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SUMMARY

In the humid tropics of Mexico, maize (Zea mays L.) im-
proved varieties with desirable plant agronomic characteristics
and grain quality protein are required. The synthetic variet-
ies of maize are adequate for rainfall agriculture the farmers
do not need to buy seeds every year. In order to identify the
best synthetics with high grain yield and lower genotype-envi-
ronment interaction (GEI), eight maize synthetic varieties were
evaluated in four sites of the State of Veracruz, Mexico, dur-
ing 2009, 2010 and 2011. A randomized complete block design
with two replications was used. The GEI effect was estimated
by using the model of additive main effects and multiplicative
interaction (AMM]I). Results showed that the two main princi-
pal components (PCA) of the model AMMI had not significance
(P>0.05); however, accumulatively they contributed 73% of the

total variation. The variance due to environments was greater
than that due to genotype differences. According to PCAI, the
‘synthetic-2’ had a more stable behavior. The AMMI model al-
lowed grouping the environments in two relatively homogeneous
groups: the first one formed by the environments E2 and E3,
and the second, by El and E4. The biplot technique was used
to identify genotypes for general or specific adaptability. In
conclusion, there were different responses among the synthetic
varieties evaluated in the environments, and little association
among the high grain yielding varieties and the more produc-
tive environments. The best grain yielding genotypes are appro-
priate to further develop a better variety or to develop inbred
lines to form better maize hybrids.

Introduction

The high consumption of
maize (Zea mays L.) as a sta-
ple food in Mexico requires
the production of more nutri-
tive maize grain (Goémez et
al., 2003) with agronomic
traits that are of interest to the
rainfall farmer (Andrés-Meza
et al., 2011). Therefore, it is
necessary to obtain open-pol-
linated maize varieties (OPV)
with a high performance,
which requires new criteria of

selection and correct applica-
tion of improvement method-
ologies (Padilla et al., 2002).
In the humid tropics of Mex-
ico improved maize varieties
are needed with favorable
agronomic characteristics that
are competitive and represent
new options to varieties that
have already been released,
as V-537 C and V-538 C (Go-
mez et al., 2003; Espinosa et
al., 2009).

Synthetic varieties of corn
are an accessible alternative

because farmers do not require
buying seed each year and they
are suitable for rainfall agricul-
ture (Marquez, 2008). Geno-
types with high and stable
yield are thus needed. The
genotype-environment interac-
tion (GEI) has an important
role in the selection process
during the stages of the genetic
improvement (Crossa et al.,
1990). Stability allows geno-
type to adjust their productive
capacity to wider environmen-
tal variations (Lin et al., 1986).

The GEI is a source of varia-
tion that allows to identify
populations with less interac-
tion with the environment and,
therefore, broader adaptation;
or, in any case, to delineate
geographical areas where there
is a better adaptability of cer-
tain varieties (Carballo and
Marquez, 1970). As improved
varieties are used in large agri-
cultural areas, their true value
will allow to set them appro-
priate environments (Sierra et
al., 1992; Espinosa et al., 1998;
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RESUMEN

En el tropico humedo de México se requieren variedades me-
Jjoradas de maiz (Zea mays L.) con caracteristicas agronomicas
favorables y de calidad proteinica. Las variedades sintéticas de
maiz son una alternativa accesible, porque los agricultores no
requieren comprar semilla cada aiio y son adecuadas para la
agricultura de temporal. Con el objetivo de identificar sintéticos
de maiz con buen rendimiento y menor interaccion genotipo-
ambiente (GXA), se sembraron ocho variedades de maiz en cua-
tro ambientes, durante 2009, 2010 y 2011 en el estado de Vera-
cruz, Mexico. El disefio experimental fue de bloques completos
al azar con dos repeticiones. La interaccion G*A se estimo con
el modelo de efectos principales aditivos e interaccion multipli-
cativa (AMM]I). Los resultados mostraron que los dos primeros
componentes principales (ACP) del modelo AMMI no fueron

significativos (P>0,05); sin embargo, contribuyeron acumulati-
vamente con 73% de la variacion total. La varianza debido a
ambientes fue mayor que debido a las diferencias genotipicas.
El modelo AMMI permitio agrupar los ambientes en dos gru-
pos relativamente homogéneos: uno formado por los ambientes
E2 y E3 y otro por El y E4. La técnica de biplot fue usada
para identificar variedades para adaptabilidad general o espe-
cifica. En conclusion, hubo respuestas diferenciales entre varie-
dades sintéticas de maiz en los ambientes evaluados. Se detecto
poca asociacion entre las variedades de mayor rendimiento y
los ambientes mas productivos. Los genotipos mds productivos
identificados pueden ser objeto de mejoramiento adicional para
obtener un cultivar superior o implementar estrategias para im-
pulsar el desarrollo de mejores hibridos.
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RESUMO

No tropico umido de México sdo requeridas variedades mel-
horadas de milho (Zea mays L.) com caracteristicas agronomi-
cas favoraveis e de qualidade proteica. As variedades sintéticas
de milho sdo uma alternativa acessivel, porque os agriculto-
res no requerem comprar sementes cada ano e sdo adequadas
para a agricultura de subsisténcia. Com o objetivo de iden-
tificar sintéticos de milho com bom rendimento e menor inte-
ragdo genotipo-ambiente (G'A), se plantaram oito variedades
de milho em quatro ambientes, durante 2009, 2010 e 2011 no
estado de Veracruz, México. O desenho experimental foi de blo-
cos completos aleatorio com duas repeti¢oes. A interagio G'A
se estimou com o modelo de efeitos principais aditivos e inte-
ragdo multiplicativa (AMM]I). Os resultados mostraram que os
dois primeiros componentes principais (ACP) do modelo AMMI

ndo foram significativos (P>0,05); no entanto, contribuiram cu-
mulativamente com 73% da variag¢do total. A varidncia devido
a ambientes foi maior que devido as diferencas genotipicas. O
modelo AMMI permitiu agrupar os ambientes em dois grupos
relativamente homogéneos: um formado pelos ambientes E2
e E3 e outro por EI e E4. A técnica de biplot foi usada para
identificar variedades para adaptabilidade geral ou especifica.
Em conclusdo, houve respostas diferenciais entre variedades
sintéticas de milho nos ambientes avaliados. Detectou-se pouca
associagdo entre as variedades de maior rendimento e os am-
bientes mais produtivos. Os gendtipos mais produtivos identifi-
cados podem ser objeto de melhoramento adicional para obter
um cultivar superior ou implementar estratégias para impulsio-
nar o desenvolvimento de melhores hibridos.

Mejia and Molina, 2003; Sierra
et al., 2003).

In this regard, multivariate
statistical procedures have
been developed to estimate the
stability and the GEI (Brennan
et al., 1981; Crossa et al.,
1990). AMMI (additive main
effects and multiplicative in-
teractions) model is one of the
most used to estimate the GEI
through variance analysis
(Gauch and Zobel, 1988; Cros-
sa et al., 1990), as it consid-
ered that the effects of the
main factors (genotypes and
environment) are additive and

linear. However, GEI has mul-
tiplicative effects which can
be explained by principal
components analysis (PCA)
(Vargas and Crossa, 2000).
The AMMI method together
with the use of the ‘biplot’, a
technique of graphic represen-
tation, is a useful tool for in-
terpreting response patterns of
genotypes, environments and
the GEI (Vargas and Crossa,
2000; Yan et al., 2000).
During 1999, after releasing
the V-537 C variety, different
elite inbred lines of the maize
program from the Cotaxtla
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Experimental Station (CECot)
of the National Institute of
Forestry, Agricultural and
Livestock Research (INIFAP)
were converted to the version
of quality protein through
backcrosses using the line
CML-144 as the donor of the
character (Andrés-Meza et al.,
2011), from which seven syn-
thetics with a different number
of lines varieties were formed.
However, only four of the sev-
en synthetics were included in
this study. In order to know
the magnitude of the GEI and
be able to identify genotypes

with good genetic potential in
specific environments defined
by climate, soil and crop man-
agement, the present study
was carried out with the ob-
ject of identifying synthetic
maize with good performance
and lower GEL

Materials and Methods
Genetic material

Eight maize genotypes were
used, of which four are new

synthetic QPM maize variet-
ies (synt-2, synt-3, synt-4,
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synt-6), integrated with the
possible crosses between 9, 11
and 12 lines, with different
levels of inbreeding and se-
lected for their high general
combining ability (GCA; An-
drés-Meza et al., 2011). Two
synthetics selected for toler-
ance to drought (synt-TS6,
synt-3 Drought) obtained
through recurrent selection
during the summer of 1987
(Gomez et al., 2003) and two
commercial types (VS-536
and V-537 C) of normal grain
and QPM, respectively.

Study area

The genotypes were sown in
four environments of the State
of Veracruz, Mexico, during
the spring 2009 season (Cotax-
tla 2009B), spring 2010 season
(two environments: Cotaxtla
and Tlachiconal 2010B) and
winter 2011 season (Cotaxtla
2011A). The sites are located in
the region of the Sotavento in
the central area of the State at
18°56'N, 96°11°W, at an alti-
tude of 15m. The climate is
classed as AW, (w), with aver-
age rainfall annual of 1350mm,
distributed from June to No-
vember, and a dry season com-
prising of December to May
(Garcia, 1981).

Experimental

Sowing was made to ‘cover
foot’, which is the traditional
procedure in the region. Three
seeds were planted by mound
every 0.4m and was thinned at
two plants (62500 plants/ha). It
was fertilized with the 161-46-
00 (N, P, K) formula; urea was
the source of nitrogen and
phosphorus was triple calcium
superphosphate. At 10 days
after sowing (das) all phospho-
rus and half of the nitrogen
was applied; the rest of the
nitrogen was applied 30 das.

A randomized complete
block design was used in each
environment with two replica-
tions. Two-row plots Sm long
and row widths at 0.8m were
used. The establishment of tri-
als in each location coincided
with the start of the rainy sea-
son, except for the autumn-
winter season, when sufficient
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irrigation was applied to avoid
plant water stress.

Multiplicative statistical
models

Grain yield (t'ha'!) was the
analyzed variable, adjusted to
12% grain moisture. The
AMMI model, which consid-
ers the variance analysis for
effects of genotype and envi-
ronment, was used and an
analysis of major components
for the GEI was applied
(Gollob, 1968; Gauch and Zo-
bel, 1988; Vargas and Crossa,
2000). The model is

Y=utg+ ej+;)“kaikyjk+Rij

where Y;;: response of the i
genotype in the j™ environ-
ment j, p;: general mean, g;:
effect of the i genotype, e;:
effect of the j™ environment,
A square root of the charac-
teristic of the k™ axis vector
of the PCA, v, qualification
of the PCA for the k™ axis of
the i genotype, ay: qualifica-
tion of the PCA for the k'
axis of the j™ environment,
and R residual model.

Genotypic and environmen-
tal coordinates on the PCAl
and PCA2 were estimated and
a two-dimensional graph ‘bip-
lot” built, where the variables
measured according to these
coordinates are represented.
The statistical package SAS
(SAS, 1990) was used.

Results and Discussion

The combined analysis of
grain yield variance (Table I)
detected significant differences
(P<0.05) both environments (E)
to genotypes (G); that is, at
least one genotype showed dif-
ferent response to the others;
the same can be said about the
environments. On the contrary,
GEI was not significant
(P>0.05), and thus the decom-
position by AMMI (PCAI and
PCA2) does not lead to signifi-
cance. This implies that, large-
ly, the observed changes are
the behavior of genotypes tak-
ing place ‘parallel’ to changes
in the environment.

In accordance with the val-
ues of PCA1 (Table II) the

TABLE I
AMMI ANALYSIS FOR GRAIN YIELD (tha') OF EIGHT
QPM MAIZE GENOTYPES EVALUATED IN FOUR
ENVIRONMENTS (VERACRUZ, MEXICO; 2009-2011)

Sources of variation DF  Sum of squares Mean square
Genotypes (G) 7 10.5576 1.51 *
Environments (E) 3 21.0795 7.03 **
GEI 21 8.8261 0.42 ns
PCAl 9 38.6129 4.29 ns
PCA2 7 33.8299 4.83 ns
Error 31 20.0648 0.65
Total
CV(%) 17

* P<0.05, ** P<0.01; ns: non-significant; DF: degrees of freedom; GEI:
genotype-environment interaction; CV: coefficient of variation; PCA: princi-

pal component analysis.

TABLE II
AVERAGE YIELD AND PCA1 VALUES FOR EIGHT MAIZE
GENOTYPES QPM IN FOUR ENVIRONMENTS
(VERACRUZ, MEXICO; 2009-2011)

Num Genotype Yield (t-ha™) PCA1
Gl synthetic-2 521 a 0.06105
G2 synthetic-3 4.39 ab 0.12960
G3 synthetic-4 4.87 ab -0.23917
G4 synthetic-6 4.93 ab -0.23938
G5 synthetic-TS6 4.58 ab -0.09660
G6 synthetic-3 Drought 417 ¢ 0.06483
G7 VS-536 513 a -0.64900
G8 V-537C 4.06 ¢ 0.96868

Means with different letter are statistically different (Duncan, P<0.05); PCA:

principal component analysis.

variety ‘synthetic-2’ presented
a more stable behavior (0.06,
which is closest to zero) (Zo-
bel et al., 1988). On the con-
trary, the more unstable geno-
types were ‘VS-536’ and ‘V-
537 C’, with values of -0.65
and 0.97 PCALl, respectively. It
is noteworthy that genotype
‘synthetic-2’, although it ex-
hibited low values of PCAI1,
presented an average yield that
is higher than the overall av-
erage performance, which
would determine this genotype
as a candidate for its release
in the region of influence.
The ‘synthetic-2’ perfor-
mance was statistically similar
to the variety VS-536 and su-
perior to V-537 C. Even when
the protein quality of ‘syn-
thetic-2’ is less than that of
V-537 C, its stable behavior
and performance, reveal good
prospects for commercial use.
The ‘synthetic-2’ variety,
which presented stable behav-
ior, is the product of the ge-
netic recombination of 11 in-
bred lines. This variety, ac-

cording to Cordova and
Marquez (1979) and Marquez
et al. (1983) would not exceed
the overall average because of
strong inbreeding depression
caused by the large number of
parents involved. However, the
above is not met perhaps be-
cause the lines that form this
synthetic have been selected
by their performance per se
and also by their general com-
bining ability (GCA) effects
(Gémez et al., 2003; Andrés-
Meza et al., 2011). The most
productive genotypes identi-
fied may be subject to addi-
tional improvement to obtain a
superior cultivar or to imple-
ment strategies to promote the
development of lines to form
better hybrids.

The E1 environment (Cotax-
tla 2009B) yielded less than
E2 (Cotaxtla 2010B), with
PCA1 values of -0.92 and
0.22, respectively. The E4 en-
vironment (Cotaxtla 2011A)
had a performance below the
overall average (Table III).
The same locality submit
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TABLE III
AVERAGE YIELD AND PCA1 VALUES FOR FOUR
ENVIRONMENTS (VERACRUZ, MEXICO; 2009-2011)

Ne Location Yield (t'ha™) PCA1
El Cotaxtla 2009B 456 b -0.22308
E2 Cotaxtla 2010B 4.87 ab 0.92200
E3 Tlachiconal 2010B 541 a 0.07716
E4 Cotaxtla 2011A 382 ¢ -0.77608

Means with different letter are statistically different (Duncan, P<0.05);
PCA: principal component analysis; A: Spring-Summer; B: Autum-Winter;

E: environments.

PCA1 positive and negative
values in different years, indi-
cating that the environmental
variation among years is large,
so it is convenient to continue
with the evaluation of the gen-
otypes through several cycles
in that same site, before se-
lecting the genotypes of inter-
est (Mejia and Molina, 2003;
Alejos et al., 2006; Gonzalez
et al., 2007; Salas et al., 2009;
Williams et al., 2010).

Little association was found
between higher yield perfor-
mance of the varieties syn-
thetic-2, synthetic-4, synthet-
ic-6 and VS-536, and the
more productive environments
(E2 and E3). The same effect
was detected in poor environ-
ments. Although the AMMI
analysis showed that the two
first PCA (Table 1) have no
significance, the effects of the
first principal component
PCA1 regarding the perfor-
mance of grain yield using
the graphical ‘biplot’ (Figure
1) indicates that E3 and E4
environments tend to rank
similarly to the genotypes,
and thus one of these envi-
ronments can be discarded
without losing precision in
results (Crossa et al., 1990;
Gauch and Zobel, 1996). Oth-
erwise, environments E1 and
E2 showed a tendency to sort
genotypes in a contrasting
way (Alejos et al., 2006).

With regard to environments
Yan et al. (2000) state that the
environments that exhibit an
angle below 90° between
them have the quality of clas-
sifying genotypes in the same
manner; and environments
with an angle close to 180°
tend to group in reverse to
the genotypes, which turns
difficult the selection for being
so contrasting.

The AMMI model allowed
grouping environments in two
relatively homogeneous
groups: the first one consist-
ing of environments E2 and
E3 and the second of El and
E4. This means that the geno-
types can be analyzed for
adaptability, either broad or
specific (Kempton, 1984; Var-
gas and Crossa, 2000), which
makes more efficient the pro-
cess of selection of genotypes
for a region in particular
(Williams et al., 2010; Yan et
al., 2000).

Conclusions

There are differential re-
sponses among synthetic va-
rieties of maize in the vari-
ous environments evaluated.
The most stable maize geno-
type was ‘synthetic-2’. Little
association between higher
yielding varieties and the
most productive environ-
ments was observed. The
‘biplot’ obtained from the
AMMI model proved effec-
tive to obtain profiles of
subgroups of environments
and genotypes with a posi-
tive interaction, and like-
wise, an optimal interpreta-
tion of the effects of the
model is generated. It is sug-
gested that these varieties be
evaluate in a multiplication
trial on large scale for adap-
tation to wider agro-climatic
conditions before their com-
mercial cultivation.
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