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Summary

The genotype by environment (GxE) interactions observed for oil yield in sunflower in
different regions of Argentina can be analyzed in terms of differences among genotypes in
individual environments in grain number, grain weight and oil content. Three-mode principal
component analysis was applied to a 10 x 21 x 4 (genotypes x environments x attributes)
matrix, to collectively interpret the changes of these attributes in a sunflower genotype-
environment system, and to assess the relative importance of each trait as underlying
determinant of the observed GXE interaction for oil yield.

The 3 x 2 x 3 (genotypes x environments x attributes) principal component model
explained about 65% of the variation computed for the multi-environment trial analyzed. The
first environment component, that accounted for 54 % of the variation, explained the common
pattern over environments and showed that oil content was highly positively correlated to oil
yield, while grain number and grain weight showed lack of association with oil yield and were
negatively correlated with each other. The second environment component (explaining 11%
of the variation) contrasted northern and central environments and showed that grain number
is the main underlying determinant of the observed GxE interactions for oil yield.



Introduction

In Argentina, effective identification of superior sunflower genotypes is complicated by the
presence of significant genotype x environment (GxE) interactions, such that relative cultivar
yields vary across testing environments. In a companion paper (de la Vega et al., 2000), we
have used two-way multiplicative models, i.e. pattern analysis (Williams, 1976), to study the
response patterns of oil yield and their components for a reference set of sunflower hybrids
across a set of growing environments of Argentina. These analysis showed that: (1) the effects
of northern (subtropical) and central (temperate) environments on genotype discrimination
were orthogonal (poorly correlated), indicating the existence of two mega-environments, and
the possibility of selecting for specific adaptation; and (2) some hybrids of contrasting
response pattern when considering yield components individually, showed similar patterns of
relative performance across environments for oil yield, suggesting the existence of different
specific genotypic responses to specific environmental challenges within the same genotype
groups. This would complicate the identification of breeding avenues based on traits related to
adaptation.

Where more than one attribute is measured on genotypes in multi-environment trials,
the collected data can be summarized in the form of genotype by environment by attribute
(GxExA) array of means (Basford et al., 1996). In this case, the generalization of two-way
multiplicative models to three-way multiplicative models is a useful strategy for the
simultaneous modelling of GXE interaction in more than one trait (van Eeuwijk and
Kroonenberg, 1995). In this paper, three-mode (GXExA) principal component analysis (PCA)
(Kroonenberg, 1983) was applied to a 10 x 21 x 4 matrix, to collectively interpret the changes
of oil yield and its components in a sunflower GE system, and to assess the relative
importance of each trait as an underlying determinant of the GXE interaction for oil yield.

Materials and Methods

The details of the experimental material, test environments, experimental design and
measurements are given in de la Vega et al. (2000) and in Tables 1, 2 and 3. For three-mode
multivariate analysis, the collected data was summarized in the form of a 10 x 21 x 4
(GxXExA) array of means. Three-mode PCA was used for studying the GXExA matrix. This
procedure derives components for each of the three modes (say P, Q, R, of them for G, E, and
A, respectively), as well as a three-way matrix of order P by Q by R (the core matrix). In this
model each mode is allowed to have a different number of components. The core matrix
contains the weights assigned to each of the combinations of the components for the three
modes (Kroonenberg and Basford, 1989). The number of components for each mode needs to
be simultaneously determined for all modes. Therefore, several solutions have to be inspected
to come to an adequate description of a dataset (Kroonenberg and Basford, 1989).

It is possible to portray the relationships between the genotypes and attributes for each
component of the environment in a joint plot (Basford et al., 1996). The joint plot diagram
was used to depict the component scores of genotypes and attributes associated with the
environment modes. In these plots, genotypes are represented by points and attributes by
vectors from the origin. For any particular attribute, genotypes can be compared by projecting
a perpendicular from the genotype points to the attribute vector, i.e. entries that are further
along in the positive direction of an attribute vector show higher values for this attribute and
vice versa. Acute angles between any two attribute vectors indicate positive associations, i.e.
they are positively correlated; 90° angles indicate no association; and angles greater than 90°
indicate negative associations (Kroonemberg, 1997). The three- mode PCA was applied to the



10 x 21 x 4 (GXExA) matrix using the program TUCKALS3 (Kroonenberg, 1994). Prior to
analysis, the data were standardized within environments.

Results

The three-mode model with 3 x 2 x 3 components for G, E and A, respectively, was
considered adequate for fitting the data (r> = 0.65), on the basis of informal judgments of the
increases in r’ compared to the increases in dimensions and difficulty of interpretation. In this
model, the three components for the genotype mode accounted for 35%, 21% and 9% of the
variation, respectively; the two components for the environment mode accounted for 54% and
11%, respectively; and the three components for the attributes accounted for 35%, 24% and
6% of the variation, respectively. Not all genotypes, environments and attributes were fitted
equally well by the model (Tables 1, 2, 3).

Treating the components of the three modes separately gives only a partial view of the
structure of the variability in the data, it being necessary to look at the components for all
modes simultaneously for a full view (Basford and Kroonenberg, 1989). The components of
the genotypes (Table 1) and those of the attributes (Table 3) do not have obvious
interpretations with respect to mean trait values, and so the lower-dimensional representations
serve the purpose of data reduction. While the first environment component (54% of the
variation) explained the common pattern over environments, the second component (11% of
the variation) contrasted central-type and northern type environments (Table 2). Thus, the
joint plot of genotypes and attributes for the first environment component will be used to
investigate the interactions between genotypes and attributes for all environments together
and the joint plot of genotypes and attributes for the second environment component will be
used to investigate the relative merit of each oil yield determinant underlying the observed
GXxE interactions.

First environment component: Interpreting the attributes contributing to mean oil yield
across environments

The analysis of the joint plot of the first two axes (Figure 1) showed that oil content (OC) was
positively correlated to oil yield (OY), since their vectors form an acute angle, while grain
weight (GW) and grain number (GN) showed lack of association to OY as they are at right
angles. The highest yielding genotypes across all environments tend to be on the bottom right
quadrant of the joint plot. These hybrids were hence associated with better than average
attribute scores for OC. Entries 5 and 7, defined as broadly adapted hybrids by de la Vega et
al. (2000), were the highest yielding genotypes across environments. There is a strong
negative association between GW and GN, since their vectors form an almost 180° angle. The
hybrids with the highest values for GN are on the top right quadrant of the diagram, while the
hybrids with the highest attribute scores for GW are on the bottom left quadrant. The highest
yielding hybrids across environments had intermediate values for GN and GW. The
standardized weight of the third axis of this joint plot is too small to warrant discussion.

Second environment component: Contrasting central-type and northern-type environments
Major differences between the central and northern-type environments can be described in a
single dimension, corresponding to the first component of the joint plot of genotypes and
attributes for the second environment component (Figure 2). This figure displays those
aspects of the genotype and attribute relationships that are influenced by the differences
between northern and central environments on genotypes and attributes, after the effect of
average performance (Figure 1) has been removed.



Table 1. Genotype code and name, genotype group memberships derived from 2-mode analysis, mean values of four
attributes (oil yield, grain number, grain weight and oil content) and mode component scores (with adequacy of fit) for 10
sunflower hybrids over 21 environments in Argentina. Genotype groups: northern adapted (1), central adapted (2), broad
adapted (3) hybrids

. 1000 .
Genotype Group® Oil yield n(jr:?tl)Zr grain  Oil Component Sfr;c;pgfrtsloza?;
(-mode) (kgha®) "o weight () explaineg %
Code Name ©) 1 2 3
1 Contiflor 15 2 1117 4929 439 482 0.61 -0.04 0.18 59
2 Aguara 1 1047 5364 40.2 46.2 0.53 -0.63 -0.38 73
3 GV23105 1 1023 4190 539 429 -075 -0.01 0.05 62
4 GV25015 1 905 4777 473 375 -0.73 -1.02 0.15 79
5 GV25086 3 1199 4616 493 49.1 0.26 0.40 -0.12 40
6 TC 2001 2 1089 4551 444 49.0 0.54 0.13 0.46 69
7 GV23146 3 1232 5065 46.8 485 041 0.16 -0.47 46
8 GV22510 3 1125 4563 491 474 0.04 018 -0.22 20
9 Contiflor 9 2 1080 4320 482 474 0.8 0.21 0.47 51
10 Morgan 734 1 1057 3729 60.6 449 -1.09 0.63 -0.12 81
Proportion of sums of squares explained (%) 35 21 9 65

® Groups in 2-mode identified by hierarchical agglomerative clustering of oil yield (de la Vega et al., 2000)

Table 2. Northern (N), central (C), and managed (M) environments codes, means of four attributes (for 10 hybrids) and mode
component scores (with adequacy of fit). Managed environments were: V2- Venado Tuerto, December planting, and VI-
Venado Tuerto, December planting with artificially extended photoperiod to 15.5 h during the whole crop cycle

] 1000 .
Environment Group® Oil yield iraln grain  Oil  Component Propo;tlon of
(2-mode) (kg ha®) DT weight (%) sums of squares
m explained (%)
Code Location Region® © 1 2
9J7 9 de Julio C 5 1125 5207 443 469 081 0.26 71
9J8 9 deJulio C 6 764 3493 444 494 081 0.06 67
9J9  9deJulio C 6 1628 5501 614 50.6 0.80 0.31 74
DX8 Daireaux C 4 1037 4260 51.8 47.0 0.76 0.39 73
DX9 Daireaux C 6 1782 6123 56.7 506 085 0.26 78
SA9 Sampacho C 5 1449 4600 676 482 077 034 70
VT7 V. Tuerto C 4 1608 6547 505 481 078 0.28 69
VT8 V. Tuerto C 5 1007 4558 474 468 0.69 024 54
VT9 V. Tuerto C 5 1992 6259 649 484 077 035 71
V27 V. Tuerto M 1 1058 5696 435 411 057 -0.63 73
V29 V. Tuerto M 2 950 5321 451 408 081 -0.23 71
VI9 V. Tuerto M 4 709 4505 36.8 394 060 0.23 42
LB7 Las Brefias N 1 441 1868 544 413 0.34 -0.66 55
MA8 Margarita N 3 346 2748 308 438 062 -0.14 40
MA9 Margarita N 6 1602 5478 564 512 0.83 -0.01 68
OR7 Oréan N 2 1290 6243 459 43.0 080 -0.51 89
OR9 Oréan N 2 534 3347 397 392 073 -0.35 66
PA9 Parand N 1 1206 4989 499 479 070 -0.35 61
RE7 Reconquista N 2 573 3164 36.6 471 0.67 -0.33 56
RE8 Reconquista N 3 337 2255 331 459 063 -0.19 43
RE9 Reconquista N 6 1366 5002 53.7 504 0.88 0.05 78
Proportion of sums of squares explained (%) 54 11 65

& C: central region, N: northern region, M: managed environments
® Environment groups in 2-mode identified by clustering of oil yield (de la Vega et al., 2000)

Central and northern-type environments had positive and negative scores, respectively,
for the component 1 of this joint plot. Mega-environment effects were very strong for OY,
this attribute being the best indicator of the contrasting effects of the two types of
environments. Regarding the OY determinants, mega-environment effects were stronger for
GN than for GW and OC, indicating that this attribute accounted for most of the observed
GXxE interactions for OY.



Table 3. Scores and fit for first three components of four attributes for 10 hybrids and 21 environments

Proportion of

Attribute Component sums of squares
explained (%)
1 2
Oil yield (kg ha) 052 -042 0.23 50
Grain number m? 051 037 032 51
1000 grain weight (g) -0.51 -0.68 0.18 76
Oil (%) 079 -041 -024 84
Proportion of sums of squares explained (%) 35 24 6 65

A product term to compare scores
may be calculated as a product of any
combination of the scores of the three
modes given in Figure 2, e.g. entry 6 (score
2.1) will have a positive product for oil
yield (score 1.8) in a central environment
as 9J9 (score 0.3). For the same
environment-type and attribute, entry 10
(score —-1.5) would have a negative
product. Entry 10 in a northern-type
environment as LB7 (score —0.6) will have
a positive product for OY and for the other
attributes, considering that all of them had
positive scores. As QY is the attribute that
showed the highest score, the magnitude of
its GXExA products will be larger than the
product terms of the OY determinants. The
distinction between the environment types
seems primarily due to the northern and
central specifically adapted genotype
groups, rather than the broadly adapted
hybrids, being located relatively close to
the origin (Figure 2).

Discussion

Yield component traits have been the
subject of numerous physiological and
genetical analyses, but the results of these
studies are often equivocal and of limited
value as guides to plant breeders. This may
be in part because of compensation, that
can be genetically determined and also be a
consequence of environmental conditions
(Austin, 1993). The three-mode PCA used
here has helped to interpret the genotype
main effects and the GXE interaction for
yield in sunflower for Argentina in terms
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Figure 1. Joint plot of the first two components of
10 sunflower hybrids and four attributes associated
with the first environment component. Genotypes
are represented by numbers (see Table 1 for
genotype names). Genotype symbols represent
groups identified by hierarchical agglomerative
clustering of oil yield (de la Vega et al., 2000):
northern adapted hybrids (2, 3, 4, 10), central
adapted hybrids (1, 6, 9), broadly adapted hybrids
(5, 7, 8). Vectors for attributes: oil yield (OY),
grain number (GN), grain weight (GW), and oil
content (OC)

of its components. Different vyield
determinants accounted for most of the
variation in genotype average performance
(i.e. yield potential and broad adaptation)
and specific response patterns of genotypes
across  environments  (i.e.  specific
adaptation). OC variation was strongly
associated to variation in mean OY across
environments. GN was the main
underlying determinant of the contrasting
genotypic performance between central
and northern environment-types. This
could be in part because GN in sunflower
is determined between floral initiation and



2.5
06
2.0 4
o9 O 0Y
1.5 4
o1
1.0 OGN
ocC
GW
—
c 05 -
o
c
: A
o
g 0.0 f %5
°
A
.05 4 A _4
PO
",
-1.0 X7
15 J |10
-2.0

Figure 2. Joint plot of the first two components of
10 sunflower hybrids and four attributes associated
with the first environment component. Genotypes
are represented by numbers (see Table 1 for
genotype names). Environment symbols: N-type
(black triangles), and C-type environments (open
triangles). Genotype symbols represent groups
identified by hierarchical agglomerative clustering
of oil yield (de la Vega et al.,, 2000): northern
adapted hybrids (2, 3, 4, 10), central adapted
hybrids (1, 6, 9), broadly adapted hybrids (5, 7, 8).
Vectors for attributes: oil yield (OY), grain number
(GN), grain weight (GW), and oil content (OC)

the start of rapid kernel growth (Connor
and Hall, 1997), a longer period compared
with the windows of determination of GW
and OC. Future sunflower breeding
avenues for yield potential should target
the trade-off between GN and GW.
Specific adaptation to both environment-
types (perhaps driven by effects of
photoperiod) could be addressed by
selecting for larger relative GN in
particular environments.
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