation patterns

were investigated in the present study for a set of modern

Australian and CIMMYT reference lines in the IAT;

compared with Cooper and Woodruff (1993) who investi-

gated the adaptation of CIMMYT nurseries only.

In previous analyses of the IAT, the value of the semi-

dwarfing alleles was demonstrated, especially where trial

yield was [ca. 3 t ha–1, by comparing the performance of

near-isolines for the Rht-B1b (Rht1) and Rht-D1b (Rht2)

(Mathews et al. 2006; Chapman et al. 2007). Another

important trait, genotype maturity, is often used to manage

adaptation to variation in the time of sowing and avoidance

of frost exposure at flowering, and has been considered in

Australian environments to be a major contributor to G · E

for yield (Cullis et al. 1996; Frensham et al. 1998). It is also

an important trait to consider when investigating the

underlying causes of global adaptation patterns and so was

incorporated into the present study.

Plant breeders frequently use specific mating designs to

estimate the general combining ability (which includes both

additive and additive · additive components) of lines, and

in hybrid crops to interpret changes in this, and specific

combining ability (non-additive: which includes both

dominance and components of all sources of epistatic

effects) with environment (de la Vega and Chapman 2006).

Advances in statistical methodology allow inclusion of

pedigree information to model the genetic effects in multi-

environment trials (METs) as is common practice in animal

breeding (Crossa et al. 2006; de la Vega and Chapman

2006; Oakey et al. 2006, 2007; Burgueño et al. 2007). The

pedigree information, in the form of an additive relationship
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matrix, partitions the overall genetic effect into additive and

non-additive components. In particular, the estimation of

additive genetic effects allows wheat breeders to better

identify parents when developing new germplasm with

adaptation to subsets of the test environments.

A key assumption of METs, such as the IAT, is that

differences in the adaptive patterns between the genotypes

can be investigated through comprehensive analysis of

genotype by environment interactions (G · E) revealed for

important traits; e.g., grain yield, phenology, disease

resistance and tolerance to abiotic stresses. Many ‘fixed

effect’ models have been used, such as additive main effects

and multiplicative interaction models (AMMI), and the

shifted multiplicative (SHMM) and site regression (SREG)

models of Crossa and Cornelius (2002), e.g. Trethowan

et al. (2001), Lillemo et al. (2004) and others. These models

are generally used in conjunction with pattern analysis, a

combination of ordination and clustering analyses. Pattern

analysis techniques use the genotype performance data

from METs to discriminate among environments and to

conduct a complementary analysis of genotype broad and

specific adaptation (Peterson and Pfeiffer 1989; Cooper and

DeLacy 1994; DeLacy et al. 1996). More recently, linear

mixed effect models have been used and allow detailed

modelling of intra- and inter-trial correlations of unbal-

anced datasets while including random multiplicative terms

to explicitly model the structure of the G · E (Piepho 1997,

1998; Eeuwijk et al. 2001; Smith et al. 2001b; Cullis et al.

2003). It is instructive to see whether these models can

perform on large datasets that comprise substantial imbal-

ance in genotypes, replication and experimental design.

This paper examines the grain yield adaptation of rep-

resentative Australian and CIMMYT germplasm for a large

sample of global spring wheat production environments.

The objective was to investigate the G · E patterns for

grain yield in the IAT using multiplicative mixed models

and to use the pedigree relationship matrix to partition the

additive and non-additive genetic line effects, and inves-

tigate their interaction with environment. In addition,

flowering data were used to investigate possible causes for

the observed adaptive patterns.

Materials and methods

Data set

Sixty bread wheat (Triticum aestivum L.) and 20 durum

wheat (Triticum turgidum L. var. durum) lines, primarily of

either CIMMYT or Australian origin were chosen by CI-

MMYT and Australian breeders to represent their breeding

programs for drought adaptation characteristics, ability to

contrast for soil borne problems (abiotic and biotic) and for

differential agronomic traits to assist in environmental

characterisation by bioassay. In the Australian grown trials,

in 2001–2003, seed quarantine availability resulted in only

59 lines being in common with the CIMMYT distributed

IAT. In this paper, a subset of 21 Australian and 20 CI-

MMYT ‘reference’ lines considered to represent the

existing spring bread wheat germplasm base of the

respective breeding programs were of interest (Table 1).

The IAT was distributed globally by CIMMYT in 2000–

2004 to representative spring wheat production regions.

Grain yield (t ha–1) data from 183 trials (116 locations)

between 2000 and 2004 were returned. Participants in the

IAT were requested to apply fungicide, but to otherwise

employ local agronomic management practices. The dataset

was filtered for disease incidence (either reported or clearly

detectable through analysis of probe genotypes) and data

quality; retaining yield data from 106 trials representing 74

locations (Fig. 1). Eleven of the 106 trials were ‘managed

environment’ trials grown at different irrigation levels at

CIMMYT’s drought evaluation site, Centro de Investigac-

iones Agricolas del Noroeste (CIANO), in north-western

Mexico (27�200N, 109�560W, 38 m above sea level); 32

trials were grown across the wheat production regions of

Australia; 26 in Asia and the remainder distributed across

Europe, North and South America, the Middle East and

Africa. In this study, trials not grown in Australia or at

CIANO are referred to as ‘international’ trials.

Flowering data as days from sowing to heading (DTH)

were returned for 73 of the 106 trials, and in-crop weather

data were available to calculate thermal time for days to

heading (TTDH) for 51 trials. Daily meteorological data

were obtained from global surface summary of day

(GSOD) dataset maintained by the National Climate Data

Centre (http://www.ncdc.noaa.gov) for trial locations other

than in Australia or at CIANO; from SILO at the Bureau of

Meteorology Australia for Australian locations (http://

www.bom.gov.au/silo), and from the CIANO meteorolog-

ical station for trials at CIANO, Mexico. For the

international locations, GSOD meteorological stations

selected were within a 100 km radius and 100 m altitude of

the trial location. In most cases (65%), the meteorological

stations were within 40 km of the trials.

Four types of experimental designs were used by col-

laborators (the first three by those receiving CIMMYT

distributed trials and the last by all Australian grown trials).

They were: (i) split-plot two-replicate a-lattice designs,

with the split within replicate for bread and durum wheat

types for 2000–2002 and 2004 (11 trials at CIANO, which

also had row-column spatial information); (ii) separate

two-replicate a-lattice designs for bread and durum wheat

(durum wheats were not always grown adjacent to the

bread wheat block and hence were treated separately for

all trials grown internationally in 2001, 2002 and 2004);
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(iii) two-replicate a-lattice design with no split for wheat

type (CIMMYT distributed trials in 2003); and (iv) a-row-

column designs with spatial information, 28% of the

Australian trials were augmented check single replicate

designs, the remainder had two replicates. An environment

is defined to be a location by year combination. Thus, for

designs (i), (iii) and (iv) an environment is a trial, but for

design (ii) an environment has the bread and durum wheat

trials nested within. Therefore, in the statistical model

defined below there are both environment and trial effects.

Statistical analyses

Statistical model

This section describes the process of fitting a multiplicative

mixed model (standard model) for analysing multi-envi-

ronment trials. The standard model is extended to include

the relationship matrix, A, thus incorporating pedigree

information to model the genetic effects (pedigree model).

All analyses were performed applying the ASREML soft-

ware (Gilmour et al. 2006), Version 2.01.

Standard model

A multiplicative mixed model was fitted to the raw plot

data in a one-stage analysis. However, a one-stage analysis

across environments first requires the best design parame-

ters to be determined for each individual trial with

genotypes fitted as random (Smith et al. 2001a). For trials

where the row and column information was available

(Australian and CIANO trials) the residual structure was

modelled with an auto-regressive process of order one

(AR1) in both the row and column directions. Best spatial

models were fitted to these trials following Gilmour et al.

(1997). The ‘trial-specific’ effects, e.g. fixed linear row/

column or random row/column, and the design factors, e.g.

replicate and incomplete blocks within replicate (both

random), were included for each trial, when they made a

significant improvement to the base model (based on Wald

F statistics for fixed effects, log-likelihood ratio tests for

random effects). The generalised heritability, hG
2 was cal-

culated for each trial following Cullis et al. (2006), that is,

h2
G ¼ 1� PEV

2r2
g

; ð1Þ

where PEV, is the predicted error variance, or average

variance of the difference, and rg
2 is the genotypic variance.

The former was obtained from the predict statement in

ASREML. The generalised heritability is the proportion of

total phenotypic variance explained by the genotypic

component and can be used to calculate the expected

genetic gain, which Cullis et al. (2006) have shown is well

correlated to realized genetic gain.

For environments where the bread and durum wheat

blocks were sown as adjacent trials, a single error variance

was estimated and trials were nested within each

Fig. 1 Global distribution of

the International Adaptation

Trial 2001–2004

1 VSN International Ltd., Hemel Hempstead HP1 1ES, UK, http://

www.vsni.co.uk
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environment. Although the durum wheats were not of

specific interest in this analysis, these trials were retained

to minimise the degree of imbalance in the dataset and to

allow fitting of design and spatial effects (see the

description of trial designs above). The genotype effect

structure was separated into two random effects: reference:

the 41 reference lines with pedigree information, and other:

the remaining mixture of local checks and probe and durum

wheat lines of either the Australian or CIMMYT breeding

programs.

The mixed linear model for m genotypes (i = 1, 2, 3,…,

m) and p (j = 1, 2, 3,…, p) environments, and combining

the genotype main effects (G) and the G · E effects (GGE,

say) is

y ¼ Xsþ Zggþ Zuuþ g ð2Þ

where y is the (n · 1) data vector of the response variable

across p environments with Nj plots per environment j; s is a

(t · 1) vector of fixed effects, including environment main

effects and trial-specific effects and X the associated (n · t)

design matrix of 0s and 1s that relates y with the fixed

effects; u is a vector of length b which contains subvectors ui

for each ith random effect with design matrix Zu which can

be partitioned conformably as Zu1
. . .Zub

½ � and correspond-

ing variance–covariance matrices Gui
: The subvectors are

assumed mutually independent with variance r2
i Ibi

: The

trial-specific effects in s and u describe the best spatial

model for each trial including extraneous field variation and

experimental design based terms such as blocking factors

(Gilmour et al. 1997). A subvector ug for the subset of lines

in other, that is, the lines that were not modelled using the

pedigree information, is also included. The associated var-

iance–covariance matrix Gg = var(ug) was modelled as

described below for var(g). Vector g is a vector of m random

genotype effects for each p environment; thus if some

genotypes are not in an environment there will be zero

columns in design matrix Zg and hence unbalanced data are

managed. Vector g is the vector of residuals for each

observation. The variance–covariance matrix of g that

combines the main effect of genotypes and G · E can be

represented by the separable variance structure var(g) =

Ge � Gv, where Ge and Gv are the symmetric p · p envi-

ronment and m · m genotype component matrices,

respectively. Ge is the environment genetic variance–

covariance matrix and in the standard model we assume

Gv = Im, i.e. no pedigree structure. In the standard model,

the variance–covariance matrices of reference [var(g)] and

other [var(ug)] were modelled in the same way. For the

purposes of the following description of modelling these

variance–covariance matrices, g can represent either the

reference or other genotype subsets.

The dataset was unbalanced for genotypes, with sub-

stantial heterogeneity of variance and covariance between

trials. Plant breeders typically do not model this vari-

ance–covariance structure and often fit a G + G · E

model with a homogenous variance and covariance,

corresponding to the compound symmetry (CS) model.

This model is included for comparative purposes. How-

ever, since var(g) is not modelled, the A matrix was not

fitted to the CS model. The environment genetic vari-

ance–covariance matrix Ge was first modelled using a

diagonal (DIAG) structure which allows different genetic

variances to be fitted for each environment but assumes a

between-trial correlation of zero. This is equivalent to

fitting each trial individually. The variance estimates

from this model were used as initial starting values for

modelling Ge using a factor analytic (FA) structure.

Factor analytic models are residual maximum likelihood

(REML)-based multiplicative mixed models which allow

the variance–covariance matrix of the random effects to

be modelled (Piepho 1997, 1998; Eeuwijk et al. 2001;

Smith et al. 2001b).

The vector of random genotypic effects representing the

combined genotype and G · E effects can be written as

g ¼ K� Imð Þf þ d

where K’s are loadings for each environment j, f contains

the scores for each genotype i and d is the residual term for

the multiplicative model. The variance matrix for the

combined genotype and G · E effects is given by

var gð Þ ¼ KK0 þ wð Þ � Im;

where w is a diagonal matrix of the p environment specific

variances. This accommodates the variance–covariance

heterogeneity among trials. Since the genotype main effect

is not fitted in this model, the diagonal of var(g), rGGE
2 say,

is a vector (length p) of the combined genotypic and

genotype by environment variance for each environment j.

When only one factor is considered, k = 1, the model has

one multiplicative term and is denoted as FA(1), for k = 2

FA(2) has two multiplicative components, etc. When

k [ 1, linear constraints are imposed on the loadings to

ensure a unique solution, such that, for k = 2, kj2 = 0

(Smith et al. 2001b).

The factor loadings, K, and scores, f, from an FA(2)

model were used to produce a factor analytic biplot, whose

interpretation is equivalent to the biplots obtained from

principal components analysis as described elsewhere

(Cooper and DeLacy 1994; DeLacy et al. 1996; Yan and

Hunt 2002; de la Vega and Chapman 2006; Mathews et al.

2006). First, the constrained loadings were rotated to obtain

a principal component representation such that K� ¼ KK0K
(Smith et al. 2001b). The rotated loadings were then scaled

by the genetic variance for each environment, and the

genotype scores, f, scaled by their maximum such that

Theor Appl Genet (2007) 115:819–835 825
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biplot axis scales were from –1 to 1. An environment

vector was produced by drawing a line between the origin

and the factor loading co-ordinates for that environment.

The length of a vector represents the proportion of genetic

variance explained by the two factors for that environment;

and the cosine of the angle between any two environment

vectors is the genetic correlation estimated from the two

factors. The genotype scores were plotted as points using

the GenCodes as labels (Table 1). To interpret the effect of

a genotype in a particular environment, draw a perpen-

dicular line between the genotype and environment vector

of interest. The distance from the origin to the intersection

with the perpendicular line is a measure of the proportion

of genetic variance contributed by that genotype to that

environment. The variance explained for each factor k was

calculated as

%var explained ¼ mean
1

r2
GGE

diagðkkk
0
kÞ

� �
� 100: ð3Þ

Since a genotype main effect was not fitted in these mod-

els, the first factor explains the maximum amount of

genetic covariance between environments, and the second

the next largest amount, orthogonal to the first.

Pedigree model

Oakey et al. (2006) described a methodology to partition

additive and non-additive line effects from multi-environ-

ment plant breeding datasets, and that method is followed

here, albeit for a much larger set of environments. For the

41 reference lines of interest both the pedigree information

and replication of lines within and across environments

were available. Pedigree information was available in the

form of a coefficient of parentage (COP) matrix and, since

the raw plot data were fitted directly, was replicated in the

analysis. Therefore, the (m · 1) vector of genetic line

effects g can be partitioned into a vector of additive line

effects, a, and a vector of non-additive line effects, i, such

that g = a + i. The non-additive components, dominance

and epistasis cannot be distinguished by this method. In

homozygous inbred lines used here, there is no variance

among genotypes attributed to dominance effects so that

the non-additive effects are interpreted to consist only of

additive by additive interaction (epistasis). The mixed

model in (2) can then be written as

y ¼ Xsþ Zgaþ Zgiþ Zuuþ g ð4Þ

where Xs, Zuu, g and Zg are defined as above. The (m · 1)

vector of non-additive effects i for the m lines with pedi-

gree information has distribution, I * N(0,ri
2Im).

The (m · 1) vector of additive effects a of the m lines

with pedigree information has distribution, a * N(0, ra
2A),

where A is the (m · m) known additive relationship matrix.

The additive relationship matrix can be obtained directly

from the COP matrix (Henderson 1976). Each COP esti-

mates the expected percentage of alleles identical by

descent at loci within a given reference population. The

COP between any two lines is an estimate of the expected

genome-wide inbreeding coefficient of their offspring. A

refinement of this calculation for inbred crops assumes that

each line is completely homozygous, that lines without

common parentage are unrelated and that parents contribute

equally to the offspring, despite inbreeding and selection (St

Martin 1982). A value close to 1 indicates two lines are

closely related while non-related lines have a value of 0.

The COP matrix among the 41 lines was calculated using

the International Crop Information System (McLaren et al.

2004), and was then multiplied by two to obtain the additive

relationship matrix, A. The use of the A matrix assumes that

the reference (or base) population from which the genotypes

arise has not undergone selection. This is the cumulative

effect of the following assumptions from quantitative

genetic theory: (i) the genotypes arise from the same base

population, (ii) the genotypes in this base population are

unrelated, and (iii) the base population is in linkage phase

equilibrium. As these assumptions are rarely achieved in

Table 2 Summary of the environment genetic variance structure

fitted for each of the genetic components in each model

Model qb AICc Reference Other

Ga
d Ge or Gi Gg

0 742 4,803.55 – CS CS

1 951 1,445.00 – DIAG DIAG

2 1,163 1,374.58 – XFA1 XFA1

3 984 366.72 XFA2 XFA2

4 984 6,883.74 XFA2 (47) XFA2

5 989 3,511.10 DIAG DIAG DIAG

6 989 3375.10 DIAG (47)e DIAG (97) DIAG

7 1,036 2,684.42 XFA1 (47) DIAG (97) DIAG

8 1,183 2,136.94 XFA1 (47) XFA1 (97) DIAG

9 1,289 1,021.66 XFA1 (47) XFA1 (97) XFA1

10 1,336 968.80 XFA2 (47) XFA1 (97) XFA1

11 1,433 715.86 XFA2 (47) XFA2 (97) XFA1

12a 1,539 0.00 XFA2 (47) XFA2 (97) XFA2

a Final model
b q number of variance parameters fitted
c Akaike Information Criteria (Akaike 1974). AIC are relative to

Model 12, so that positive values indicate the AIC is higher than

Model 12
d Ga: additive variance matrix, Gi: non-additive variance matrix, Ge:

genetic variance matrix (standard model), Gg: genetic variance matrix

for other lines with no pedigree information
e (Sites) number of sites fitted (if not specified all sites fitted)
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practical plant breeding the A matrix can introduce bias in

the analysis. However, the use of the A matrix is justified

when it is considered as a measure of similarity, to estimate

the genetic distances between genotypes. This is the use

intended here. In such situations, the primary motivation for

including the A matrix in the mixed model is to account for

the different degrees of expected coancestry among the

genotypes included in the study. For this application it is

assumed, as a first approximation, that the additive genetic

covariance shows a linear decay with genetic distance.

These issues are investigated and discussed in Piepho et al.

(2007). For the purposes of the analysis of the IAT data set it

is assumed that the base population is the active pool of

spring bread wheat lines that can be accessed in Australian

and CIMMYT breeding programs. From the perspective of

a wheat breeder using germplasm from Australian and CI-

MMYT breeding programs, this is a relevant base

population. However, this is not the classical reference

population of quantitative genetics and it can be questioned

whether all of the genetic assumptions will hold. In this

analysis, making inferences to the assumed base population

is not the primary motivation for including the A matrix and

should only be considered with caution. Rather, the A

matrix is utilised as a practical, approximate method to

account for coancestry.

The decomposition of g into additive, a, and non-addi-

tive, i, genetic effects leads to var(g) = Ge � Gv, where Gv

is no longer the identity matrix, Im. Instead

varðgÞ ¼ Ga � AþGi � Im: ð5Þ

The additive and non-additive variance–covariance matri-

ces for environments are Ga and Gi respectively: Model 5

in Oakey et al. (2007). The additive and non-additive

interaction with environment are referred to as A · E and

I · E, respectively.

Factor analytic biplots for the A · E and I · E com-

ponents were produced in the same way as described for

the G · E component. Providing biplots for these two

components allows a visual dissection of the G · E pat-

terns so that the underlying genetic basis for adaptation can

be explored. The A · E biplot allows genotypes with large

additive variance and broad adaptation to be identified as

potential parents. I · E biplots allows genotypes with

specific adaptation to an environment to be identified, but if

their I · E component is large (far from the origin) then

they may be better identified for variety selections, rather

than potential parents.

Maturity class

In the IAT dataset, relative maturity, as estimated by DTH

did not significantly explain the variability observed for

yield (data not shown). Across trials, there was a large

variation in latitude (38�290S to 55�60N) and average

maximum temperature (8.69–32.1�C). Therefore, the DTH

were converted to thermal degree days for the 51 trials

where both DTH and in-crop daily weather data were

available:

TTH ¼
X Tmin þ Tmax

2
� Tbase

� �
; ð6Þ

where Tbase = 0�C and the summation is across the days

from sowing to heading.

Expressing DTH in thermal time accounts for the main

effects of temperature on development, and in spring

wheats (with low vernalisation requirement) will generally

emphasise genotypic differences in photoperiod response,

but should also capture minor vernalisation effects.

A G · E matrix of the best linear unbiased predictors

(BLUPs) for TTH was produced from the standard model

(i.e. A matrix was not modelled) as described above for

yield; five of the 51 trials were removed due to lack of

genetic variance. The clustering and ordination methods of

pattern analysis (Cooper et al. 1996; DeLacy et al. 1996)

were applied using R version 2.4 (R Development Core

Team 2007) to this matrix which was standardised by

columns (environments) with squared Euclidean distance

as the proximity measure and Ward’s incremental sums of

squares method as the fusion criterion in an agglomerative

hierarchical clustering procedure. This resulted in five

classes (Table 1) which explained 91% of the genotypic

variation for TTH and assisted in interpreting the G · E,

A · E and I · E patterns.

Results

Standard model

The trial mean yield varied from 0.42 to 8.69t ha–1, the

generalised heritability, hG
2 , calculated for each trial, ran-

ged from 0.13 to 0.97 and the trial genetic variances, rg
2,

from 0.004 to 1.566 for yield. (Fig. 2). There was no

relationship between mean yield and heritability

(R2 = 0.016, P [ 0.05). The (G · E)/G ratio from the

typical G + G · E model for yield where the trial vari-

ance–covariance matrix was not modelled was 3.8 (Model

0, Table 2), indicating a large G · E for this dataset. A

table of the results for individual environments is available

online in an electronic supplement (Table S1).

The mixed models were developed incrementally from

the standard (g) to the pedigree (a + i) model for the 106

trials (Table 2). For the standard model, where Gv = Im was

assumed, a diagonal (DIAG, Model 1) variance–covariance
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structure was first used to model the Ge matrix of both the

reference (g) and other (ug) random genotype effects. The

resulting parameters were used to initialise the FA(1) model

and, subsequently, the FA(1) parameters initialised the

FA(2) model. The Akaike information criterion (AIC) was

used to compare non-nested models (Akaike 1974) with the

lowest AIC being found when using the FA(2) model for

both var(g) (reference) and var(ug) (other) matrices (Model

3, Table 2). The average percentage of genotypic variance

explained by the FA(2) in these two components was 48%

for the reference and 66% for other genotype effects. The

AIC for the G + G · E model (Model 0, Table 2) was

much larger than Models 1–3 where the variance–covari-

ance structure was modelled and the A matrix was not

(Table 2), indicating a poor fit to the data for this model.

The biplot (Fig. 3) shows the G · E pattern from the

FA(2) model (Model 3, Table 2) of the 41 reference lines

in the IAT, explaining 30.1 and 17.6% of the variance in

factors 1 and 2, respectively. While the FA(2) model

explains almost 50% of the genetic variance, there are

components of the variation that have not been captured in

the biplot and prudence is recommended in the interpre-

tation. Thirteen of 18 trials in south and western Australian

were clustered on the left-hand side and were not well

correlated with the CIANO (CIMMYT’s research station)

environments on the right-hand side (see electronic sup-

plement Table S1 for factor loadings). However, they were

well correlated with trials from South Africa, Argentina,

Iran and high latitude locations in Canada and Hungary.

Seven of the 10 trials in the northern region of Australia

were well correlated with the CIANO environments. Factor

1 (horizontal axis) clearly separated most of the genotypes

into the Australian (left-hand side) and CIMMYT (right-

hand side) germplasm groups. Thus, for this set of germ-

plasm, the Australian lines are well adapted to southern and

western Australian environments and CIMMYT lines well

adapted to CIANO, northern Australian and international

locations in India, Bangladesh, Iran, northern Africa and

Argentina.

The Australian lines, Westonia and Silverstar, and to a

lesser extent Janz were broadly adapted to Australian

environments, while most other Australian lines were

generally best adapted to the regions where they were bred.

Kennedy, an Australian line with direct CIMMYT co-

ancestry, was the only Australian line that showed mod-

erate broad adaptation to all environments. In keeping with

CIMMYT’s major breeding objective, a number of

CIMMYT lines, Cettia, Attila, Kauz and HXL7573/2*Bau

were broadly adapted to most environments. However, in

general, the CIMMYT lines were not well adapted to the

Fig. 2 Distribution of

environment mean yield (a)

generalised heritability (b) and

(c) genetic variance for the 106

individual environments by

region. North America includes

the 11 CIANO trials
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southern and western environments of Australia. Choosing

Silverstar and Attila as examples of broadly adapted lines

from Australia and CIMMYT, respectively, their co-

ancestry with the other reference lines was investigated

(Table 1). The COP values indicate that Silverstar is most

related to northern and eastern released Australian lines

whilst Attila is most related to CIMMYT ‘Veery’ wheats

(COP [ 0.35), and the COP between these two lines is

0.1685 (Table 1). The full COP matrix is available online

in an electronic supplement (Table S2).

Pedigree model

The relationship matrix, A, was fitted to determine how

much of the divergence in adaptation patterns seen in the

G · E biplot (Fig. 3) could be explained by the pedigree

structure of these 41 lines. From the diagonal model (Model

5, Table 2) of the additive and non-additive components, a

and i, 47 and 97 of the 106 environments had non-null

effects, respectively. There were no environments where

both the additive and non-additive effects were null. A

FA(2) standard (g) model (Model 4, Table 2) applied to the

47 environments with non-null additive genetic effects

showed the same patterns as in the G · E biplot (Fig. 3),

and explained a similar proportion of G · E, 47%, as the

model with all environments (Model 3, Table 2). Therefore,

it was appropriate to continue modelling and interpreting

the additive and non-additive components of these 47

environments, while the remaining 59 environments were

retained in the analysis dataset and modelled without the A

matrix. The average yield of the 47 environments with

significant additive variance was 0.5 t ha–1 greater than

those with null additive genetic variance. These environ-

ment subsets were used in the models 5 to 12, Table 2.

The final model, Model 12, had a FA(2) variance–

covariance structure fitted to both the Ga (additive) and Gi

(non-additive) components for the reference genotypes,

and also to the var(ug) for the other genotypes. This model

fits significantly better than the G + G · E model with a

compound symmetry variance–covariance (Model 0,

Table 2) typically utilised by plant breeding programs.

From Model 12, the additive by environment (A · E)

patterns and non-additive by environment (I · E) patterns

allowed exploration of the underlying genetic causes in the

observed G · E patterns. The A · E biplot (Fig. 4a) again

showed the specific adaptation of Australian and CIMMYT

germplasm to their respective environments, and also em-

phasised the diversity of those environments for this

component of variance. The average additive genetic var-

iance explained by an FA(2) model was 66.8%.

The northern Australian environments, which lie on the

bottom right hand side of the biplot were correlated with

trials grown at CIANO, Mexico, under full irrigation and

drought in 2001, and with international trials in Pakistan,

Pergamino Argentina, Spain, Morocco and Patanga India.

Lines that were well adapted to these environments were

CIMMYT lines Sonalika, Cndo/R143//Ente/Mexi_2/3/Ae-

gilops Squarrosa (Taus)/4/Weaver (CNDOW), Inqalab 91,

Prointa Federal and Chilero/Parula (CHLPR). With the

exception of Cndo/R143//Ente/Mexi_2/3/Aegilops Squar-

rosa (Taus)/4/Weaver, which is derived from a cross with

hexaploid synthetic wheat, these can all be described as

‘older’ CIMMYT materials, and also earlier maturing. The

more recently released CIMMYT material such as Attila,

Pastor, Ures/Jun//Kauz, which can be considered ‘Veery-

derived’ wheats showed best adaptation in the set of CI-

ANO trials, mostly grown in 2002, and locations in the

Indo-Gangetic Plains, West Asia North Africa, Canada and

Turkey. They were negatively correlated with the southern

Australian environments and were not well correlated with

the CIANO, 2001 and northern Australian environments. In

general, the 2002 CIANO trials had shorter crop lengths

than the 2001 trials at CIANO. This was due to a warmer

vegetative stage in 2002 (minimum temperature 10.2�C

versus 8.6�C in 2001 and maximum temperature 26.9�C

versus 27.6�C) and almost twice the rainfall (32.3 versus

17.2 mm in 2001) during grain filling. For example, there

was a 21-day shorter crop length in the irrigated conven-

tional tillage trial grown at CIANO in 2002 compared to

2001, so that this crop matured into a wetter than normal

environment, but with less time for tillering during

Fig. 3 Factor analytic, k = 2, biplot of IAT yield data, Model 3 from

Table 2. Australian lines (ITALIC), CIMMYT lines (BOLD). Vector

representations are Australian sites solid lines; CIANO dashed lines;

international sites dotted lines
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pre-anthesis development. The Australian trial which cor-

related with these environments was grown in southern

New South Wales at Wagga Wagga in 2003. The three

Western Australian trials in this subset were represented in

each of the three groups described.

All of the Australian lines, except Diamondbird and

Hartog (direct CIMMYT derivatives, Table 1), showed

either adaptation to the southern Australian and correlated

international environments, for which they were bred or

were near the origin (indicating either ‘average’ adaptation

or poor modelling of variation for the line effects in the

biplot).

For the non-additive by environment interaction (I · E)

the pattern of the environment vectors (Fig. 4b) was similar

to that in the G · E biplot (Fig. 3). However, the distri-

bution of the lines across the I · E space was different

from that observed in both the G · E and A · E patterns

with substantial overlap of the Australian and CIMMYT

germplasm sets. The percentage variance explained in the

I · E biplot was 56%, suggesting, as in the G · E biplot

(Fig. 3), that there are unexplained environmental effects

contributing to the variation.

Maturity class

The maturity classes determined from the standard model

on thermal time to heading (TTH) were used to interpret

the A · E patterns. The cluster analysis of TTH resulted in

five maturity classes described as very late, late, mid, early

and very early (Table 1). The five maturity class means

(measured in thermal time) were plotted against the aver-

age minimum temperature in the vegetative stage (sowing

to 100�C days before flowering) for each environment

(Fig. 5). The majority of Australian lines were classified as

having late maturity and CIMMYT lines as early and mid

maturing lines. The late and very late lines showed a

classic vernalisation response, requiring some cold condi-

tions to induce early flowering, relative to warm

environments. The late and very late Australian lines

(Excalibur, Frame, Sunvale, Trident) are all known to

contain vernalisation requiring (vrn) alleles (personal

communication, H. Kuchel and M. Brougham 2006),

although the exact alleles of all the lines used here are not

known. In addition, lines such as Sunvale may also contain

photoperiod sensitive alleles. The mid maturing lines had a

similar TTH in all environments, and so in warm envi-

ronments flowered at a substantially earlier date than the

late/very late lines. Sonalika was the only member of the

very early class and was specifically included in the IAT as

a probe genotype for earliness. It was one of the early

‘green-revolution’ wheats: selected to avoid heat during

grain-filling in the Indian plains and released in India in

1967 it became one of the most widely grown lines in the

irrigation areas of India, Pakistan, Nepal and Bangladesh

(Ortiz and Mowbray 2007). Both the very early and early

maturity classes had a decreasing trend with increasing

average minimum temperature which is the opposite to a

normal vernalisation response, and which could result from

other gene combinations related to photoperiod and/or the

length of the juvenile (non-responsive) stage. These

responses could not be separated from the apparent ver-

nalisation response (Fig. 5).

In the G · E biplot (Fig. 3), the majority of late and very

late lines and three Australian early maturing lines (Wes-

tonia, Silverstar and BT-Schomburgk) were clustered with

Australian and correlated international environments on the

left-hand side, whilst the remaining early and most of the

mid maturing lines were found on the right-hand side with

CIANO, northern Australia and correlated international

Fig. 4 Factor analytic, k = 2,

biplots for additive (a) and non-

additive (b) genetic effects.

Model 12 from Table 2.

Australian lines (ITALIC),

CIMMYT lines (BOLD).

Vector representations are

Australian sites solid lines;

CIANO dashed lines;

international sites dotted lines
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environments. Similar patterns were seen in the A · E bi-

plot (Fig. 4a), although there was slightly more overlap

between the early and late maturity groups. In contrast, the

I · E biplot (Fig. 4b) displayed a more obvious distinction

between the early and late maturity classes. The general

trend was from early to mid to late maturity ranging from

the top left hand corner to the bottom right hand corner of

the biplot. The use of these biplots by plant breeders is

discussed further below.

Discussion

This paper applied multiplicative mixed models to examine

the global grain yield adaptation patterns of Australian and

CIMMYT germplasm. Consistent with previous studies of

yield performance across international spring wheat pro-

duction environments, large G · E interactions were

identified (ca. four times the genetic variance). Sivapalan

et al. (2003) reported similar findings when considering

West Asia North Africa (WANA) and Australian envi-

ronments, i.e. that Australian and CIMMYT genotypes

showed substantial specific adaptation to their respective

target environments. Some of the lines common to both

studies showed similar responses. Attila, for example, was

the top-performer across all environment types in both

studies and Nesser, although not the highest-yielding per-

former in the IAT, was also broadly adapted in both

studies. Other lines, such as Pastor (Pfau/Seri//Bow in

Sivapalan et al. (2003)) and Kauz performed differently

between the studies. In the WANA/Australia study, Pastor

was recommended as having wide adaptation across all

environments, whereas in the IAT it was better suited to the

northern Australian and CIANO environments, than the

southern and western Australian environments. The reverse

interpretation was made for Kauz. These types of differ-

ences are not unexpected between studies with different

reference genotype sets and environmental samples (Coo-

per and DeLacy 1994). While the WANA/Australia study

was focused on adaptation for Australian breeding regions

with the WANA, the IAT adopted a broader and larger

sampling of both Australian and international environ-

ments, including the northern region of Australia where

CIMMYT germplasm had historically been well adapted.

The current analysis showed that application of multi-

plicative mixed models is feasible for large, complex

datasets and could be more widely adopted in the analysis

of METs. These models accommodate unbalanced sets of

genotypes and allow a more appropriate modelling of the

G · E variance structure compared with the typical prac-

tice of using a compound symmetry model which assumes

a common variance–covariance structure. For this dataset,

the factor analytic mixed model allowed identification of

the observable genotypic and environmental differences

which contributed to these G · E adaptation patterns. The

standard multiplicative mixed model was extended to

incorporate the pedigree relationship matrix using the

methods described in (Oakey et al. 2006, 2007). This

allowed the genetic line effects to be partitioned into

additive and non-additive components which have utility in

selecting lines as parents for broad or specific adaptation.

Fifty-nine of the 106 trials in this analysis had a null

additive genetic variance. An investigation of environ-

mental factors, such as rainfall and crop length did not

indicate common environmental constraints which may

have caused these null additive genetic variances. The

relatively small number of lines modelled using pedigree

information (41) in this study may not allow for precise

Fig. 5 Days to heading (in

thermal time) for maturity class

levels versus average minimum

temperature (�C) in the

vegetative stage
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estimation of additive genetic variance. Estimation of the

additive and non-additive genetic variances with changing

population size is a topic worthy of further investigation.

The difference in patterns observed between the additive

by environment interaction (A · E) and non-additive by

environment (I · E) patterns has consequences for selec-

tion of lines as parents or for release as best commercial

lines. The selection of best (stable) lines as parents in some

environments is different from selection of the best com-

mercial lines because they show different patterns of

response across environments. The genotypes at the

extremes of the A · E biplot (Fig. 4a) are likely to be

better candidates as parents for use in the environments

with which they are associated in the plot. For example,

Attila, Pastor, Sonalika, Ures/Jun//Kauz and Cndo/R143//

Ente/Mexi_2/3/Aegilops Squarrosa (Taus)/4/Weaver

would be good candidates for parents at CIANO and cor-

related environments while Australian lines: Excalibur,

Silverstar, Westonia and YR10-Warigal may be (and are)

chosen for south and western Australian and correlated

environments. Breeders interested in developing lines

adapted to both CIANO and southern Australia might also

make crosses between these two germplasm groups. In the

I · E plot (Fig. 4b), extreme genotypes show that a greater

proportion of their genetic performance is related to spe-

cific gene combinations for the environments that they are

correlated with. These include Janz and Goroke in southern

Australian environments and Cndo/R143//Ente/Mexi_2/3/

Aegilops Squarrosa (Taus)/4/Weaver, Kauz and Pavon in

CIANO and northern Australia.

The different A · E and I · E patterns for genotype

groups with similar pedigrees could provide further insight

into the realised breeding value of lines. For example,

several ‘Cook’ type wheats (Vulcan, Janz, Goroke) all have

low values for A · E and high values for I · E. This could

result from two factors: (i) it is difficult to find good gene

combinations for broad adaptation in this background; (ii)

strong selection for other traits (e.g. prime hard quality)

could result in bias in the relationship matrix, i.e. due to

selection they are likely to be more related to each other

than is indicated by the COP. Oakey et al. (2006) and

Crossa et al. (2006) have discussed other potential limita-

tions in applying the pedigree matrix to these types of data.

In addition to the issue of bias introduced by selection, they

discussed the mismatch of the identical COP values

between full-siblings when it is highly unlikely that their

genotypes are identical. Ideally, the method would be

applied to data from specific mating designs so that esti-

mates of additive and non-additive effects could be

compared between this method and conventional methods.

The implications of a higher proportion of non-additive

relative to additive effects on breeding efficiency are also

significant: recombining specific gene combinations that

confer a particular phenotype is much more difficult than

selection for traits that are largely under additive control.

Significant non-additive genetic effects have been observed

in populations derived from crosses between the CIMMYT

line Seri M 82 and northern Australian released lines Banks

and Hartog (Peake 2003). Hence, it was recommended that

large numbers of progeny ([ 250) from crosses with high

non-additive effects be sampled to maximise response to

selection (Peake 2003). Recently, the methods used here

were extended to model the additive · additive and addi-

tive · additive · environment effects, however, the non-

additive effects were not modelled (Burgueño et al. 2007).

By modelling both the additive and additive · additive

effects, a better approximation to the general combining

ability is possible.

CIMMYT’s wheat breeding program has been built

around a system of shuttle breeding between CIANO,

located in the desert of north-western Mexico (27�N, 38 m

above sea level) and the highlands of central Mexico

(19�N, 2,640 m above sea level). This has been a suc-

cessful system as germplasm is selected under two diverse

environments and is cycled quickly (Braun et al. 1996).

One of the key outcomes of this alternating selection sys-

tem is a general lack of photoperiod sensitivity in the

derived materials and, due to short turn-around times

between seasons, a relatively low vernalisation requirement

(Ortiz and Mowbray 2007). Of the four CIMMYT lines

classed as ‘late’ in the IAT, HXL7573/2*Bau is derived

from a cross between a CIMMYT and a Chinese wheat

from high latitudes, while Cndo/R143//Ente/Mexi_2/3/

Aegilops Squarrosa (Taus)/4/Weaver is derived from a

cross with hexaploid synthetic wheat and a late maturity

type. The remaining two CIMMYT lines in the ‘late’

maturity class were Pastor and Super Seri #1, which both

contain the rye translocation on the short arm of chromo-

some 1B (1BL/1RS) and performed well at most Australian

locations. Australian production environments range in

average crop lengths of 130 to 160 days in the northern

region and of 170 to more than 200 days in the southern

region, while western environments were represented in

each of these groups. Sowing time for wheat in Australia is

highly dependent on rainfall occurrence between April and

June (Stephens and Lyons 1998b). In the northern region,

significant rainfall in March/April will trigger sowing in

April/May. However, if rainfall is delayed, sowing may

occur in June or July. To avoid frost at flowering while

ensuring that grain-filling is completed before summer, mid

to late maturing varieties are preferred for early sowing and

early lines are preferred for later sowing. In the southern

and western environments, later maturing varieties perform

best in the longer season environments (Riffkin et al.

2003), but in general, the southern and western lines tend to

be later maturing that the northern lines.
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The maturity classes derived from cluster analyses using

days to heading measured in thermal time assisted in

interpretation of the adaptation patterns in the biplots

(Figs. 3, 4), although, it is clear that phenology is not the

only driver for the difference in adaptation between Aus-

tralian and CIMMYT germplasm. The maturity class

responses against temperature showed some possible ver-

nalisation differences among the five thermal time classes

that could be investigated further (Fig. 5).

Crop season length appeared to be a major differenti-

ating factor between northern and southern Australian

environments and influenced the adaptation of CIMMYT

derived materials in southern and Western Australia. If

selection for yield among later maturing lines is conducted

in Mexico, rather than selection of the highest yielding

materials regardless of maturity class, then materials better

adapted to southern Australia may be identified more fre-

quently. Additionally, soil abiotic and biotic constraints

differ among northern and southern Australia sites and

CIMMYT’s CIANO yield testing site. Soils in northern

Australia and CIANO are similar in structure as are their

biotic constraints (Doyle et al. 1987; Nicol and Ortiz-

Monasterio 2000; Bell and Eagles 2003); whereas soils in

southern Australia tend to be more ‘hostile’ to crop root

growth.

While Australian and CIMMYT germplasm were well

adapted to their respective target breeding regions there is

potential for the higher yielding broadly adapted CIMMYT

germplasm to have greater impact in Australia and for

Australian germplasm to be used for adaptation to inter-

national regions with similar environmental constraints.

Future research incorporating environmental characterisa-

tion would assist in interpreting the G · E patterns

observed here and the selection of appropriate germplasm,

either Australian or CIMMYT. For example, the following

observations can be made with reference to the mega-

environment (ME) classification system devised by CI-

MMYT, and updated periodically (Rajaram et al. 1994;

Rajaram and Van Ginkel 2001; Trethowan et al. 2005).

International environments that correlated with southern

and western Australian environments in this study tended

to be from ME9 (low rainfall, moderately cold, facultative

growth habit). Locations from ME1 (low rainfall/irrigated

temperate, spring growth habit) and ME5 (high rainfall/

irrigated, hot, spring growth habit) locations correlated

well with CIANO and northern Australian environments.

Therefore, Australian wheat breeders working in southern

and Western Australia may derive greater benefit by

sourcing high yielding lines from ME9 environments rather

than targetting the traditional CIMMYT spring wheat

nurseries. In contrast, the correlation of northern Australian

environments with key CIMMYT selection environments,

both CIANO and international spring wheat environments,

is consistent with previous studies and highlights the

potential for indirect selection based on the results of CI-

MMYT METs (Cooper et al. 1993).

In summary we recommend that (i) multiplicative mixed

models be considered for routine analysis of multi-envi-

ronment trials and have shown that this is possible for a

large, unbalanced dataset; (ii) pedigree information be

included to quantify additive and non-additive effects and

provide extended knowledge for selection of parental lines.

The analysis of the IAT has demonstrated that Australian

and CIMMYT germplasm are well adapted to their respec-

tive target environments and these environments are diverse.

Further, maturity, controlled by photoperiod response, ver-

nalisation requirement and agronomic factors (e.g. irrigation

and fertiliser), explains some of the adaptation differences

between Australian and CIMMYT germplasm and their

adaptation to their diverse environments.
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