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Breeding of forage maize should combine improvement achieved for grain with the specific
needs of forage hybrids. Production stability is important when maize is used for silage if
the planting area is not in the ideal agronomic environment. The objectives of the present
research were: (i) to quantify environmental and genetic and their interaction effects on
maize silage traits; (ii) to identify possible heterotic groups for forage aptitude and suggest
the formation of potential heterotic patterns, and (iii) to identify suitable inbred line
combinations for producing hybrids with forage aptitude. Forty-five hybrids derived from
diallelic crosses (without reciprocals) among ten inbred lines of maize were evaluated in
this study. Combined ANOVA over environments showed differences between genotypes
(G), environments (E), and their interactions (GEI). Heritability (H2), and genotypic and
phenotypic correlations were estimated to evaluate the variation in and relationships
between forage traits. Postdictive and predictive AMMI models were fitted to determine
the importance of each source of variation, G, E, and GEI, and to select genotypes
simultaneously on yield, quality and stability. A predominance of additive effects was
found in the evaluated traits. The heterotic pattern Reid-BSSS × Argentine flint was
confirmed for ear yield (EY) and harvest index (HI). High and broad genetic variation was
found for stover and whole plant traits. Some inbred lines had genes with differential
breeding aptitude for ear and stover. Stover and ear yield should be the main breeding
objectives in maize forage breeding.
© 2014 Crop Science Society of China and Institute of Crop Science, CAAS. Production and

hosting by Elsevier B.V. All rights reserved.
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1. Introduction
Table 1 –Number, source, FoodandAgricultureOrganization
of the United Nations (FAO) maturity, and grain type of ten
inbred lines included in the diallelic crosses.

Inbred line N° FAO maturity Type of grain

PR1 6 350 Orange flint
PR2 4 380 Orange flint
A632 5 500 Yellow dent
Mo17 9 580 Yellow dent
B84 7 600 Yellow dent
L256 10 620 Orange flint
ZN6 2 640 Orange flint
P21 8 650 Orange flint
P465 3 720 Orange flint
PR4 1 770 Orange flint
Silagemaize allows feeding cattle daily throughout the year. It
is commonly used as a primary source of energy, is easy to
produce and store, and is very well accepted by ruminants.
When the whole plant is harvested, ear and stover contribute
to the final forage dry matter yield. Therefore, both compo-
nents must be considered. Since digestibility of plant compo-
nents varies with genotype, maize quality is determined by
plant morphology and architecture.

An important question is which germplasm should be
used for breeding programs aimed at forage maize with high
digestibility/ingestibility characteristics. Modern inbred lines
with the highest digestibility are expected to be the best
germplasm [1]. Modernmaize germplasm has been developed
by centuries of empirical improvement for grain, followed by
decades of scientific improvement. For economic and genetic
reasons, forage maize improvement should combine breeding
for grain with breeding for the specific needs of forage hybrids
[1].

Tolenaar et al. [2] pointed out that grain maize selection
over time has made it possible to improve stability because
modern varieties have higher levels of tolerance to stress and
diseases than older ones. In fact, thorough selection among
various materials has been applied to improve grain produc-
tion. However, there is still insufficient information on the
environmental and genotype response of other plant compo-
nents, or on yield or quality.

Modern hybrids have proved to have, on average, 5.5%
lower in vivo cell wall digestibility than older ones, resulting in
a 2.0% reduction in drymatter digestibility, despite a tendency
to a slight but significant increase in grain content [1].
Production stability is an essential property, especially when
maize is intended for forage production, because, in general,
sowing areas are located in dairy farms near urban centers or
other marginal areas that are not ideal agronomic environ-
ments for potential yield expression. As a result, low and
uneconomic yields may be obtained. For this reason, the
selection of forage genotypes should be based on the criteria
of genotype × environment interaction (GEI) and stability/
adaptability. GEI is a universal phenomenon that arises when
different genotypes are evaluated in various environments, as
reported in the voluminous literature [3–7]. Strong interaction
of this kind complicates the selection of superior genotypes
and reduces the correlation between genotypic and pheno-
typic values [8–10], hindering progress in selection [11–13].

The presence of interaction justifies expanding the num-
ber of environments for evaluation or predicting the expected
variation among environments [14]. Grain yield shows signif-
icant interaction [15]. However, there is no clear information
about GEI variance for forage traits. Multivariate techniques
are most appropriate for explaining the multidimensional
nature of this interaction [16,17]. One such is the additive
main effects and multiplicative interaction model (AMMI)
[12,18,19]. It is a methodology that combines ANOVA for the
evaluation of genotype and environment additive effects with
interaction principal component analysis (IPCA). Biplots [20]
are graphical representations of interactions that are highly
recommended when there is a qualitative interaction [21,22].
Biplots also allow simultaneous graphs of additive effects of
genotypes and environments versus GEI and the estimation of
stability parameters [23,24]. Gauch and Zobel [18,19] devel-
oped a predictive methodology for selecting the best AMMI
model.

The success of forage breeding programs depends not only
on the amount of genetic variation present in the germplasm
but also on the extent to which it is heritable. Knowledge of
heritability influences the choice of selection procedures [25].
The estimation of additive and epistatic gene effects is a
prerequisite for effective improvement. The existence of a
heterotic pattern, “Reid-BSSS × flint”, has been demonstrated
for ear yield (EY) and harvest index (HI) [26]. However, General
Combining Ability (GCA) exceeded Specific Combining Ability
(SCA) in flint × dent crosses with respect to qualitative and
quantitative forage traits [26,27]. Thus, additive gene action for
whole plant dry matter yield was shown when two dent
populations were crossed [28]. With respect to maize vegeta-
tive components, crosses betweendivergence heterotic groups
reduced SCA effects and increased additive ones [29].

The objectives of the present study were: (i) to quantify the
effects of the environmental and genetic variation and their
interaction on stover yield, ear yield and digestibility traits that
determine forage aptitude; (ii) to identify inbred lines suitable
for inclusion in the development of hybridswith forage aptitude
and (iii) to differentiate inbred lines based on the response of
their derived hybrids to environmental changes.
2. Materials and methods

2.1. Plant material

We selected ten maize inbred lines that represent a wide
range of racial origins, maturity, and grain type (Table 1).
Forty-five hybrids from diallelic crosses without reciprocals
generated by the ten inbred lines and three commercial hybrids
(Checks) with outstanding forage aptitude were evaluated:
4-F-37 (Check 1), 369 (Check 2) and SD5 (Check 3).

2.2. Design of the experiment and traits

Thirty ears of each cross were harvested and trials were
conducted for two years in sites located in the dairy region
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near Buenos Aires: San Vicente (SV, 35°24′S, 58°30′W), Vicente
Casares (VC, 35°18′S, 58°56′W) and Esteban Echeverría (EE,
34°38′S, 58°48′W). Soil analysis showed typic Argiudolls in
San Vicente and Vicente Casares, and Aquic Argiudoll with
horizon B2t in Esteban Echeverría. Randomized complete
blocks with 3 replications were used as the experimental
design. The experimental unit consisted of two rows 5.20 m
long and 0.70 m apart and two seeds were planted in each
hill. Once the plants reached the V3 stage [30], they were
thinned to an approximate density of 71,500 plants ha−1.
After sowing, atrazine + metolachlor and carbofuran were
applied in all trials. They were then fertilized with 45 kg ha−1

of diammonium phosphate at preemergence and with
100 kg ha−1 of granulated urea at the V6 stage [30]. The harvest
time for each experimental unit was determined when 50% of
the plants reached the stage of 2/3 of the grain in dough [31].
The whole plot with approximately 56 plants was harvested.
Yield was determined by weighing each plant component
(stover and ears) separately. A representative subsample of
each plant fraction was dried at 60 °C to constant weight in a
forced-air oven to estimate dry weight and then to calculate
drymatter content. The drymatter yield wasmeasured on ear
(EY) and stover (SY) bases, both contributing to whole-plant
dry matter yield (WY). The dried samples of both plant
components were ground to pass a 1 mm screen in a mill
(Fritsch Co., Germany). Near infrared reflectance spectroscopy
(NIRS) was used for forage quality determinations using a NIRS
6500 Foss (Foss NIRS Systems Inc., Silver Spring, MD, USA),
to collect the spectra of the ground samples in mini-dishes
(100 mm × 60 mm). NIRS calibration equations were deter-
mined using a subset of ear and stover samples previously
analyzed by routine laboratory methods. For NIRS calibra-
tion, all data were analyzed using a partial least squares
method. As suggested by Shenk and Westhaus [32], the
criteria used to select prediction equations were the maxi-
mization of the coefficient of determination (r2) and the
minimization of the standard error of calibration. Then cross
validation and the guidelines of [32] were applied. An
enzymatic technique (pepsin–cellulase) was used to deter-
mine in vitro dry matter digestibility. Samples were incu-
bated in pepsin (in 0.1 mol L−1 HCl, 39.5 °C) for 24 h [33] and
then in cellulase preparations from Trichoderma viridae at
39.5 °C [34] for 48 h. A treatment for starch hydrolysis at high
temperature digestion (80 °C) for 45 min was included and
performed in a Daisy II incubator, Ankom technology Corp.,
Fairport, NY, USA.

Thedigestiblewhole-plant drymatter yield (DWY), expressed
in Mg ha−1, was calculated as follows:

DWY ¼ EY� EDð Þ þ SY� SDð Þ½ �100−1;

where EY denotes ear yield in Mg ha−1, ED ear digestibility in %,
SY stover yield inMg ha−1, and SD stover digestibility inMg ha−1.

Whole-plant digestibility (WD), expressed in %, was deter-
mined as

WD ¼ DWY=WYð Þ � 100;

where WY denotes whole-plant yield in Mg ha−1.
2.3. Statistical analysis

Data were analyzed with a combined ANOVA that included
environment, genotype (hybrids and checks) and their inter-
action as sources of variation. Environment or year–location
combination was treated as a random effect, whereas geno-
type was treated as a fixed effect. A mixed model was fitted
according to [35] and significancewas assigned at the 0.05 level
of probability. When effects were statistically significant,
multiple comparisons were made using Fisher's protected
LSD (t5%). Balanced data were analyzed using SAS [36]. The
combined model was

Ysbtk ¼ μ þ αs þ ßb αsð Þ þ γt þ γt � αs þ εsbtk;

where Ysbtk represents the observed value from each experi-
mental unit, μ the populationmean, αs the site effect; ßb(αs) the
effect of replication b nested in sites, γt the F1 hybrid effect,
γt × αs the interaction effect betweenhybrid and sites, and εsbtk
a random residual effect.

Griffing method IV [37] was used to analyze GCA and SCA,
and GENES Software for Windows (GENES) [38] to estimate
GCA and SCA effects and their interactions with sites.

Genetic and phenotypic correlations between all traitswere
estimated [25]. Patterns of genetic and phenotypic correlation
were compared using the Pearson product–moment correla-
tion and the t-Mantel test [39].

Phenotypic variance components were estimated from the
expected mean squares. Broad-sense heritability was calcu-
lated as suggested by [40]:

H2 ¼ σ̂2
G= σ̂2

G þ σ̂2
GE=s

� �
þ σ̂2

e=s� r
� �h i

where σ̂2
G denotes variance among genotypes (F1s); σ̂

2
E variance

among environments, σ̂2
GE variance due to GEI; σ̂2

e variance due
to error; s the number of environments, and r the number of
blocks per experiment. GENES [38] was used for calculating
correlations and heritability (H2).

Variables that presented significant GEI were analyzed
by the additive main effects and multiplicative interactions
model (AMMI) [12]. This methodology is based on the fitting of
the additive effects model (G and E) using the analysis of
variance and the multiplicative effects of GEI through the
interaction principal component analysis (IPCA) as

Yij ¼ μ þ αi þ β j þ
X

λnγinδjn þ εij;

where Yij: is the cell mean of the ith genotype in the jth
environment. The additive effects are as follows: μ is the
overall mean, αi the effect of the ith genotype, and βj the effect
of the jth environment. The multiplicative parameters are as
follows: λn is the eigenvalue for the nth interaction principal
component (IPC), the interaction parameters γin and δjn are the
elements of the nth eigenvector for genotypes and environ-
ments, respectively, and εij is the residual, which includes the
residual interaction not accounted for the multiplicative
terms and the experimental error variance.

Multiplicative formulations were used to calculate the
coordinates of the genotypic and environmental. Each
eigenvalue square root is multiplied by its own eigenvector
(

ffiffiffiffiffiffi
λn

p
γin and

ffiffiffiffiffiffi
λn

p
δjn ) to estimate the interaction of a given



Table 3 – Percentage of variation explained by genotype
(G), environment (E) effects, genotype × environment
interaction (GEI), and heritability (H2) for: stover yield (SY),
ear dry yield (EY), whole plant yield (WY), harvest index
(HI), whole plant digestibility (WD), and digestible whole
plant dry matter yield (WDY).

Trait SY EY WY HI WD WDY

G 48.88 21.71 50.43 15.15 11.05 47.76
E 27.46 59.91 26.10 67.04 67.36 27.38
GEI 23.66 18.38 23.47 17.81 21.59 24.87
H2 39.71 29.06 40.48 22.93 9.05 37.15
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genotype in any environment. Thus, a data matrix is created
to estimate the interaction using AMMI. The number of possible
axes that the model can retain is min (g − 1, s − 1). Normally,
the number of axes retained in the model is smaller, producing
a reduced model called AMMI1. In contrast, it is AMMI2 when
it retains two axes of the IPCA. Finally, after the additive main
effects of sites and genotypes are fitted, a reducedmodel leaves
a residual ξij [20].

For the predictive approach, cross-validation was applied
to obtain a reduced model using Matmodel software [41]. Data
were split into two subgroups, with two replicates for modeling
and two for validation. For each variable, the model with
the lowest root mean square predictive difference (RMSPD) was
selected as the best predictive model. Predicted values were
based on 999 runs and a total of 287,712 validations [41,42].
Biplotswere constructed according to [43] only for variables that
retained an optimal number of IPC axes after cross validation.

First IPC (IPC1) scores of genotypes and environments are a
direct measurement of stability [12]. The stability value can
be graphically calculated when the genotype or environment
scores are projected on the IPC1 (biplot y ordinate).
3. Results

3.1. Analysis of variation

Combined analysis revealed a higher statistical significance
for environment for all variables. Genotypes were divided
into crosses (F1), checks, and the comparison between these
two sources (F1 vs. Checks). Checks differed for four variables:
SY, WY, WD, and DWY. Although the checks showed non-
significant differences for EY, HI, and variables related to
quality (ED and SD), differences appeared for WD. Differences
between crosses (F1s) were shown for the ear traits: EY and HI
and for the forage traits: SY, WY, WD, and DWY. The response
for the crosses (F1) was similar to that for the genotypes
(F1 + Checks). Quality traits (ED and SD) showed non-significant
Table 2 –Mean squares of combined analysis of variance of s
variable: stover yield (SY), ear yield (EY), whole plant yield (WY)
(ED), whole plant digestibility (WD), and digestible whole plant

Source of variation df SY EY WY

Environments (E) 5 248.8⁎⁎ 687.1⁎⁎ 572.8⁎⁎

Genotypes (G) 47 47.1⁎⁎ 26.5⁎⁎ 117.7⁎⁎

F1 44 44.1⁎⁎ 27.3⁎⁎ 115.5⁎⁎

GCA 9 173.0⁎⁎ 90.2⁎⁎ 432.0⁎⁎

SCA 35 11.0⁎⁎ 11.2⁎⁎ 34.1⁎⁎

Checks 2 23.2⁎⁎ 9.9 31.1⁎

F1 vs. Checks 1 225.5⁎⁎ 2.6 390.8⁎⁎

GEI 235 4.6⁎⁎ 4.5⁎⁎ 11.0⁎⁎

F1 × E 220 4.5⁎⁎ 4.0⁎⁎ 10.6⁎⁎

GCA × E 45 7.1⁎⁎ 8.5⁎⁎ 20.4⁎⁎

SCA × E 175 3.8⁎ 2.9⁎ 8.1
Checks × E 10 0.4 5.0⁎⁎ 11.1
(F1 vs. Checks) × E 5 7.4 23.0⁎⁎ 24.4⁎⁎

Blocks /E 12 6.0⁎ 8.0⁎⁎ 25.0⁎⁎

Error 564 3.1 2.3 7.6

Test F: ⁎Significant at the 0.05 probability level. ⁎⁎Significant at the 0.01 p
differences for all sources of variation except environment and
consequently Blocks nested in environments (Blocks/E) for trait
SD. The F1 sum of squares was also divided into GCA and SCA
(Table 2). Except for the above variables (ED and SD), GCA was
significant for all variables (Table 2). This response reflects the
differential input of the inbred lines under evaluation via their
crosses. The SCA analysis showed highly significant differences
for all variables except for those associated with quality (SD, ED,
andWD).

GEI, F1 × E, and GCA × E interactions were significant for all
variables except ED and SD. Thus, there were no significant
differences of SCA × E for WY, WD, and DWY. Checks × E
interaction was significant only for EY and HI, while (F1 vs.
Checks) × E interactions also showed differences for WY, WD,
and WDY (Table 2).

Table 3 shows the percentage of treatment variation
explained by each source of variation (G, E, and GEI). Variables
associated with grain yield (EY and HI) weremostly influenced
by E and GEI. The Environment source of variation explained
more than 59.9% of treatment variation for all of the variables
with the exception of SY and WY. In contrast, these variables
associated with the production of stover and whole plant dry
matter showed large genotype effect explaining 48.9% and
50.4%, respectively, of treatment variation (Table 3) whereasGEI
ix environments, 45 F1 hybrids, and three checks for the
, harvest index (HI), stover digestibility (SD), ear digestibility
dry matter yield (DWY).

HI SD ED WD DWY

0.817⁎ 361.0⁎⁎ 1934.0⁎⁎ 941.6⁎⁎ 234.1⁎⁎

0.020⁎⁎ 6.1 7.3 16.4⁎⁎ 43.4⁎⁎

0.018⁎⁎ 5.9 7.4 13.7⁎⁎ 43.3⁎⁎

0.066⁎⁎ 3.9 10.5 45.5⁎⁎ 158.8⁎⁎

0.006⁎ 6.4 6.6 5.5 13.6⁎⁎

0.022 12.9 20.7 35.7⁎⁎ 102.6⁎⁎

0.076 0.6 16.0 97.7 116.1⁎

0.005⁎⁎ 4.4 7.5 6.4⁎⁎ 4.5⁎⁎

0.004⁎⁎ 4.4 7.0 6.1⁎ 4.3⁎⁎

0.007⁎⁎ 5.5 7.4 8.1⁎ 8.1⁎⁎

0.004⁎⁎ 4.2 6.9 5.6 3.3
0.054⁎⁎ 3.4 7.6 6.3 3.9
0.015⁎⁎ 5.0 28.3 20.6⁎⁎ 15.6⁎⁎

0.003 40.2⁎⁎ 3.9 13.5⁎⁎ 12.2⁎⁎

0.002 5.3 7.6 5.2 3.2

robability level.



Table 4 – Phenotypic correlation coefficients (above diagonal) and genetic correlation (below diagonal) between eight traits
measured in six environments: ear yield (EY), stover yield (SY), whole plant yield (WY), harvest index (HI), ear digestibility
(ED), stover digestibility (SD), whole plant digestibility (WD), and digestible whole plant dry matter yield (DWY).

EY SY WY HI ED SD WD DWY

EY 1 0.62** 0.87** 0.05ns 0.04ns −0.01ns 0.06 ns 0.91⁎⁎

SY 0.69 1 0.93** −0.74** −0.04ns −0.02ns −0.66⁎⁎ 0.88⁎⁎

WY 0.89 0.94 1 −0.44* −0.01ns −0.02ns −0.39⁎ 0.99⁎⁎

HI −0.07 −0.77 −0.52 1 0.06ns −0.03ns 0.89⁎⁎ −0.35⁎

ED ne ne ne ne 1 −0.11 0.37⁎⁎ 0.04 ns

SD 0.04 −0.05 −0.01 −0.004 ne 1 0.24⁎ 0.02 ns

WD −0.04 −0.78 −0.51 1.02 ne 0.02 1 −0.28⁎

DWY 0.93 0.91 0.99 −0.44 ne 0.002 −0.43 1

⁎Significant at the 0.05 probability level. ⁎⁎Significant at the 0.01 probability level. ns Non-significant. ne: no estimation because negatives or null
genetic variances.
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explained a low percentage of treatment variation (between
6.2% and 23.7%).

Heritabilities tended to be moderate (from 22.9 to 40.5),
with the highest values for stover and whole plant traits.
The H2 for digestibility traits were not calculated, owing to
non-significant genetic variances (Table 3). No genetic corre-
lation could be estimated for ED, owing to negative or null
genetic variances.

We found no association between ED and SD and other
variables, although both were positively correlated with WD
(Table 4). WD was significantly correlated with SY, WY, and HI.
As expected,WDY,WY, and SYwere highly correlatedwith one
another and with the rest of the traits. They were positively
associated with EY, but negatively with HI and WD (Table 4).
Genetic correlations slightly exceeded phenotypic correlations
for any combination of variables. However the Mantel t-test
and the Pearson correlation coefficient (t = 5.1049, P < 0.01;
r = 0.98) showed similarities between both matrices.

3.2. Genotypic effect: GCA and SCA

Some commercial cultivars outperformed the averages of the
experimental hybrids for HI, SY, and WD (LSD test, P < 0.05).
However, check 2 showed the best SY, possibly owing to its
longer cycles of life and greater plant height (Table 5, below
Table 5 – Stover yield (SY). General combining ability (GCA: va
ability (SCA: values above the diagonal), means (in Mg ha−1), and
inbred lines (F: flint, D: dent).

PR4
(F)

ZN6
(F)

P465
(F)

PR1
(F)

A63
(D

1-PR4 1930.68⁎ 885.1 −441.3 490.9 752.0
2-ZN6 13.028 ± 1.75 395.6 695.4 −1340.0 −291.9
3-P465 11.959 ± 2.38 11.560 ± 2.25 652.4 160.1 335.0
4-PR1 11.072 ± 1.99 7.706 ± 1.69 9.463 ± 2.09 −1166.6⁎ 861.1
5-A632 12.472 ± 1.80 9.893 ± 1.71 10.776 ± 2.57 9.483 ± 2.17 −27.8
6-PR2 10.414 ± 1.90 6.935 ± 1.41 9.881 ± 2.65 6.641 ± 1.45 8.291 ±
7-B84 12.735 ± 1.98 12.596 ± 2.52 10.354 ± 1.87 9.923 ± 2.67 10.107
8-P21 11.972 ± 2.11 10.265 ± 2.70 11.269 ± 1.93 8.863 ± 1.86 10.157
9-MO17 9.671 ± 1.55 10.532 ± 2.22 8.266 ± 1.96 7.795 ± 2.54 8.467 ±
10-L256 10.475 ± 2.86 9.001 ± 1.77 10.043 ± 2.44 8.071 ± 2.48 8.481 ±

Significance test t5% for GCA = 1145.04 and for SCA = 1308.85. Critical valu
* Significant at the 0.05 probability level.
diagonal), although it showed the lowest average of WD and
HI. Hybrids ZN6 × B84, P465 × B84, B84 × P21, and B84 × L256
performed very well for EY (Table 6). Hybrids PR4 × B84,
PR4 × ZN6, PR4 × A632, ZN6 × B84, and B84 × P21 showed
high performance for both SY and WY (Tables 5 and 7).
Hybrids ZN6 × L256 and P465 × B84 showed the highest WD
(Table 8). Hybrid PR1 × Mo17 had higher HI than PR4 × A632,
PR4 × P21, PR4 × ZN6, and P21 × L256.

GCAwas responsible for the greatest part of the F1 variation.
Although ANOVA showed significant effects of GCA and SCA,
Student's t-test (at 5%) identifiednooutstanding combination of
ED, SD, WD, and HI. Accordingly, the results of GCA and SCA
analysis are presented only for traits SY, EY, WY, and WDY.

For trait SY, lines PR4, ZN6, P465, B84, and P21 showed
positive GCA, although only the value of line PR4 proved
significant (Table 5). Significant and negative values of SCA
were found for ZN6 × PR1 and ZN6 × PR2, indicating that
these crosses resulted in poorly performing hybrids.

Only B84 had significant and positive GCA for EY, and
ZN6 × PR1 and ZN6 × PR2 showed significant and negative
results for SCA (Table 6). This response is also found in
A632 × B84 and P21 × L256. This may be a result of combi-
nations among derivatives of the same heterotic group of
parents, BSSS in the first case, and Argentine flint popula-
tions in the second.
lues on the matrix diagonal, in bold), specific combining
standard deviation (values below the diagonal) of 10maize

2
)

PR2
(F)

B84
(D)

P21
(F)

MO17
(D)

L256
(F)

193.2 −55.1 −212.1 −1094.6 −518.0
−1751.5⁎ 1341.1 −383.8 1302.1 −456.5
937.6 −1157.8 363.4 −1221.0 328.6
−482.4 230.9 −223.4 127.6 175.2
28.6 −723.8 −68.4 −339.2 −553.3

2.51 −1526.2⁎ −33.8 140.8 156.4 811.0
± 2.08 9.299 ± 2.16 1042.3 690.7 −186.0 −106.0
± 2.85 8.868 ± 2.21 11.986 ± 2.10 436.3 314.3 −621.4
1.94 7.465 ± 2.95 9.691 ± 2.74 9.585 ± 1.69 −982.2 940.5
2.35 8.347 ± 2.83 9.998 ± 1.56 8.877 ± 2.42 9.020 ± 2.33 −754.6

e for LSD comparison test t5%: 1.17 ± 0.59 * P < 0.05.



Table 7 –Whole plant yield (WY). General combining ability (GCA: values on the matrix diagonal, in bold), specific combining ability (SCA: values above the diagonal), and
means (in Mg ha−1) and standard deviation (values below the diagonal) of 10 maize inbred lines (F: flint, D: dent).

PR4
(F)

ZN6
(F)

P465
(F)

PR1
(F)

A632
(D)

PR2
(F)

B84
(D)

P21
(F)

MO17
(D)

L256
(F)

1-PR4 2008.8⁎ 952.1 −906.2 856.9 870.4 672.9 −527.5 −374.1 −1513.0 13.3
2-ZN6 24.464 ± 2.79 840.7 5.2 −2984.9⁎ −102.1 −319.4 2080.2 267.1 2230.7 743.2
3-P465 23.337 ± 4.02 23.081 ± 3.62 1572.6 752.7 933.0 1163.9 −1396.4 −279.1 −1491.3 1218.3
4-PR1 21.295 ± 2.46 16.285 ± 2.68 20.754 ± 3.18 – 2233.2⁎ 1798.6 −1138.7 890.9 317.2 −126.6 −366.1
5-A632 23.109 ± 3.07 20.969 ± 2.62 22.736 ± 4.39 19.796 ± 3.21 −432.0 533.2 −2471.3⁎ 397.3 −735.3 −1223.7
6-PR2 21.215 ± 3.12 16.228 ± 2.08 21.315 ± 3.50 15.207 ± 2.74 18.680 ± 3.19 −2083.5⁎ 157.2 328.1 628.4 891.3
7-B84 24.798 ± 4.0 26.237 ± 3.84 23.493 ± 3.27 21.974 ± 2.48 20.413 ± 3.38 21.390 ± 2.67 2654.2⁎ 1126.6 −116.8 256.1
8-P21 22.464 ± 4.43 21.937 ± 5.16 21.22 ± 2.67 18.913 ± 2.96 20.794 ± 3.34 19.073 ± 3.09 24.609 ± 3.74 166.6 437.1 −2220.1
9-MO17 19.705 ± 2.27 22.281 ± 3.78 19.291 ± 3.13 16.850 ± 3.57 18.042 ± 2.90 17.754 ± 3.80 21.747 ± 4.37 19.813 ± 3.65 −1452.6 686.8
10-L256 21.643 ± 3.67 21.204 ± 3.41 22.411 ± 3.99 17.021 ± 3.70 17.965 ± 3.19 18.428 ± 2.90 22.532 ± 3.80 17.567 ± 3.94 18.885 ± 4.03 −1041.6

Significance test t5% for GCA = 1788.63 and for SCA = 2399.47. Critical value for LSD comparison test t5%: 1.85 ± 0.94 * P < 0.05.
* Significant at the 0.05 probability level.

Table 6 – Ear yield (EY). General Combining Ability (GCA: values on the matrix diagonal, in bold), Specific Combining Ability (SCA: values above the diagonal), means (in
Mg ha−1), and standard deviation (values below the diagonal) of 10 maize inbred lines (F: flint, D: dent).

PR4
(F)

ZN6
(F)

P465
(F)

PR1
(F)

A632
(D)

PR2
(F)

B84
(D)

P21
(F)

MO17
(D)

L256
(F)

1-PR4 78.1 67.13 −464.8 365.8 118.2 434.9 −472.5 −161.8 −418.4 531.4
2-ZN6 11.436 ± 2.44 445.2 −690.2 −1644.7⁎ 189.8 −1440.0⁎ 738.9 651.0 928.5 1199.6
3-P465 11.379 ± 2.45 11.520 ± 2.26 920.1 595.7 598.0 226.4 −238.4 −642.6 −270.5 889.5
4-PR1 10.223 ± 1.47 8.579 ± 1.61 11.291 ± 1.77 −1066.6 937.6 −656.3 659.8 540.6 −254.3 −541.3
5-A632 10.638 ± 3.29 11.076 ± 2.23 11.959 ± 2.80 10.312 ± 2.19 −404.2 504.4 −1747.2⁎ 465.6 −396.0 −670.5
6-PR2 10.801 ± 2.66 9.293 ± 2.15 11.434 ± 1.95 8.565 ± 2.19 10.388 ± 2.32 −557.4 191.2 187.2 472.0 80.2
7-B84 12.063 ± 3.31 13.641 ± 2.90 13.139 ± 2.71 12.051 ± 1.61 10.306 ± 3.57 12.091 ± 1.91 1611.9⁎ 435.6 69.5 363.1
8-P21 10.492 ± 3.54 11.672 ± 3.64 10.853 ± 1.49 10.050 ± 2.20 10.637 ± 3.58 10.205 ± 2.23 12.623 ± 3.05 −269.8 122.7 −1598.5⁎

9-MO17 10.035 ± 2.27 11.749 ± 2.41 11.025 ± 2.07 9.054 ± 2.71 9.575 ± 2.96 10.290 ± 2.36 12.056 ± 3.58 10.228 ± 3.09 −470.4 −253.5
10-L256 11.168 ± 2.95 12.203 ± 2.58 12.368 ± 2.30 8.950 ± 1.88 9.484 ± 2.81 10.081 ± 2.27 12.533 ± 3.05 8.690 ± 3.01 9.834 ± 2.46 −287.1

Significance test t5% for GCA = 1145.04 and for SCA = 1308.85. Critical value for LSD comparison test t5%: 1.01 ± 0.51 * P < 0.05.
* Significant at the 0.05 probability level.
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Inbred lines B84 and PR4 had significant and positive GCA
values and both would provide genes to increase WY, but B84
showed a positive GCA value only for WDY (Tables 7 and 8).
However, the combination of both genotypes in the hybrid
form (B84 × PR4) did not result in outstanding performance, as
indicated by the SCA value. In contrast, negative SCA values
indicated that some combinations, for example hybrid
A632 × B84, to which the B84 line contributes would show
a decrease in performance for those traits. SCA effects
were also significant and negative for PR1 × ZN6. Similar to
EY, lines PR1 and PR2 carry genes decreasing WDY and some
hybrids (PR1 × ZN6 and PR2 × ZN6) had negative SCA (Table 8)
possibly due to its precocity.

3.3. Environmental selection

Environments showed a pattern of differential performance
for qualitative and quantitative variables (Table 9). E1 showed
high averages for SD and WD and also HI. Thus, E3 was
favorable to increasing SY and ED, whereas E6 was best for EY,
WY, and consequently DWY (Table 9). In contrast, E4 showed
the lowest averages for most of the variables, HI, EY, WY, WD,
and DWY. E5 and E6 showed the worst performance for the
quality variables SD, ED, and WD.

3.4. GEI and stability analyses

The AMMI model was applied only to variables showing
significant GEI. Using the PCA, the GEI sum of squares was
divided into sums associated with the possible IPC axis
(Table 10). When the postdictive model was applied, most
variables fitted an AMMI3 model. WD was explained by a
reduced model (AMMI2), while WDY was fitted by an AMMI1
model (Table 10).

The prediction model was applied to fit the dataset to a
reduced model. The model that retained no PCA axes was
called AMMI0 and included only the additive effects of G
and E. In contrast, the full model (Cell Means) retained the
maximum number of axes. The model was adjusted by
observing the lowest RMSPD value. Significant interaction
effects were found for only two variables (Table 11). Both, HI
and EY, were fitted by an AMMI1model, whereas SY,WY,WD,
and WDY were fitted by AMMI0 (Table 11). The AMMI1 model
captured 46.2% and 40.2% of the GEI sum of squares for HI and
EY, respectively.

Genotype and environment mean additive main effects are
plotted on the ordinate axis (Fig. 1-A, B). The interaction effect of
the first IPC axis (IPC1) for genotypes and environments is
plotted on the coordinate axis. Environment E4 showed the
highest positive IPC1 values but was the environment with
the worst performance. Environment E1 and E6 made large
negative contributions to the variance of the interaction for
both traits. In contrast, E5 was the environment with the
highest performance and showed high ear yield for the most
hybrids.When scores valueswere projected on the biplot y-axis
(IPC1), the stable cultivars or environments could be graphically
identified by the lowest score absolute value, or the value
nearest to zero. ZN6 × A632 (−1.24), PR4 × PR1 (−1.29),
ZN6 × Mo17 (−1.46), PR2 × PR1 (2.10), PR4 × P465 (2.14),
PR4 × Mo17 (2.99), P21 × Mo17 (−3.70), PR1 × P21 (4.58),



Table 9 – Environmental means (x), standard deviation (SD), LSD comparison test, critical value t5% (CV) of variables: stover
yield (SY), ear yield (EY), whole plant yield (WY), harvest index (HI), stover digestibility (SD), ear digestibility (ED), whole
plant digestibility (WD), and digestible whole plant dry matter yield (DWY).

E1 E2 E3 E4 E5 E6 CV

SY (Mg ha−1) Mean 8.53 8.95 12.11 10.66 9.32 10.13 0.41
SD 2.27 2.28 2.99 2.77 2.09 2.33

EY (Mg ha−1) Mean 12.18 10.28 10.00 7.25 12.65 13.17 0.36
SD 2.40 1.84 1.95 2.18 2.06 2.46

WY (Mg ha−1) Mean 20.71 19.23 22.11 17.91 21.97 23.30 0.65
SD 4.08 3.50 4.05 4.10 3.79 4.21

HI Mean 0.59 0.54 0.46 0.40 0.58 0.57 0.01
SD 0.06 0.06 0.07 0.08 0.04 0.05

SD (%) Mean 52.95 50.38 49.69 49.78 48.76 48.60 0.56
SD 2.99 2.19 2.45 2.62 2.19 1.48

ED (%) Mean 78.36 75.01 79.07 78.09 71.22 70.91 0.64
SD 2.93 3.88 3.17 2.29 1.80 1.70

WD (%) Mean 67.99 63.62 63.09 61.20 61.78 61.24 0.56
SD 2.66 2.99 2.94 2.81 1.87 1.63

DWY (Mg ha−1) Mean 13.95 12.20 13.92 11.00 13.52 14.26 0.43
SD 2.56 2.16 2.52 2.54 2.20 2.57
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PR1 × L256 (5.54), and P465 × B84 (−5.36) were themost stable
hybrids for EY while PR2 × L256 (39.75), Check 2 (−43.33),
A632 × P21 (−27.2), and Check 1 (−27.29) were the most
unstable. For HI, Check 1 (−0.21), Mo17 × L256 (0.16),
A632 × Mo17 (−0.17), PR2 × L256 (0.16), A632 × P21 (−0.16),
P21 × L256 (−0.16), and P465 × PR2 (0.15) contributed with the
highest scores, whereas themost stable hybridswere PR2 × B84
(−0.001), B84 × P21 (0.006), ZN6 × A632 (0.007), P21 × Mo17
(−0.008), and P465 × B84 (0.009). Hybrid PR1 × Mo17 showed
the highest HI values in a high-performance environment
and thus had acceptable stability (score value −0.008).
4. Discussion

4.1. Analysis of variation

Absences of differences in ear and stover digestibility were
characteristic of all genotypes assessed. These results agree
with those reported [44]. Such performance could be ex-
plained by the common grain origin, where there was no
selection on the quality of plant components. With respect to
Table 10 – Application of AMMI postdictivemodel for traits with
stover yield (SY), ear dry yield (EY), whole plant yield (WY), har
plant digestible dry matter yield (WDY).

Source of variation df SY EY

Treatment 287 15.78⁎⁎ 19.98⁎⁎

Genotype (G) 47 47.10⁎⁎ 26.48⁎⁎

Environment (E) 5 248.76⁎⁎ 687.81⁎⁎

GEI 235 4.56⁎⁎ 4.48⁎⁎

IPC 1 51 7.29⁎⁎ 8.32⁎⁎

IPC 2 49 4.81⁎ 4.51⁎⁎

IPC 3 47 4.70⁎ 4.11⁎⁎

Error 664 3.12 2.39

df: degrees of freedom. ⁎Significant at the 0.05 probability level. ⁎⁎Significa
combining aptitude, the results indicate that there were no
predictable combinations based on the GCA.

The use of characters calculated indirectly from other
variables can lead to results contradicting those obtained with
the original variables [45]. ED and SD were a clear example of
this phenomenon. They showed non-significant effects for
any source of variation, but when they were integrated into
the WD variable, their values were high enough to probe
differences for the F1 and checks, helping to differentiate both
sources of variation.

Moreno-González et al. [26] found no significant heterosis
for digestibility or acid detergent fiber contents in the stover
fraction or the whole plant. Our results are similar to theirs
with respect to digestibility. They did not provide values for
ear fraction, but they found that heterosis values were higher
inflint × dent crosses than in crosses between populations of
the same grain type. These results agree with ours, given that
the combination flint × dent (ZN6 × B84) showed the largest
results. By analysis of the complete plant, the values could be
explained by differences in harvest index. This assertion is
based on the observation that ear digestibility fluctuates over
a range of 85–90%. Stover values fluctuate between 50% and
65%. Consequently, if digestibility of each of the components
significant GEI. Mean squares and degree of freedom (df) for
vest index (HI), whole plant digestibility (WD), and whole

WY HI WD WDY

38.24⁎⁎ 2.13⁎⁎ 24.30⁎⁎ 14.90⁎⁎

117.74⁎⁎ 1.97⁎⁎ 16.40 43.44⁎⁎

572.79⁎⁎ 81.81⁎⁎ 939.90⁎⁎ 234.09⁎⁎

10.96⁎⁎ 0.46⁎⁎ 6.40⁎ 4.52⁎⁎

15.03⁎⁎ 0.98⁎⁎ 10.90⁎⁎ 7.18⁎⁎

11.55⁎ 0.49⁎⁎ 8.30⁎ 4.50
11.14⁎ 0.34⁎⁎ 6.50 4.33
8.02 0.20 4.96 3.39

nt at the 0.01 probability level.



Table 11 – Predictive model for variables with significant
GEI. Application of Cross Validation for the estimation of
RMSPD for AMMI family, from AMMI0 to AMMI3 for stover
yield (SY), ear yield (EY), whole plant yield (WY), harvest
index (HI), whole plant digestibility (WD), and digestible
whole plant dry matter yield (DWY).

Variable AMMI 0 AMMI 1 AMMI 2 AMMI 3

SY 1.96⁎ 2.07 2.14 2.16
EY 1.78 1.76⁎ 1.81 1.83
WY 3.09⁎ 3.24 3.35 3.41
HI 0.05 0.06⁎ 0.05 0.05
WD 2.50⁎ 2.60 2.70 2.80
WDY 2.01⁎ 2.08 2.16 2.22

* Significant at the 0.05 probability level.
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does not differ, as observed in Table 2, but the proportional
contribution of each component varies, WD values will
change in favor of the treatment with the greatest propor-
tional contribution of ear (HI).

Variables associated with stover showed a large genetic
component with twice the value of the environmental
component and of its GEI. This relationship was reflected in
higher heritability, as is expected for variables not subjected
to sustained crop improvement. Heritability estimates in
comparison with genetic variation values are helpful for
predicting genetic gain under selection [46]. Selection of
forage genotypes based on stover traits could accordingly be
more effective.

4.2. GEI and hybrid stability

AMMI analysis showed the highest residual values for the
variables SY, WY, WD, and DWY, corresponding to a higher
level of noise or high unpredictable effects. Noisy results are
expected for variables associated with stover, possibly owing
to a sampling effect [19,42]. Stover components (stem and
leaves) may be harvested at different stages of maturity
depending on genotype, the environment, or their interaction
(GEI), generating a higher residual value. The absence of
differential selection pressure for stover would explain large
genotypic variation for both components. Predictive model
confirmed a large interaction effect for EY and HI. This
interaction would produce changes in relative rankings of
genotypes over diverse environments [47,48] and would
consequently be considered in the selection process.

4.3. GGC and SCA and breeding implications

Moreno González et al. [26] pointed out that the ear fraction
was the main contributor to heterosis in WY, while stover
fraction contributed relatively little. They described popula-
tions differing in traits related to forage quality, but noted very
little heterosis for such traits. These results may be explained
by the lack of interest over decades in improving these
components. Ferret et al. [28] found that the strongest gene
action in two dent populations was additive for both stover
and whole plant yield. In line with our results, Geiger et al. [27]
reported in flint × dent crosses that GCA variance consider-
ably exceeds SCA variance for all evaluated agronomic traits
and those related to quality, except for grain yield. Thus,
the phenotypic variation of both stover and grain could be
exploited. The ratios between the two fixed effects indicate a
net predominance of additive effects in all the evaluated
variables except for those related to quality. These results are
consistent with those previously reported for materials with
different genetic composition [29].

Materials with similar and/or differential response for
forage or/and grain performance could be identified by LSD
comparison and the AMMI graphic. It was also possible to
detect several potential heterotic patterns capable of gener-
ating competitive hybrids, such as Reid (B84) × Argentine flint
(ZN6 or P465), which are frequently used for maize grain
improvement. However, this pattern was not clearly repeated
for stover traits. Some flint × flint crosses also showed high
means, although SCA values were non-significant.

Environmental effect was the most common finding in the
results, evidenced by high F-values for all variables consid-
ered. This response requires the assessment of genotypes
intended for forage in an environment similar to those used
for grain production.

Our results indicate that breeding of highly digestible
forage maize may depend on the re-evaluation and use of
old genetic resources that are not currently used, and/or
specific breeding of digestibility/ingestibility resource lines [1].
This finding is consistent with the results shown in countless
research papers suggesting comprehensive screening of lines,
populations, and varieties, with or without improvement,
to identify candidate genotypes with variation for forage
aptitude [1]. B84 was the only line that showed a high,
positive, and significant GCA value for EY. P465, ZN6, and
PR4 values were also positive but non-significant. In contrast,
PR4 contributed to increasing SY, but lines PR1 and PR2 had
unfavorable alleles, as indicated by significant and negative
GCA values. Both B84 and PR4 carried genes to increase WY
and only B84 to increase DWY. Our results showed differential
aptitude in genotypes for breeding progress in each plant
component (stover or ear). This finding means that the ability
to generate performance of both components of the plant
can be supported in both the vegetative and reproductive
component. These results support an approach of differential
programs of improvement for forage and grain hybrids. The
use of a complex trait such as DWY could complicate the
selection process, especially when variances of the GEI are
differentially acting on the simple component traits.

The application of different statistical methods for the
analysis of the identification of superior materials may be of
paramount importance if results are not consistent. There is
at present a narrow genetic base for forage quality-related
traits that can be enlarged only by incorporation of new
genotypes. Stover digestibility and ear yield should be the
main objectives in the search for variation.

We conclude that some lines have favorable alleles that
will make it possible to reduce the evaluation time. The
magnitude of the additive genetic variance will lead to rapid
genetic advance during the selection processes. Contrasting
the aptitudes of lines with high frequencies of favorable and
unfavorable alleles could be used to select parents of
advanced populations aimed at QTL analysis for forage
aptitude. Thus, the low to moderate SCA levels for the ear



Fig. 1 –AMMI analysis. Two-dimensional graph constructed with interaction principal component axis 1 (IPC1) and the average
values corresponding to 45 hybrid genotypes, three checks, and six environments. A) Ear yield (EY in Mg ha−1). B) Harvest
index (HI). See Table 1 for definitions of numbers 1 to 10.
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traits would confirm the use of crosses in recurrent selection
programs or in the production of composites for use as
germplasm sources in breeding programs.
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