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a b s t r a c t

Variation in mean heterosis over a range of environments is expected when maize hybrids and inbred
lines respond differently to environmental stimuli. However, the magnitude and nature of the hetero-
sis × environment interaction (H × E) has not been adequately described. The objectives of this work
were to determine (i) the effects of environmental variability on the expression of heterosis for plant
grain yield (PGY) and related ecophysiological traits and (ii) to what extent H × E is of general impor-
tance for the expression of heterosis for these traits. Field experiments included a set of six inbred lines
and twelve derived hybrids grown in 14 environments (year × nitrogen × water regime combinations)
in the temperate region of Argentina. Main physiological and quantitative determinants of PGY were
measured and mid parent heterosis (MPH) computed for each trait. Genotype × environment interaction
was investigated using the joint regression analysis. For PGY, hybrids had a significant but moderate
association between sensitivity to the environment and mean genotype value, whereas inbred lines did
not show association. For harvest index (HI) hybrids showed greater mean values than inbreds, however,
regression coefficients of both genotype groups tended to overlap slightly. A decrease in environmental
quality led to a decline in the expression of heterosis for PGY but not for HI. A bilinear with plateau model

adequately described the association between heterosis for PGY and environmental quality, because a
threshold value was detected beyond which further increases in environment mean did not translate
into higher heterosis for PGY. A similar response pattern was found between PGY MPH and biomass at
physiological maturity (BiomassPM) MPH. Despite the greater heterosis for BiomassPM, further increases
in PGY MPH could not be realized above a threshold value of 115 g pl−1 for BiomassPM MPH. HI MPH was

a limi
the major factor that set

. Introduction

The complexity of grain yield as a quantitative trait comprises
enetic and environmental components, which interact in often
npredictable ways. In maize (Zea mays L.), heterosis (i.e., hybrid
igour) is a key feature underlying the expression of grain yield in
ybrids (Shull, 1909; East and Jones, 1919; Springer and Stupar,

007; Troyer and Weillen, 2009). By definition, its magnitude
epends on the relative performance of the hybrid to its parental

nbred lines. Models of phenotypic expression include genetic and

Abbreviations: PGY, plant grain yield; MPH, midparent heterosis; HI, harvest
ndex; LAIMAX, maximum leaf area index; RUEGF, radiation use efficiency during the
rain-filling period; BiomassPM, final shoot plant biomass; KNP, kernel number per
lant; KW, kernel weight.
∗ Corresponding author.

E-mail address: munaro@agro.uba.ar (E.M. Munaro).

378-4290/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.fcr.2011.08.001
t to PGY MPH under favorable environments.
© 2011 Elsevier B.V. All rights reserved.

environmental effects. When interaction between genotypes (G)
and environments (E) is present (i.e., change in rank of genotypes
over a range of environments or a variation in the magnitude of
response across environments) the phenotypic value of an individ-
ual includes also an interaction component, i.e. G × E (Falconer and
Mackay, 1996). Under this premise it would be reasonable to define
heterosis for grain yield in a specific environment as the sum of het-
erosis arising from genetic main effects and heterosis arising from
G × E interaction effects.

Grain yield and grain yield heterosis result from complex
interactions throughout development between physiological com-
ponents that are dynamically influenced by the environment
(Lippman and Zamir, 2007). These components are summarized
in overall biomass production and its distribution between repro-

ductive and vegetative tissues. The former is often described as
the product between resource supply (light, water, nutrients) and
the ability of plants for capturing a resource and converting it into
biomass (Loomis and Connor, 1992), whereas the latter is usually

dx.doi.org/10.1016/j.fcr.2011.08.001
http://www.sciencedirect.com/science/journal/03784290
http://www.elsevier.com/locate/fcr
mailto:munaro@agro.uba.ar
dx.doi.org/10.1016/j.fcr.2011.08.001
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escribed as harvest index (HI, quotient between grain biomass and
hoot biomass at maturity). The analysis of grain yield heterosis
sing this conceptual framework is recent (Tollenaar et al., 2004),
nd in most cases limited to a few genotypes and environments
Echarte and Tollenaar, 2006; Liu and Tollenaar, 2009a,b). How-
ver, a variation in mean heterosis over a range of environments
s expected when hybrids and inbred lines respond differently to
nvironmental stimuli (Munaro et al., 2011). In other words, the
resence or absence of changes of heterosis across environments
ill be independent of the environment only if the single cross
ybrid and parental inbred lines have the same sensitivity to the
nvironment (i.e., same rate of change per unit variation in envi-
onmental quality). If a relationship (e.g., linear) can adequately
escribe the sensitivity to the environment of hybrids and inbred

ines, changes in heterosis could be predicted from the relative sen-
itivities of hybrid and inbred lines to changes in the environment.
he variable expression of heterosis in different environments must
e approached within the topic of G × E interaction as variation
epends not only on the genotype but also on the nature of the envi-
onmental variation. That is, heterosis × environment interaction
H × E) can vary according to the trait under study and its rela-
ion with fitness. As stated by Lippman and Zamir (2007), “. . . the

agnitude of effect and significance of heterosis will vary between
ears, given the many phenotypes and loci involved and the influ-
nce on them of the environment”. The magnitude of this variation
as not been adequately quantified yet. An understanding of the
ffects of G × E on the expression of heterosis for grain yield and
cophysiological related traits could aid studies designed to assess
he stability of quantitative trait loci (QTLs) affecting heterosis in

aize under several stress conditions (LeDeaux et al., 2006). It could
lso assist our interpretation of the genetic controls behind these
uantitative traits, which have not been unveiled so far (Lee et al.,
005). To our knowledge no study has been conducted in maize in
hich parental inbred lines and their derived hybrids have been

rown at a sufficient number of environments so as to provide a
ange of conditions to evaluate sensitivity to the environment of
oth genotype groups and characterize the response of heterosis for
rain yield and ecophysiological related traits across environments.

The purpose of this work is to report (i) the effects of environ-
ental variability on the expression of heterosis for grain yield and

cophysiological traits in a set of single cross hybrids grown in 14
nvironments (year × nitrogen × water regime combinations) and
ii) to what extent G × E interactions are of general importance for
he expression of heterosis for grain yield and ecophysiologically
elated traits.

. Materials and methods

.1. Genetic material and crop husbandry

Field experiments were conducted at the Pergamino Experi-
ental Station of the National Institute of Agricultural Technology

INTA), Argentina (33◦56′S, 60◦34′W) on a Typic Argiudoll soil,
uring 2002–2003 (Exp. 1), 2003–2004 (Exp. 2), 2004–2005 (Exp.
), 2006–2007 (Exps. 4 and 5) and 2008–2009 (Exps. 6 and
). The genetic material evaluated included twelve single cross
aize hybrids (six direct crosses and their reciprocals) selected

rom all possible crosses of six inbred lines (B100, ZN6, LP662,
P611, LP561, and LP2). Hybrids included in this study were
100 × LP2, B100 × ZN6, B100 × LP561, ZN6 × LP561, ZN6 × LP611,
nd LP561 × LP662. Inbred lines presented variability in breeding

ra, origin, canopy size, grain yield and grain yield components
D’Andrea et al., 2006). Lines also differed in the heterotic group
f origin. Inbred B100 is US semi-dent germplasm (Hallauer et al.,
995) and the rest of the inbred lines belong to Argentine flint
search 124 (2011) 441–449

germplasm. Additionally, inbreds LP2 and LP561 were derived
from Caribbean × Argentine germplasm. Treatments were a facto-
rial combination of mentioned genotypes, and two N levels. These
levels were a control with no added N (0 kg N applied) and a high N
condition fertilized with 400 (Exps. 1–3) and 200 kg N ha−1 (Exps.
4–7). The experimental design was a split plot organized in three
randomized complete blocks, with N availability in the main plots
and genotypes in the subplots. Each plot consisted of three rows
of 5.5 m length with a spacing of 0.7 m between the rows. Stand
density was always 7 plants m−2.

The variability among experiments was manipulated by apply-
ing supplemental irrigation or dry land farming. For Exps. 1, 2, 3,
4 and 6 supplemental irrigation was given to prevent water stress.
Experiments 5 and 7 were conducted under dryland farming. Each
combination of year × nitrogen × water regime was treated as a
single environment, totaling 14 environments (Table 1). Further
details on crop husbandry can be found in Munaro et al. (2011).

2.2. Measurements

Main physiological and quantitative determinants of grain yield
were measured and their heterosis computed as described in
Munaro et al. (2011). Those evaluated in the current analysis
were (i) maximum leaf area index (LAIMAX), (ii) radiation use effi-
ciency during the grain-filling period (RUEGF), (iii) final shoot plant
biomass (BiomassPM), (iv) kernel number per plant (KNP), (v) ker-
nel weight (KW), (vi) harvest index (HI) and, (vii) plant grain yield
(PGY). Briefly, LAIMAX was calculated at silking as the product of
green leaf area per plant and number of plants per unit land.
RUEGF was estimated as the quotient between biomass produc-
tion and cumulative incident photosynthetically active radiation
intercepted by the canopy between the onset of active grain fill-
ing (R2, Ritchie and Hanway, 1982) and physiological maturity.
Plants were individually harvested at physiological maturity. Plant
material was oven dried at 60 ◦C for 7 days and weighed for
final aboveground biomass determination (i.e., BiomassPM). Each
grained ear was individually hand-shelled, and kernel number was
counted. Kernel number per plant was calculated by adding the
kernels counted in apical and subapical ears (when present). Grain
yield was computed for each harvested plant, and individual KW
obtained as the quotient between PGY and KNP. For each treatment
combination we computed mean values of HI, as the ratio between
PGY and BiomassPM.

2.3. Statistical analysis

For each environment, a randomized complete block design
with three replicates was used for analysis. The occurrence of het-
erogeneity of error mean square was verified by Bartlett’s test
(P < 0.05) for variance comparisons. Assuming absence of signifi-
cant reciprocal effects (D’Andrea et al., 2009), direct and reciprocal
crosses of parental pair combinations (i.e., A × B and B × A) were
pooled. Analysis of variance was performed across genotypes and
environments to assess the significance of G × E interaction for all
measured traits. Year × N × water regime combinations and geno-
types were considered as random and fixed effects, respectively.
The statistical significance of genotype, environment and G × E
interaction was determined using the F test. Significant interactions
were further investigated using the regression approach intro-
duced by Yates and Cochran (1938) and developed by Finlay and
Wilkinson (1963) and Eberhart and Russell (1966). The sensitivity

to the environment of PGY and ecophysiological related traits for
each genotype was calculated by regressing the mean trait value
of individual genotypes on the mean trait value of all genotypes in
each environment (i.e., environmental mean) but without the use
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Table 1
Details of the environments used in the study and environmental mean trait value over all genotypes for a particular environment (i.e., environmental mean). Environments
are ranked in according to decreasing mean plant grain yield (PGY). Maximum and minimum values of each trait are highlighted in bold.

Environment Year Applied N
(kg N ha−1)

Water Environmental mean

PGY (g pl−1) KNP KW (mg) LAIMAX (m2 m−2) RUEGF (g MJ−1) BiomassPM

(g pl−1)‘
HI

1 2003–2004 400 Irrigated 103.23 415 242 3.94 1.82 252 0.40
2 2006–2007 200 Rainfed 98.03 381 244 4.19 NA 234 0.39
3 2006–2007 200 Irrigated 95.65 375 246 3.77 NA 193 0.45
4 2002–2003 400 Irrigated 91.2 367 240 3.81 1.94 231 0.38
5 2006–2007 0 Rainfed 82.97 341 237 3.31 NA 189 0.43
6 2008–2009 200 Irrigated 80.12 342 224 4.33 2.59 229 0.33
7 2008–2009 0 Irrigated 77.76 330 226 4.20 2.67 221 0.33
8 2004–2005 400 Irrigated 72.01 300 228 4.00 2.22 217 0.31
9 2004–2005 0 Irrigated 63.65 311 204 3.12 1.38 170 0.36

10 2003–2004 0 Irrigated 59.66 264 214 3.28 2.11 175 0.32
11 2002–2003 0 Irrigated 48.55 230 203 2.73 1.62 138 0.33
12 2006–2007 0 Irrigated 47.44 220 213 2.38 NA 118 0.37
13 2008–2009 0 Rainfed 30.73 203 145 3.64 2.06 134 0.21
14 2008–2009 200 Rainfed 25.8 172 144 3.95 2.03 140 0.17

LSD 9.27 41.5 19 0.26 0.23 18.72 0.04
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GY: plant grain yield; KNP: kernel number per plant; KW: kernel weight; LAIMAX

iomassPM: shoot biomass at physiological maturity; HI: harvest index. NA: not ava

f log transformation. The analysis was based on the linear model
s in Eq. (1):

ij = ui + biEj + �ij (1)

here Yij is the mean of ith genotype in jth environment, ui is the
ean of ith genotype over all environments, bi is the regression

oefficient measures the change in the mean performance of ith
enotype per unit change in the mean of an environment, Ej is the
nvironmental mean for jth environment, and �ij is the deviation
rom regression. The environmental mean (Ej) reflects a quanti-
ative grading of all the environments from low to high, and was
btained as the average of all genotypes for each Year × N × water
egime combination (i.e., 14 environments). The regression coef-
cient for each genotype allows a comparison to be made of the
erformance of each genotype with the average of all the geno-
ypes. Regressions of unit slope (b = 1) have an average degree of
esponse while those in excess of unity (b > 1) an above average
egree of response, and vice versa. Slopes were tested for significant
ifferences from unity (heterogeneity of regression lines) using t
ests while the significance of the deviations from regression was
ested by the F test based on pooled error. Analysis of variance

nd the joint regression were performed using Genes (2009). The
roportion of G × E interaction explained by linear regression was
efined as linear proportion. It is the ratio of sum of squares due to
eterogeneity of regression to the total interaction sum of squares

able 2
ean square from the analysis of variance of plant grain yield (PGY), kernel number per pla

uring grain filling (RUEGF), biomass at physiological maturity (BiomassPM), and harvest i

Source df PGY KNP K

Environment (E) 13 21,988** 200,456** 3
Genotype (G) 11 30,435** 272,856** 4
G × E 143 734** 7748**

Heterogeneity of regression 11 5229** 19,996** 7
Deviations 144 329* 6167*

Error 308 129 2589

Linear proportion 55% 20%

f: degrees of freedom; PGY: plant grain yield, KNP: kernel number per plant, KW: kernel w
aturity; HI: harvest index; RUEGF: radiation use efficiency during active grain filling. NS
* Significant at P < 0.05.

** Significant at P < 0.01.
imum leaf area index; RUEGF: radiation use efficiency during active grain filling;
.

and indicates the relevance of linear regression of individual geno-
types.

Heterosis was calculated for each experiment. Mid parent het-
erosis (MPH), i.e. the superiority of a hybrid compared to the
parental mean, was calculated for each trait in absolute terms (Eq.
(2)):

MPH = F1 − MP (2)

where F1 is the mean of single-cross hybrids, and MP is the
midparental value. Statistical significance of heterosis values
for each trait was determined by t tests. For the study of
heterosis × environment interaction (H × E) for grain yield and eco-
physiological related traits, the environment mean was used on the
abscissa for regression analysis. Logarithmic transformations were
not considered as heterosis can often be removed by data trans-
formation (Keller and Piepho, 2005) and the original scale is more
understandable. For each trait, the MPH of each genotype was then
regressed on the environmental mean. If the environment does not
influence the heterotic response, then the slope of the linear func-
tion will be zero. If, however, changing the environment causes
the slope to be significantly other than zero, then an environment
dependent heterosis exists (i.e., H × E effect). The slope (b value) of

the linear relationship measures the relative response of heterosis
to varying environments. Linear and bilinear models were fitted by
means of TBLCURVE (Jandel, 1992) and comparison of fitted models
was done using the F-test.

nt (KNP), kernel weight (KW), maximum leaf area (LAIMAX), radiation use efficiency
ndex (HI).

W LAIMAX BiomassPM HI df RUEGF

9,657** 12.06* 168,625** 0.213** 9 5.61**

1,200** 19.65** 96,286** 0.163** 11 3.44**

1230** 0.33** 2125** 0.007** 99 0.41**

6,660** 1.34** 16,644** 0.014** 11 1.11**

637* 0.22 NS 839* 0.006* 88 0.29 NS
295 0.07 482 0.002 220 0.24

48% 31% 60% 15% 30%

eight; LAIMAX: maximum leaf area index; BiomassPM: shoot biomass at physiological
: not significant.
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alue) as in Tables 3 and 4, respectively. Correlation coefficients were no less than
.95 for hybrids and 0.77 for inbred lines.

. Results and discussion

.1. Environments and genotypes

The combined effect of interannual climatic variability and envi-
onmental manipulation (water and N) caused a wide range of
esponses in most of the evaluated traits (Table 1). The most severe
nvironment (i.e., 2008–2009 rainfed and fertilized) reduced mean
GY across all entries by 75% with respect to their maximum
alue (2003–2004 irrigated and fertilized); a similar response was
bserved for HI, KNP and KW with reductions of 62, 59, and 41%,
espectively. The inclusion of rainfed experiments allowed extend-
ng the environmental range to really adverse conditions for which
hreshold levels of zero yield were observed for inbred lines LP611
nd LP561 (data not shown). Environmental means lower than
hose achieved in this study are rare. This type of environment
imited the growth of both genotypic groups and inbred lines and
ybrids had similar low yields under the most restrictive environ-
ents, while all other environments provided an opportunity for

igh performance of hybrids (Table 3). Few studies from CIMMYT
chieved similar low grain yields of populations, inbreds or hybrids
ultivated in tropical environments (Laffite et al., 1997; Betrán et al.,
003). Diversity with respect to environments was important to
roduce sufficient variability to quantify sensitivity to the environ-
ent of inbred lines and derived hybrids and response of heterosis

cross environments. In our study, the wide range in environmental
ean for PGY (from 26 to 103 g pl−1, Table 1), with fairly even dis-

ribution across the range, provided a robust basis for comparisons.
× E analysis is less meaningful if only high and low values of Ej are
resent but intermediate values are absent (Bernardo, 2010). More-
ver, the number of environments in this study coincided with the
hreshold number of environments (i.e., at least 13) for assessing
eliable slopes of joint regression when both potential and limited
treatments were carried out at the same location and in the same

ear (Zheng et al., 2009).
Among the genotypes, the highest mean PGY among inbreds

orresponded to LP662 (i.e., 59.5 g pl−1), and it was achieved
hrough the highest values for KNP, BiomassPM and RUEGF
301 grains pl−1, 173 g pl−1 and 2.07 g Mj−1 d−1, respectively;

able 3). In contrast, inbred LP611 had the lowest PGY (i.e.,
1 g pl−1) and this can be ascribed to low values of KNP, RUEGF and
I (165 grains pl−1, 1.31 g Mj−1 d−1 and 0.21, respectively). B100
ad the highest mean HI among inbred lines (Fig. 1 and Table 3).
search 124 (2011) 441–449

Among hybrids, the highest mean value for PGY, KNP, RUEGF and
HI was for B100 × LP2, followed closely by hybrids that shared the
same parental inbred line B100. Contrarily, hybrids LP561 × ZN6
and LP611 × ZN6 presented the lowest values for PGY, KNP, KW,
RUEGF and HI.

Hybrids involving B100 displayed high overall heterosis,
although their specific response depended on the other inbred line
included in the cross, whereas, hybrids not including B100 as a
parent displayed variable overall heterosis regardless of environ-
mental quality. In other words, the expression of high heterosis did
not depend exclusively upon the use of B100 as a parental inbred,
but its inclusion in the F1 cross guaranteed a high overall heterosis.
Perhaps as a result of genetic divergence of parental inbred lines
(Hallauer and Miranda, 1988), that is, US semi-dent and Argen-
tine flint germplasm belonging to opposite heterotic groups that
complement each other.

3.2. Genotype × environment interaction

For all traits, analysis of variance across genotypes and environ-
ments indicated significant (P < 0.01) G × E interactions (Table 2).
When the interaction component was partitioned into linear and
residual portions, the heterogeneity of regression mean square was
significant (P < 0.01) for all traits and accounted for a relatively high
proportion of the G × E interaction for BiomassPM and PGY (Table 2).
For HI and KNP only a small proportion of the G × E interaction
could be explained by heterogeneity of regression lines (15 and 20%,
respectively). The contribution of differences in b value (hetero-
geneity of regression lines) to total interactions may be the result
of a wide range of mean values across environments and geno-
types having regression coefficients not confined to values close to
1 (Table 4). For PGY, BiomassPM and RUEGF no inbred line had b
values as high as those of hybrids (Table 4). Regression coefficients
of inbred lines and hybrids, however, tended to overlap slightly
for KNP and HI; that is, some inbred lines had b values similar to
those of hybrids. The ranges of b values were large for all evaluated
traits (Fig. 1 and Table 4), and varied by 92% for RUEGF and 57% for
HI. The response of the former could be attributed to the contrast-
ing photosynthetic capacity and senescence between inbreds and
hybrids during the grain-filling period (Ahmadzadeh et al., 2004),
largely determined by N metabolism (D’Andrea et al., 2009). That
of the latter reflects the limited plasticity in biomass allocation to
reproductive organs in response to resource availability (Echarte
and Andrade, 2003; Tollenaar and Lee, 2002). The remaining unpre-
dictable part of variability of a genotype is related to deviation from
overall regression. Eberhart and Russell (1966) proposed that devi-
ations from the regression component of interaction for a genotype
provided an additional useful stability parameter. No significant
deviation was usually found for LAIMAX and RUEGF (Tables 2 and 5).
Hybrids, on average, were more stable than inbreds (Table 5 and
Fig. 2), particularly for HI. Differences among inbred lines in their
stability or buffering capacity were observed for all traits (i.e.,
inbreds having significant and non significant deviations) except
HI (Table 5 and Fig. 2).

The relative response of hybrids and inbred lines varied over
environments, indicating a change in the superiority of one geno-
type over the others with respect to the environment (Fig. 1);
however, no main crossover point (i.e., environment mean yield for
which crossover interactions between genotypes reach the highest
frequency) could be identified as a cut off to clearly divide envi-
ronments. In practice, this implies that there was no single critical
point to partition the environments into two groups (consisting

of low-yielding and high-yielding environments), important for
developing genotypes for specific adaptation. Nevertheless, when
the G × E interaction for PGY was further analyzed through its phys-
iological and numerical components, different association patterns
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Table 3
Mean plant grain yield (PGY), kernel number per plant (KNP), kernel weight (KW), maximum leaf area (LAIMAX), radiation use efficiency during grain filling (RUEGF), biomass
at physiological maturity (BiomassPM), and harvest index (HI) of the 12 genotypes. Means are given for each genotype across environments.

Genotype PGY (g pl−1) KNP KW (mg) LAIMAX (m2 m−2) RUEGF (g MJ−1) BiomassPM (g pl−1) HI

Inbred
B100 48.3 229 205 2.47 1.93 132 0.35
LP2 42.0 252 168 3.02 1.60 125 0.32
ZN6 44.8 240 186 2.79 1.94 146 0.31
LP561 44.1 215 198 2.95 1.84 157 0.27
LP662 59.5 301 193 3.53 2.07 173 0.32
LP611 31.4 165 174 3.77 1.31 137 0.21

F1 hybridsa

B100 × LP2 101.7 402 240 4.17 2.38 222 0.43
B100 × ZN6 98.0 386 247 3.81 2.35 228 0.42
B100 × LP561 99.4 366 261 3.94 2.38 235 0.41
LP561 × ZN6 86.3 349 239 4.18 2.26 232 0.37
LP611 × ZN6 87.2 372 226 4.80 2.16 241 0.35
LP561 × LP662 94.4 373 242 4.03 2.34 243 0.37

PGY: plant grain yield, KNP: kernel number per plant, (KNP), kernel weight (KW), maximum leaf area (LAIMAX), radiation use efficiency during grain filling (RUEGF), biomass
at physiological maturity (BiomassPM), and harvest index (HI). Means are given for each genotype across.

a Pooled values direct and reciprocal crosses.

Table 4
Relative responsiveness to environmental change (b value) and standard error for plant grain yield (PGY), kernel number per plant (KNP), kernel weight (KW), maximum
leaf area (LAIMAX), radiation use efficiency during grain filling (RUEGF), biomass at physiological maturity (BiomassPM), and harvest index (HI) of the 12 genotypes.

Genotype PGY KNP KW LAIMAX RUEGF BiomassPM HI

b value SE (±) b value SE (±) b value SE (±) b value SE (±) b value SE (±) b value SE (±) b value SE (±)

Inbred
B100 0.51* 0.10 0.74* 0.14 0.31* 0.12 0.35* 0.12 0.45* 0.41 0.47* 0.11 0.65* 0.14
LP2 0.47* 0.11 0.83 0.21 0.32* 0.09 0.71 0.16 0.14* 0.35 0.34* 0.12 0.97 0.25
ZN6 0.39* 0.09 0.49* 0.17 0.57* 0.07 0.66* 0.12 0.56 0.23 0.54* 0.09 0.71* 0.17
LP561 0.65 0.16 0.66* 0.25 1.13 0.18 0.67* 0.08 0.62 0.21 0.61* 0.1 1.09 0.26
LP662 0.70 0.17 0.94 0.19 0.63 0.19 1.02 0.16 1.14 0.26 0.82 0.14 0.82 0.21
LP611 0.66* 0.12 1.08 0.17 0.99 0.14 1.05 0.17 0.50* 0.25 0.56* 0.1 1.51* 0.19

F1 hybridsa

B100 × LP2 1.52* 0.09 1.31* 0.10 1.27* 0.08 1.26* 0.1 1.21 0.23 1.29* 0.04 1.15 0.11
B100 × ZN6 1.33* 0.10 0.96 0.14 1.37* 0.13 1.25 0.11 1.76* 0.19 1.35* 0.11 0.82* 0.07
B100 × LP561 1.53* 0.10 1.18 0.15 1.42* 0.05 1.22* 0.09 1.47* 0.22 1.50* 0.07 1.09 0.11
LP561 × ZN6 1.22* 0.09 0.92 0.12 1.37* 0.07 1.23 0.11 1.50* 0.17 1.41* 0.08 0.80* 0.16
LP611 × ZN6 1.35* 0.10 1.26 0.14 1.28* 0.05 1.40* 0.16 1.37 0.28 1.45* 0.14 1.24* 0.07
LP561 × LP662 1.61* 0.07 1.55* 0.11 1.30* 0.08 1.15 0.11 1.18 0.21 1.58* 0.08 1.18* 0.09

Plant grain yield (PGY), kernel number per plant (KNP), kernel weight (KW), maximum leaf area (LAIMAX), radiation use efficiency during grain filling (RUEGF), biomass at
physiological maturity (BiomassPM), and harvest index (HI) of the 12 genotypes.

T
S
d

P
p

a Pooled values of direct and reciprocal crosses.
* Significantly different from b = 1 at P < 0.05.

able 5
ignificance of deviations from regression of plant grain yield (PGY), kernel number per pla
uring grain filling (RUEGF), biomass at physiological maturity (BiomassPM), and harvest i

Genotype Deviation from regression

PGY KNP KW

Inbred
B100 * NS *

LP2 * ** NS
ZN6 NS ** NS
LP561 ** ** *

LP662 ** ** *

LP611 ** ** *

F1 hybridsa

B100 × LP2 NS NS NS
B100 × ZN6 * * *

B100 × LP561 * * NS
LP561 × ZN6 NS NS NS
LP611 × ZN6 NS * NS
LP561 × LP662 NS NS NS

lant grain yield (PGY), kernel number per plant (KNP), kernel weight (KW), maximum
hysiological maturity (BiomassPM), and harvest index (HI).
a Pooled values direct and reciprocal crosses.
* Significant at P < 0.05.

** Significant at P < 0.01.
nt (KNP), kernel weight (KW), maximum leaf area (LAIMAX), radiation use efficiency
ndex (HI).

LAIMAX RUEGF BiomassPM HI

NS ** * *

NS * ** **

NS NS NS **

NS NS NS **

NS NS ** **

NS NS NS **

NS NS NS NS
NS NS * NS
NS NS NS NS
NS NS NS **

NS NS ** NS
NS NS NS NS

leaf area (LAIMAX), radiation use efficiency during grain filling (RUEGF), biomass at
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Fig. 2. Regression of b values (measure of sensitivity to environment) of inbred lines
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nd derived hybrids on mean (i.e., overall mean across environments) performance
or (a) plant grain yield (PGY), (b) biomass at physiological maturity (BiomassPM)
nd (c) harvest index (HI). Solid circles are F1s and solid triangles are inbred lines.

etween b values and genotype means were observed (Fig. 2). A dis-
inct linear trend in the regression between them (e.g., the greater
he mean trait value the greater the sensitivity) is an indication
f a tendency for convergence of regression lines to a single point
Mandel, 1961). A priori, a linear trend would be expected for most
raits as a result of hybrids having higher mean values and greater
apacity to capture the benefits of high yielding environments than

nbred lines. Caution, however, must be exercised, as these associ-
tions may not hold within each genotype group across all traits.
n the one hand, BiomassPM (Fig. 2b) and LAIMAX (data not shown)
ad a highly significant and strong association (r2 > 0.93, P < 0.01)
Fig. 3. Association between mid parent heterosis for plant grain yield (PGY) and
environment mean. The bilinear fitted model (solid line) PGY MPH = 0.94x − 13.21
for x < 92.7 and PGY MPH = 73.84 when x > 92.7 (r2 = 0.79, n = 84, P < 0.01).

between mean performance and linear sensitivity regardless of
genotype group (inbred lines or hybrids). For these traits, signifi-
cant heterogeneity of regression lines results from regression lines
converging at an environment mean outside the observed range
and radiating out from this region with varying slopes; non-parallel
but non-intersecting lines resulting in differential change of mean
but not of ranking of different genotypes That is, the position of
the crossover point (point of intersection of the regression lines)
lies beyond the observed environmental mean range. Alternatively,
heterogeneity of regression lines may arise from non-parallel inter-
secting lines, as for HI and KNP. On the other hand, PGY (Fig. 2a) of
hybrids had a significant but moderate association between sen-
sitivity to the environment and mean genotype value (r2 = 0.42,
P < 0.05), whereas inbred lines did not show association (r2 = 0.01,
P > 0.1); i.e., hybrids have higher PGY mean values and this trait
responds more strongly to increases in environmental quality than
that of inbreds. For traits related to biomass partitioning like HI,
which is highly associated with KNP (D’Andrea et al., 2006), hybrids
showed greater mean values than inbreds. However, environmen-
tal sensitivities of both genotype groups displayed overlapping
values (Fig. 2c). This could result in a constant value of heterosis
for HI across the environments tested in this study. Apparently,
for the set of environments studied here, the moderate associa-
tion between PGY mean values and sensitivity to the environment
found for hybrids could result from BiomassPM making a greater rel-
ative contribution to grain yield than HI. This is in agreement with
previous evidence on breeding effects in maize, which detected a
larger contribution to final PGY of total plant biomass than of HI
(Tollenaar, 1989; Luque et al., 2006).

3.3. Heterosis and environment

The magnitude of heterosis in environments where high yield
potential is expressed can be taken as reference for the analysis
of H × E interaction such that heterotic effects will be maximized.
Plotting the average heterosis for PGY over different types of envi-
ronments that represented a gradient from high to low-yielding
conditions (Fig. 3) revealed a two-phase response pattern, for which
the initial positive response was followed by a plateau (bilinear fit:
r2 = 0.79, n = 84, P < 0.01; Fig. 3). On one hand, the positive phase is
in agreement with hybrids having a greater sensitivity to the envi-
ronment compared to inbred lines (Echarte and Tollenaar, 2006;
D’Andrea et al., 2009). On the other hand, the plateau is indica-
tive of a threshold environmental mean above which a further
improvement in the quality of the environment does not translate

into increases in MPH for PGY. Similarly, an enhanced environ-
mental quality led to an increase in the expression of heterosis
for most physiological determinants of grain yield (0.05 > P > 0.01;
Fig. 4), with the exception of HI (r2 = 0.03, P = 0.1). Apparently, the
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Fig. 4. Association between mid parent heterosis and environment mean for (a) maximum leaf area (LAIMAX), (b) radiation use efficiency during grain filling (RUEGF),
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c) biomass at physiological maturity (BiomassPM), (d) kernel number per plant (K
PH = 0.57x − 0.93 (r2 = 0.43, n = 84, P < 0.01), (b) RUEGF MPH = 0.84x − 1.23 (r2 = 0.3
PH = 0.49x − 5.81 (r2 = 0.26, n = 84, P < 0.05), (e) KW MPH = 0.70 − 98.08 (r2 = 0.60, n

ariability in HI MPH depended more on the genetic make up than
n the response of HI to variation of the environments included in
his study. The proportion of variation in MPH explained by varia-
ions in environmental mean was 77, 43, and 37% for BiomassPM,
AIMAX and RUEGF, respectively. For the numerical components of
GY, 60% of the variation in MPH for KW could be explained by
ariations in environment mean, but only 26% for KNP.

The relationship between PGY and shoot biomass per plant
Vega et al., 2000; Echarte and Andrade, 2003), in which the slope of
he regression of PGY on BiomassPM represents the rate of change of
I, is a useful framework to further analyze heterosis for PGY. Tak-

ng into account the immediate physiological determinants of PGY
i.e., BiomassPM and HI), we detected a response pattern that par-
lleled the association between MPH for PGY and environmental
ean (Fig. 3). At high values of heterosis for BiomassPM (an indi-

ator of environment quality), PGY MPH tended towards a plateau
Fig. 5a). In other words, the existence of a threshold value beyond
hich further increases in heterosis for BiomassPM did not trans-
ate into increases in heterosis for PGY was identified (bilinear fit:
2 = 0.84, n = 84, P < 0.01). After removing the effects of MPH for
iomassPM, the residuals were significantly (P < 0.01) associated
ith MPH for HI (Fig. 5b). That is, the scatter in heterosis for PGY was
(e) kernel weight (KW), and (f) harvest index (HI). Fitted models were (a) LAIMAX

84, P < 0.01), (c) BiomassPM MPH = 0.78 − 71.28 (r2 = 0.77, n = 84, P < 0.01), (d) KNP
P < 0.01), and (f) HI MPH = 0.13x + 0.04 (r2 = 0.03, n = 84, P = 0.1).

associated (r2 = 0.48) with heterosis for HI. Apparently, for the set of
genotypes used in current research, heterosis for HI placed an upper
limit on the expression of heterosis for PGY. Despite the greater het-
erosis for BiomassPM, further increases in PGY MPH could not be
realized above a threshold value of 115 g pl−1for BiomassPM MPH
representative of favorable environments. In these conditions, HI
MPH was the major factor that set a limit to PGY.

Trends in grain yield improvement in maize showed a marked
increase with the exploitation of hybrid vigour through the devel-
opment of hybrids, initially double crosses and subsequently single
crosses (Crow, 1998). This improvement was associated with a
greater HI of hybrids as compared to open pollinated varieties. The
increase in partitioning of dry matter to the grains was the result
of a decline in plant stature and a decrease in tassel size, among
other traits (Duvick, 2005). Further increases in grain yield of newer
hybrids were attained by reducing barrenness under high plant
densities, as compared to older hybrids, and to a greater accumula-
tion of biomass during the post flowering period due to a reduced

rate of leaf senescence and functional stay green during grain fill-
ing (Bänziger et al., 2002), while HI per se has remained constant
(Lorenz et al., 2010). It appears, however, that future possibilities
and extent of exploitation of heterosis for PGY in breeding programs
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GY MPH = 72.8 when x > 115 (r2 = 0.84, n = 84, P < 0.01) and (b) residuals = 142.7HI
PH − 12.028 (r2 = 0.48, n = 84, P < 0.01).

n temperate maize need to refocus on increasing HI per se. Under
ell-watered and N fertilized conditions, increasing the potential
umber of sinks per apical ear has been proposed as a possible
ath towards PGY improvement (Messina et al., 2009), therefore, a
ramework that allows identifying key variables related to biomass
llocation to the ear as a function of plant growth rate during the
ritical period (Borrás et al., 2007) could aid plant breeders in selec-
ion for increased KNP at high plant growth rates.

. Conclusions

Our study provided information on sensitivity to the environ-
ent for numerical and ecophysiological components of PGY of

nbred lines and their derived hybrids. Numeric and ecophysio-
ogical components of grain yield showing significant heterosis,
xpressed either as per se or percentage MPH, had a positive lin-
ar relationship with the environment mean, with the exception
f HI. An important finding is that heterosis for PGY in maize can
e linearly related to environmental quality; however, a thresh-
ld value was identified above which no further increase in PGY
PH was observed. A similar response pattern was found between

GY MPH and BiomassPM MPH. Despite the greater heterosis for
iomassPM, further increases in PGY MPH could not be realized
bove a threshold value of 115 g pl−1 for BiomassPM MPH represen-
ative of favorable environments. HI MPH was the major factor that
et a limit to PGY. The magnitude and direction of the associations

ound in this study are a direct consequence of the genotypes and
nvironments analyzed. Nevertheless, the relationships described
ere may prevail. Breeding programs in temperate maize need to
efocus on increasing HI per se through selection for increased KNP
search 124 (2011) 441–449

at high plant growth rates as a possible path for future possibilities
of exploitation of heterosis for BiomassPM and ultimately for PGY.

Acknowledgements

We express our thanks to M.E. Chintio, L.B. Blanco, J. Martinez
Bercovich, M.J. Santoro, M. Rossini, W. Tanaka, A. Severini, and W.
Miranda for their help with fieldwork. This research was financed
by the National Agency for the Promotion of Science and Technol-
ogy (ANPCyT, PICT 21190), the National Institute for Agricultural
Technology (INTA), the National Council for Research (CONICET, PIP
00125) and Pioneer Hi-Bred International Inc. E.M. Munaro had a
scholarship from ANPCyT (PICT 21190), and K.E. D’Andrea and M.E.
Otegui are members of CONICET.

References

Ahmadzadeh, A., Lee, E.A., Tollenaar, M., 2004. Heterosis for leaf CO2 exchange rate
during the grain-filling period in maize. Crop Sci. 44, 2095–2100.

Bänziger, M., Edmeades, G.O., Lafitte, H.R., 2002. Physiological mechanisms con-
tributing to the increased N stress tolerance of tropical maize selected for
drought tolerance. Field Crops Res. 75, 223–233.

Bernardo, R., 2010. Breeding for Quantitative Traits in Plants, second edition. Stemma
Press, Woodbury, MN, p. 390.

Betrán, F.J., Beck, D., Bänziger, M., Edmeades, G.O., 2003. Genetic analysis of inbred
and hybrid grain yield under stress and nonstress environments in tropical
maize. Crop Sci. 43, 807–817.

Borrás, L., Westgate, M.E., Astini, J.P., Echarte, L., 2007. Coupling time to silking with
plant growth rate in maize. Field Crops Res. 102, 73–85.

Crow, J.F., 1998. 90 years ago: the beginning of hybrid maize. Genetics 148, 923–928.
D’Andrea, K.E., Otegui, M.E., Cirilo, A.G., Eyherabide, G.H., 2006. Genotypic variability

in morphological and physiological traits among maize inbred lines: nitrogen
responses. Crop Sci. 46, 1266–1276.

D’Andrea, K.E., Otegui, M.E., Cirilo, A.G., Eyherabide, G.H., 2009. Ecophysiological
traits in maize hybrids and their parental inbred lines: phenotyping of responses
to contrasting nitrogen supply levels. Field Crops Res. 114, 147–158.

Duvick, D.N., 2005. The contribution of breeding to yield advances in maize (Zea
mays L.). Adv. Agron. 86, 83–145.

East, E.M., Jones, D.F., 1919. Inbreeding and Outbreeding. J. Lippincott, Philadelphia,
PA, p. 286.

Eberhart, S.A., Russell, W.A., 1966. Stability parameters for comparing varieties. Crop
Sci. 6, 36–40.

Echarte, L., Andrade, F.H., 2003. Harvest index stability of Argentinean maize hybrids
released between 1965 and 1993. Field Crops Res. 82, 1–12.

Echarte, L., Tollenaar, M., 2006. Kernel set in maize hybrids and their inbred lines
exposed to stress. Crop Sci. 46, 870–878.

Falconer, D.S., Mackay, T.F.C., 1996. Introduction to Quantitative Genetics, fourth
edition. Pearson Education Limited, Prentice Hall, Essex, England, p. 480.

Finlay, K.E., Wilkinson, G.N., 1963. The analysis of adaptation in a plant breeding
programme. Aust. J. Agric. Res. 14, 742–754.

Genes, 2009. A Software in the Area of Genetics and Experimental Statistics. Depar-
tamento de Biologia Geral, Universidade Federal de Viçosa, Viçosa, Brasil.
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